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Changes in Phosphorus and Suspended Solids Loading in
the Fox River, Northeastern Wisconsin, 1989-2021

By Dale M. Robertson,! Matthew W. Diebel," Sarah L. Bartlett,2 and Kevin J. Fermanich?

Abstract

The entire Lower Fox River and inner bay of Green Bay,
in northeastern Wisconsin, have been listed as impaired by the
Wisconsin Department of Natural Resources (WDNR) for low
dissolved oxygen and degraded habitat, with total phosphorus
(TP) and total suspended solids (TSS) concentrations listed
as the likely causes of these impairments. To restore the Fox
River and Green Bay, total maximum daily loads (TMDLs)
were developed for TP and TSS, and actions were taken
throughout the Fox River Basin to improve water quality.

In this study, we estimated concentrations and loads of TP,
dissolved phosphorus (DP), and TSS at the Lake Winnebago
outlet, De Pere, and the mouth of the Fox River from water
year (WY) 1989 to WY 2021; described changes in concentra-
tions and loads through time during this period; and compared
the concentrations and loads for the most recent 5-year period
(WYs 2017-21) with the WDNR criteria for TP impairment
and the TMDL loading goals.

TP, DP, TSS, and total suspended sediment concentra-
tion data were obtained from NEW Water, the brand of the
Green Bay Metropolitan Sewerage District; the WDNR; and
the U.S. Geological Survey and combined into one dataset. All
the TSS and total suspended sediment data were used together
with no adjustment factor and are referred to as simply “TSS.”
During WY's 1989-2021, mean annual TP concentrations
increased from 0.089 milligram per liter (mg/L) at the Lake
Winnebago outlet to 0.128 mg/L at the mouth of the Fox
River, and concentrations decreased at all three sites from
WY 1989 to WY 2021. The most recent (WYs 2017-21)
median May—October TP concentrations were just less than
the 0.1-mg/L WDNR criterion for TP impairment at the two
upstream sites (Lake Winnebago outlet and De Pere) but were
slightly greater than the criterion for impairment at the mouth
of the Fox River. Mean annual DP concentrations increased
from 0.024 mg/L at the Lake Winnebago outlet to 0.036 mg/L
at the mouth of the Fox River. DP concentrations increased
from WY 1989 to WY 2021 at the Lake Winnebago outlet

'U.S. Geological Survey.
2NEW Water, the brand of the Green Bay Metropolitan Sewerage District.

3University of Wisconsin—Green Bay.

but not at the other sites. Mean annual TSS concentrations
increased from 13.5 mg/L at the Lake Winnebago outlet to
23.9 mg/L at the mouth of the Fox River and have decreased
at all three sites from WY 1989 to WY 2021. The recent
median May—October TSS concentrations were less than the
20-mg/L WDNR criterion for impairment at all three sites.
Streamflow and TP, DP, and TSS loads increased from the
Lake Winnebago outlet to the mouth of the Fox River (TP
loads increased from 360 to 557 metric tons per year [t/yr], DP
loads increased from 114 to 162 t/yr, and TSS loads increased
from 60,400 to 122,600 t/yr).

At the Lake Winnebago outlet, DP concentrations and TP
and DP loads increased from WY 1989 to WY 2021 because
of an increase in DP concentrations in Lake Winnebago
resulting from the lake no longer being phosphorus limited
in late summer with biological processes not consuming the
DP in the lake and an increase in streamflow leaving the lake.
Although TP and TSS concentrations decreased at De Pere
and the mouth of the Fox River, there was little change in
the loading because of an increase in flow. Flow-normalized
TP and TSS loads at De Pere and the mouth of the Fox River
decreased possibly because of implementation of agricultural
conservation management practices, reductions in point-source
discharges in its drainage basin, and deposition of sediment
and phosphorus in recently dredged areas of the Lower Fox
River. Additional studies are needed to determine the relative
importance of each of these actions and whether the decrease
in concentrations and flow-normalized loads will continue to
be observed in the Fox River.

Introduction

The water quality throughout the Fox River, in northeast-
ern Wisconsin (fig. 1), has deteriorated through time because
of inputs from extensive agriculture, urban activities, and
industrial activities in its drainage basin, especially down-
stream from Lake Winnebago (Cadmus Group, Inc., 2012).
The Fox River is the largest tributary to Lake Michigan and
has been determined to be its largest contributor of phosphorus
and its second largest contributor of total suspended solids
(TSS)/sediment (Robertson and Saad, 2019).



2 Changes in Phosphorus and Suspended Solids Loading in the Fox River, Northeastern Wisconsin, 1989-2021

89°30' 89°00" 88°30' 88°00' 87°30'

45°30" |- e

Fox-Wolf
River Basin

WISCONSIN

45°00' -
]
3 : - ) 04051385,
: - j /053222,
44°30' =
44°00' -
43°30' =
[IJ 1|0 ZID 3|0 4IO EIO KILOMETERS
[ I I
0 10 20 MILES
| | 1 | 1
Base from U.S. Geological Survey digital data, 1:24,000, 1983, and Land-use and land-cover classifications from the
Wisconsin Transverse Mercator Coordinate System 2011 National Land Cover database
North American Vertical Datum of 1988 EXPLANATION (Dewitz and U.S. Geological Survey, 2021)
A U.S. Geological Survey flow site Land cover
W Water-quality site | Urbén/developed B Forest
Agriculture I Open water

H U.S. Geological Survey flow site

Grassland Wetland
and water-quality site

Figure 1. Fox-Wolf River Basin, northeastern Wisconsin, with monitoring locations (with station numbers) on

the Fox River and land uses identified. Land-use/land-cover classifications are from the 2011 National Land Cover
database (Dewitz and U.S. Geological Survey, 2021).



In 1998, the inner bay of Green Bay and the main stem of
the Fox River downstream from Lake Winnebago, referred to
as the “Lower Fox River,” were listed as impaired for low dis-
solved oxygen concentrations, and high total phosphorus (TP)
inputs were listed as the likely cause (Wisconsin Department
of Natural Resources, 2021b). The Wisconsin Department of
Natural Resources (WDNR) TP concentration criterion for
impairment for nonwadeable rivers, such as the Lower Fox
River, is to maintain a median May through October con-
centration less than 0.1 milligram per liter (mg/L; Wisconsin
Department of Natural Resources, 2019). In 2008, this area
was also listed as impaired by degraded habitat, and high TSS
concentrations and loading were listed as the likely causes
(Wisconsin Department of Natural Resources, 2021b). The
WDNR TSS criterion for impairment for nonwadeable riv-
ers, such as the Lower Fox River, is to maintain a median May
through October concentration less than 20 mg/L (Wisconsin
Department of Natural Resources, 2019). In addition, since
1998, Lake Winnebago, the Upper Fox River, Wolf River, and
many of the tributaries to the Fox River have been listed as
impaired for low dissolved oxygen concentrations and degraded
habitat because of high TP and TSS concentrations and loading
(Wisconsin Department of Natural Resources, 2021b).

In an effort to improve the water quality of Green Bay
and its major tributary, the Fox River, total maximum daily
loads (TMDLs) were developed for TP and TSS for the Lower
Fox River Basin and Lower Green Bay (Cadmus Group, Inc.,
2012) and for the Upper Fox and Wolf River Basins (Cadmus
Group LLC, 2020). A TMDL determines the maximum amount
of a contaminant that a waterbody is capable of assimilating
while continuing to meet its existing water-quality standards.
TMDLs provide the framework that allows States to establish
and implement contaminant control and management plans with
the “national goal that wherever attainable, an interim goal of
water quality which provides for the protection and propagation
of fish, shellfish, and wildlife, and provides for recreation in and
on the water” (Section 101[a][2], p. 38 of the Clean Water Act;
U.S. Environmental Protection Agency, 1991). In the Lower
Fox River Basin and Lower Green Bay TMDL (Cadmus Group,
Inc., 2012), the goals for the basin were to reduce TP export
from Lake Winnebago from a baseline (1989-2006) load of
325 metric tons per year (t/yr) to 195 t/yr (40-percent reduc-
tion) and TSS export from 57,700 t/yr to 29,850 t/yr (48-percent
reduction). The goals for the mouth of the Fox River were
to reduce its TP load from a baseline load of 528 t/yr to
273 t/yr (48-percent reduction) and to reduce its TSS load from
118,000 t/yr to 52,300 t/yr (56-percent reduction). These loading
goals were expected to result in a summer mean Secchi depth
of 1.14 meters (m) in Lower Green Bay, which is a 63-percent
improvement from that measured in 2005 (0.70 m).

Many management actions have been taken to reduce the
phosphorus and sediment inputs to the Fox River, especially
downstream from Lake Winnebago, and remove phospho-
rus and sediment from the Fox River itself. These actions
include agricultural conservation management practices placed
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throughout many areas of its drainage basin (Horwatich and
others, 2023), point-source reductions (Wisconsin Department
of Natural Resources, 2021a), and dredging in the Lower Fox
River as part of polychlorinated biphenyl (PCB) cleanup activi-
ties between 2004 and 2020. More than 4.6 million cubic meters
of sediment were removed from the Fox River downstream
from Lake Winnebago (mostly between De Pere and Green
Bay) as part of these activities (U.S. Environmental Protection
Agency, 2023).

The management actions implemented in the Fox River
Basin may not only have affected the TP and TSS loads in the
Fox River, but they may have also altered the forms of phos-
phorus being delivered downstream. To determine whether the
actions implemented since 1989 have reduced TP and TSS con-
centrations in the Fox River, affected the forms of phosphorus in
the Fox River, and reduced the phosphorus and TSS loading to
Green Bay, it is important to estimate the historical concentra-
tions and loading of TP, dissolved phosphorus (DP; measured
as orthophosphorus or soluble reactive phosphorus [SRP]), and
TSS at the outlet of Lake Winnebago, at the Fox River at its
mouth, and possibly between these two locations. Therefore,
the primary objectives of this study were to (1) estimate the con-
centrations and loads of TP, DP, and TSS at three sites along the
main stem of the Fox River between Lake Winnebago and the
mouth to Green Bay (the Lake Winnebago outlet, the Fox River
at De Pere, and at the mouth of the Fox River); (2) describe
the changes in concentrations and loads at these three locations
from 1989 to 2021; and (3) compare the recent (5-year period
from 2017 to 2021) concentrations and loads at these sites with
the WDNR water-quality criteria for impairment and the goals
set in the Lower Fox River Basin and Lower Green Bay TMDL.

Study Site

The Fox River flows through most of its 16,395-square-
kilometer drainage area in northeastern Wisconsin (fig. 1).
The Fox River is intercepted by the Winnebago Pool Lakes
and then flows northeast for 63 kilometers, with a drainage
area of 1,661 square kilometers, before emptying into Green
Bay, which is the largest freshwater estuary in the world and
part of Lake Michigan (Cadmus Group, Inc., 2012; Robertson
and Saad, 2019). The Fox-Wolf River basin has a mixture of
agriculture (41.4 percent), forest (37.4 percent), and developed
land (8.4 percent); however, the area downstream from Lake
Winnebago is dominated by agriculture (50.2 percent, mostly
dairy) and developed land (34.6 percent) (Cadmus Group, Inc.,
2012). Much of the developed land is immediately adjacent
to the Fox River and includes the cities of Neenah, Menasha,
Appleton, De Pere, and Green Bay. Soils in the drainage area
are mostly sand and gravel (54.1 percent), clay (38.9 percent),
and loam (7 percent) (Robertson and Saad, 2019); however,
the area downstream from Lake Winnebago is dominated by
clay, especially on the east side of the Fox River (Cadmus
Group, Inc., 2012).
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General Approach

The general approach used in this study was to do the
following:

1. Assemble all available streamflow and TP, DP, TSS, and
total suspended sediment concentration data collected
by the WDNR, NEW Water, and the U.S. Geological
Survey (USGS) for the main stem of the Lower Fox
River from October 1988 to September 2021 (water
years [WYs] 1989-2021).

2. Merge all flow and water-quality data into one dataset
for each site.

3. Compute daily and annual loads for TP, DP, and TSS
using the weighted regressions on time, discharge, and
season (WRTDS) modeling approach (Hirsch and De
Cicco, 2015).

4. Describe the trends and changes in concentrations and
loads from WY 1989 to WY 2021 for TP, DP, and TSS,
with and without adjusting for changes in hydrology.
Adjusting the loads and concentrations for changes in
hydrology is referred to as “flow normalization.”

5. Compare the recent (5 years from WY 2017 to
WY 2021) concentrations and loads with existing
WDNR criteria for water-quality impairment and
TMDL-load goals.

Methods of Data Collection, Flow and
Load Estimation, and Trend and Change
Estimation

This section of the report includes a description of the
methods used for collection and compilation of streamflow
and water-quality (TP, DP, TSS, and total suspended sediment)
data at Lake Winnebago outlet, De Pere, and the mouth of
the Fox River. This section also includes a description of the
methods used to compute annual loads and quantify trends and
changes in the actual and flow-normalized loads.

River Monitoring (Streamflow and Water
Quality)

All streamflow data used in this study were collected by
the USGS (U.S. Geological Survey, 2022). This data col-
lection primarily consisted of flow measured at Appleton,
Wis. (USGS station 04084445; latitude 44°14'53", longi-
tude —88°25'23"), and the mouth of the Fox River (at the oil
depot in Green Bay, Wis.; USGS station 040851385; latitude
44°31'43" longitude —88°00'36"). Flows at both locations
were monitored using acoustic velocity meters because of

backwater effects resulting in little relation between water
elevation and flow. Instantaneous flow data were collected

at 5—15-minute intervals and averaged to obtain mean daily
flows. Occasionally, the mean daily flow at the mouth of the
Fox River was negative. To account for short-term (5-minute
to daily) negative flows, rather than estimating positive and
negative loading, all negative flows were set to 2.83 cubic
meters per second (m?3/s) (100 cubic feet per second [{t3/s]).
Then, to conserve mass, the total amount of added flow was
subtracted from the preceding and succeeding days (Robertson
and Saad, 2019). The daily flows measured at Appleton

were used to estimate the daily flows at the Lake Winnebago
outlet, and the daily flows measured at the mouth of the Fox
River were used to estimate daily flows at De Pere. To com-
plete these estimates, the ratios of the mean annual flows at
Appleton and the mouth of the Fox River were first compared
with the ratio in their total drainage areas. Annual flows at

the mouth of the Fox River were on average 1.063 times that
measured at Appleton, which is similar to the ratio in their
drainage areas (1.064). Therefore, simple drainage ratios were
used to extrapolate flows measured at Appleton to those at the
Lake Winnebago outlet (outlet flow = Appleton flow x 0.988),
and flows measured at the mouth of the Fox River were used
to estimate the flows at De Pere (De Pere flow = mouth of the
Fox River flow x 0.965).

Water-quality data at the Lake Winnebago outlet between
Neenah and Menasha, Wis. (often referred to as “Neenah
Menasha”), were only collected by the WDNR (WDNR sta-
tion 713002; latitude 44°12'17", longitude —88°28'13"). The
sampling site was at the end of the pier near the public boat
launch at Fritse Park in the Village of Fox Crossing. Water-
quality samples were typically collected monthly, except dur-
ing WYs 1989-90, when they were collected about two times
per month.

Water-quality data were collected at De Pere by
the WDNR (WDNR station 953210) and NEW Water
(NEW Water station GBO0S5) (latitude 44°12'17", longitude
—88°28'13"). The sampling site used by the WDNR was just
upstream from the De Pere dam off the pier near the public
boat launch, and the sampling site used by NEW Water was in
the center of the river between the boat launch and St. Norbert
College. The WDNR typically collected water-quality samples
monthly, except during 2010—12, when they were collected
about two to three times per month. NEW Water typically
collected water-quality samples weekly from late May through
early October.

Water-quality data were collected at the mouth of the
Fox River by the USGS, WDNR, and NEW Water (USGS
station 040851385, Fox River at the oil depot at Green Bay,
Wis., west bank or a transect across the river at that location;
WDNR station 053222, Fox River at Green Bay Yacht Club;
and NEW Water station GB16 near the center of the river).
The USGS collected detailed TSS samples during 1994-5 and
then approximately monthly samplings during 2005-21, but
few samples were collected during 2007—8 and more frequent
samples were collected during high flows in 2011-13. During
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2006-10, the WDNR typically collected one to two samples
per month during October, November, March, and April;
during 2011-18, they collected one sample per month during
December, January, and February and two to three samples
per month during March, April, October, and November. The
WDNR only collected samples in October and March between
October 2019 and December 2020 because of field sampling
restrictions due to the COVID-19 pandemic. NEW Water
typically collected samples weekly from late May through
early October.

The WDNR collected samples in quality-assured poly-
ethylene bottles from free flowing, well-mixed areas of the
river (Wisconsin Department of Natural Resources, 2015). The
sample bottles were dipped about 15 centimeters below the
surface, facing upstream, and allowed to fill. Samples for TP
analyses were immediately acidified with sulfuric acid. Samples
for DP and TSS analysis were collected in separate sample
bottles. All samples were placed in coolers with ice and returned
to the WDNR laboratory for shipping. Water-quality samples
were sent overnight on ice to the Wisconsin State Laboratory of
Hygiene in Madison, Wis., where they were analyzed follow-
ing standard methods and (or) approved U.S. Environmental
Protection Agency (EPA) methods (Wisconsin State Laboratory
of Hygiene, 2020; American Public Health Association and
others, 2022). Samples for DP analyses were filtered through
0.45-micrometer membranes and measured as orthophospho-
rus or SRP, and TSS was measured as total suspended solids.
All water-quality data are available in the WDNR Surface
Water Integrated Monitoring System (more commonly known
as SWIMS) database (Wisconsin Department of Natural
Resources, 2023).

NEW Water collected discrete water-quality samples 1 m
below the surface (top sample) and 1 m above the bottom of the
water column (bottom sample). Samples were collected at De
Pere using a Niskin sampler and at the mouth of the Fox River
using a peristaltic pump with submersible tubing. All samples
were collected in a 1-liter sterile polyethylene container and
then 60 milliliters of the sample were filtered through a 0.45-pm
membrane into a plastic container for orthophosphorus or SRP
analysis. Samples were transported on ice to the NEW Water
Laboratory for further analysis. The NEW Water Laboratory
is in Green Bay, Wis., and it is certified by the WDNR for
TP and TSS analyses. DP was measured as orthophosphorus
or SRP, and TSS was measured as total suspended solids. TP
and DP were analyzed using the ascorbic acid method (EPA
method 365.4 for TP and EPA method 365.1 for DP; American
Public Health Association and others, 2022). TSS was analyzed
using standard methods (EPA method 2540D) described by the
American Public Health Association and others (2022).

The USGS collected water-quality samples near the
mouth of the Fox River from 1993 to 1995, from 2005 to
2006, and from 2008 to 2021 following standard procedures
(U.S. Geological Survey, 2006; Wagner and others, 2006).
Samples were collected at two locations (nearshore near the
oil depot and transects across the river). During frozen months
of these periods, samples were collected nearshore or from

the drain of a flow-through tank at the station, which was on

the west bank of the channel. During 2011-15, samples were
collected with an automated, refrigerated sampler with tub-

ing extending down into a fixed position in the river. During
2011-15, additional samples were collected during high-flow
events with the autosamplers. During 2016-21, samples were
collected from three locations in transects across the river. At
each location, samples were collected from two depths (0.2 and
0.8 of the location depth) using a peristaltic pump with submers-
ible tubing. During 201621, samples were collected monthly at
fixed intervals, regardless of flow conditions. All water samples
were placed into a churn splitter to subdivide the sample.
Samples for DP analyses were filtered through 0.45-micrometer
membranes. All nutrient samples were then chilled at around

4 degrees Celsius; samples for TP analyses were acidified with
sulfuric acid, and samples were shipped to the USGS National
Water Quality Laboratory in Denver, Colorado, for analysis. DP
was measured as orthophosphorus or SRP, and suspended sedi-
ment was measured as total suspended sediment. Data collection
and analytical procedures are described in detail by Robertson
and others (2018a). All streamflow and water-quality data are
available in the USGS National Water Information System
(more commonly known as NWIS) database (U.S. Geological
Survey, 2022).

Combining Agency Data

All water-quality data for each site were merged into one
dataset. In general, the WDNR and NEW Water measured total
suspended solids (TSS, EPA parameter code 00530) and the
USGS measured total suspended sediment (EPA, parameter
code 80154). All the TSS and total suspended sediment were
used together with no adjustment factor and are referred to as
simply “TSS.” For concentrations measured by NEW Water,
all concentrations measured independently in top and bottom
samples were averaged before use.

Even after combining the data from the three agencies,
few samples were available for the mouth of the Fox River
during November—April from 1989 to 2011 (table 1), but data
collected at De Pere by the WDNR were available for many
of these months with missing data. Gaps in data, especially at
the beginning and end of the record, have been determined to
cause poorly estimated concentrations and loads when using the
WRTDS modeling approach (Lee and others, 2016). Therefore,
the coinciding monthly water-quality data collected by the
WDNR from 2012 to 2021 at De Pere and the mouth of the
Fox River were used to determine monthly relations (slopes or
multiplicative factors) between these two sites (table 2). Then,
the data measured at De Pere during 1989-2011 were used to
estimate concentrations at the mouth of the Fox River during
these months for this early period. By estimating concentrations
at the mouth of the Fox River from those measured at De Pere,
fewer gaps in the data record existed (table 1). All final water-
quality data for these three sites are available in an associated
USGS data release (Diebel and Robertson, 2023).
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Table 1. Number of total phosphorus concentration values, by month, at the mouth of the Fox River before extrapolating data from
De Pere and after extrapolating data from De Pere.

[Values in bold indicate months and years that have additional data added by extrapolating data from De Pere]

Total

Year January February March April May June July August September October November December per

year

Before extrapolating data from De Pere

1988 0 0 0 0 0 1 4 5 1 2 0 0 13
1989 0 0 0 0 2 3 5 4 3 1 0 0 18
1990 0 0 0 0 0 3 4 3 4 1 0 0 15
1991 0 0 0 0 2 3 3 3 2 2 0 0 15
1992 0 0 0 0 0 1 3 4 2 1 0 0 11
1993 0 0 0 0 0 2 1 4 1 1 0 0 9
1994 0 0 0 3 4 5 6 4 5 3 4 2 36
1995 1 1 3 3 6 6 3 8 1 2 0 0 34
1996 0 0 0 0 1 3 4 3 2 0 0 0 13
1997 0 0 0 0 0 5 4 2 3 1 0 0 15
1998 0 0 0 0 1 4 4 1 2 0 0 0 12
1999 0 0 0 0 0 5 4 4 2 2 0 0 17
2000 0 0 0 0 1 4 3 5 1 1 0 0 15
2001 0 0 0 0 1 3 5 4 2 1 0 0 16
2002 0 0 0 0 2 2 4 2 2 0 0 0 12
2003 0 0 0 0 1 3 3 3 2 2 0 0 14
2004 0 0 0 0 2 3 3 4 1 1 0 0 14
2005 0 0 0 1 2 3 3 4 3 2 1 0 19
2006 1 0 2 5 3 4 6 4 1 2 2 0 30
2007 0 0 2 2 3 2 3 3 2 3 2 0 22
2008 0 0 1 4 4 5 4 3 2 0 1 1 25
2009 0 1 4 2 4 5 4 5 3 1 1 0 30
2010 0 0 1 3 3 5 4 2 1 3 2 1 25
2011 0 0 5 7 10 13 9 5 0 6 7 7 69
2012 4 4 6 16 8 5 5 10 5 14 4 1 82
2013 1 5 3 6 5 5 6 4 4 3 4 1 47
2014 1 1 3 8 5 2 6 5 5 3 3 1 43
2015 1 1 4 5 1 6 6 6 4 4 3 2 43
2016 1 2 2 3 2 4 5 5 5 2 3 1 35
2017 2 2 2 3 5 6 5 6 5 2 2 2 42
2018 1 1 3 3 5 5 6 4 4 4 6 4 46
2019 0 3 1 3 5 4 6 5 4 3 3 1 38
2020 1 1 3 0 2 2 4 4 4 1 1 0 23
2021 2 1 3 2 5 6 5 6 4 2 1 3 40

Mean 0.5 0.7 1.4 23 2.8 41 44 42 2.7 2.2 1.5 0.8 27.6

number
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Table 1. Number of total phosphorus concentration values, by month, at the mouth of the Fox River before extrapolating data from De
Pere and after extrapolating data from De Pere.—Continued

[Values in bold indicate months and years that have additional data added by extrapolating data from De Pere]

Total
Year January February March April May June July August September October November December per
year
After extrapolating data from De Pere
1988 0 0 0 0 0 1 4 5 1 2 1 1 15
1989 1 0 1 1 2 3 5 4 3 1 1 0 22
1990 0 1 0 0 1 3 4 3 4 1 0 1 18
1991 1 1 0 0 2 3 3 3 2 2 0 0 17
1992 1 1 0 0 0 1 3 4 2 1 0 0 13
1993 0 1 0 0 0 2 1 4 1 1 0 1 11
1994 0 0 0 3 4 5 6 4 5 3 5 3 38
1995 2 2 4 4 7 6 3 8 1 2 1 1 41
1996 1 1 1 1 2 3 4 3 2 0 1 1 20
1997 1 1 1 1 1 5 4 2 3 1 1 1 22
1998 1 1 0 1 2 4 4 1 2 0 1 1 18
1999 1 1 1 1 1 5 4 4 2 2 1 1 24
2000 0 1 1 1 1 4 3 5 1 1 0 0 18
2001 1 1 0 1 1 3 5 4 2 1 1 1 21
2002 1 1 1 1 2 2 4 2 2 0 1 1 18
2003 1 1 1 1 1 3 3 3 2 2 1 1 20
2004 1 1 1 1 2 3 3 4 1 1 1 1 20
2005 1 1 1 2 2 3 3 4 3 2 1 1 24
2006 2 1 2 5 3 4 6 4 1 2 2 1 33
2007 1 1 2 2 3 2 3 3 2 3 2 1 25
2008 1 1 1 4 4 5 4 3 2 0 1 2 28
2009 1 2 4 2 4 5 4 5 3 1 1 1 33
2010 1 1 1 3 3 5 4 2 1 3 2 1 27
2011 0 1 5 7 10 13 9 5 0 6 7 7 70
2012 4 4 6 16 8 5 5 10 5 14 4 1 82
2013 1 5 3 6 5 5 6 4 4 3 4 1 47
2014 1 1 3 8 5 2 6 5 5 3 3 1 43
2015 1 1 4 5 1 6 6 6 4 4 3 2 43
2016 1 2 2 3 2 4 5 5 5 2 3 1 35
2017 2 2 2 3 5 6 5 6 5 2 2 2 42
2018 1 1 3 3 5 5 6 4 4 4 6 4 46
2019 0 3 1 3 5 4 6 5 4 3 3 1 38
2020 1 1 3 0 2 2 4 4 4 1 1 0 23
2021 2 1 3 2 5 6 5 6 4 2 1 3 40
Mean 1.0 1.3 1.8 28 3.1 42 44 42 2.8 2.2 1.8 1.3 30.9

number
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Table 2. Relations among total phosphorus, dissolved phosphorus, and total suspended solids concentrations measured at De Pere
and at the mouth of the Fox River during 2012 and 2021. All data were collected by the Wisconsin Department of Natural Resources

(2023).

[All slopes that are statistically significant at a probability of less than 0.05 are in bold. R?, coefficient of determination]

Total phosphorus

Dissolved phosphorus

Total suspended solids

Month
Slope R? Slope R? Slope R?
January 0.956 0.975 0.943 0.922 0.887 0.570
February 1.051 0.983 0.897 0913 0.503 0.647
March 1.240 0.980 1.204 0.931 1.508 0.815
April 1.488 0.754 1.138 0.394 1.460 0.883
May 1.534 0.897 1.532 0.852 1.000 1 point
June Not used Not used Not used Not used Not used Not used
July Not used Not used Not used Not used Not used Not used
August Not used Not used Not used Not used Not used Not used
September Not used Not used Not used Not used Not used Not used
October 1.499 0.832 1.239 0.232 0.958 0.713
November 1.071 0.958 0.972 0.977 1.105 0.982
December 1.118 0.986 0.928 0.941 1.018 0.972
Computation of Annual Mean and May—-October In(c)=Bp 15, n(Q)+f; sin(2no)+, cos(2nt)+e, (1)
Median Concentrations
where

Because of differences in the number of samples per
month in each year, annual mean concentrations were com-
puted by first computing mean monthly concentrations; any
month with missing data was estimated to be the mean of
the concentrations of the previous and preceding year with
data. Similarly, median May—October concentrations were
computed from the six monthly median concentrations for
each year.

Computation of Daily and Annual Loads

Daily and annual loads for each constituent were
computed using the flow and all concentration data from
October 1988 to September 2021 (WY's 1989-2021) with the
WRTDS modeling approach (Hirsch and De Cicco, 2015) that
accounts for the autocorrelation structure of the model residu-
als using a first-order autoregressive model. This modified
approach is called weighted regressions on time, discharge,
and season with a first-order autoregressive Kalman filter
(WRTDS-K; Zhang and Hirsch, 2019). WRTDS computes
nonlinear, time-varying relations between the logarithms of
the constituent concentrations and explanatory variables con-
sisting of decimal time, the logarithm of daily discharge, and
sine and cosine transformations of decimal time (Hirsch and
others, 2010; Lee and others, 2016; eq. 1).

In is the natural logarithm;

is the water-quality concentration at
each time ¢;

are the fitted coefficients;

is the discharge at time ;

is the time, in years; and

is the unexplained variation.

™ N(QF

In other more traditional regression techniques used to
compute loads, such as LOADest (Runkel and others, 2004),
the fitted coefficients (f, values) are computed using the
entire dataset. In WRTDS, one regression model is estimated
for each day of the record to estimate concentration and flux
using only data that are “close” to the time 7. With the known
time, discharge, and season of the estimation day, WRTDS
prescreens the concentration record and selects samples that
are sufficiently “close” to the estimation day with respect to
time, discharge, and season (close is defined by the window
size). The selected samples are then used to build a weighted
regression model, and a unique set of model coefficients is
obtained (Zhang and Hirsch, 2019). Weights for each sample
used in the calibration are based on differences in the values of
the explanatory variables (year, day of the year, and discharge)
between the estimation and sample day. WRTDS uses a bias
correction factor specific to each year, day, and discharge to
adjust for retransformation bias (Hirsch and De Cicco, 2015).
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The WRTDS load estimates were then improved by accounting
for the autocorrelation structure of the model using WRTDS-K.
In WRTDS-K, each estimated concentration is adjusted by

the magnitude of the nearby residuals computed using equa-
tion 1; therefore, the more concentration data used to calibrate
WRTDS, the more accurate the estimated WRTDS—K loads.
This approach has been determined to improve short-term loads
estimations (Zhang and Hirsch, 2019). WRTDS-K was imple-
mented using the R (R Core Team, 2013) package Exploration
and Graphics for RivEr Trends (more commonly known as
EGRET) using all default specifications in the model.

Quantifying Trends and Changes in
Concentrations and Loads

Trends and changes in TP, DP, and TSS concentrations
and loads through time were examined using a time-series
regression approach and using flow normalization within
WRTDS. For each water-quality constituent (TP, DP, and
TSS), changes in mean annual concentrations measured from
WYs 1989-93 to WY's 2017-21 were computed at each site.
Trends in the mean annual concentrations through time were
then computed using simple time-series linear regressions
between concentrations and WY, and the results are compared
among sites.

To further quantify trends in water-quality concentra-
tions and loads through time, the WRTDS modeling approach
was used, which compensates for the interannual changes
in hydrologic conditions and nonstationary streamflow by
incorporating information on changes in the frequency distri-
bution of daily measured streamflow (discharge) over time.
This process is referred to as “flow normalization” (Hirsch
and De Cicco, 2015). To compute flow-normalized loads and
concentrations for each day in the period, WRTDS simulates
the load given the regression model estimated for each day of
the record and all the flows measured on that day of the year
and then computes the mean daily load and concentration. For
example, for June 1, 1995, WRTDS simulates the loads using
the regression model estimated for June 1, 1995, for 33 flows
(one from June 1 of each year from 1989 to 2021) and then all

33 estimations are averaged together. The flow-normalization
process results in a time series of flow-normalized loads (or
concentrations). The flow-normalization process minimizes,
but does not completely eliminate, the year-to-year vari-
ability in loads that is caused by changes in daily discharge
from one year to the next. The annual time series of flow-
normalized loads is similar to a time series of volumetrically
weighted mean concentrations because each daily load (or
concentration) has the same flows used in the computations.
The 90-percent confidence intervals for the flow-normalized
loads were estimated by running 100 bootstrap replicates of
the WRTDS model and then interpolating the S-percent and
95-percent quantiles with the sample cumulative distribution
function (Hirsch and others, 2015). The likelihood that flow
normalized load increased or decreased through the study
period was estimated from the fraction of bootstrap replicates
where load increased or decreased (Hirsch and others, 2015).
Data for all final loads and flow-normalized loads for these
three sites are available in an associated USGS data release
(Diebel and Robertson, 2023).

Streamflow at Lake Winnebago Outlet,
De Pere, and Mouth of the Fox River

Mean annual streamflow during WY's 1989-2021
increased from 138 m?3/s (4,860 ft3/s) at the Lake Winnebago
outlet to 143 m?3/s (5,040 ft3/s) in De Pere to 148 m3/s
(5,230 ft3/s) at the mouth of the Fox River (table 3, fig. 2).
Streamflow increased about 7 percent from the Lake
Winnebago outlet to the mouth of the Fox River. At all three
sites, streamflow significantly increased through time (prob-
ability [p] of the null hypothesis [no change] being true is
less than [<] 0.05) by about 2 m?/s per year from WY 1989
to WY 2021 based on a linear regression between annual
mean streamflows and WYs. Mean annual streamflows dur-
ing WYs 2017-21 were about 51, 41, and 41 percent higher
than during WYs 1989-93 at the Lake Winnebago outlet, De
Pere, and the mouth of the Fox River, respectively. Most of
this change was detected in the last few years of the study.

Table 3. Mean annual streamflows at the Lake Winnebago outlet, De Pere, and the mouth of the Fox River for water years 1989-2021,
1989-93, and 2017-21 and changes in streamflow during these periods. Linear regressions were based on annual mean streamflow

versus water year.

[A water year is the 12-month period from October 1 to September 30 and is designated by the year in which it ends. WY, water year; p, probability]

_Mean_ annual streamflow, Increase from Regression results from WY 1989 to WY 2021
i in cubic meters per second WYs 1989-93 to
Site - -
WYs WYs WYs WYs 2017-21, Slope, in cubic meters p-value of
1989-2021  1989-93 2017-21 in percent per second per year slope
Lake Winnebago outlet 138 135 204 50.8 2.06 0.008
De Pere 143 150 211 40.9 1.86 0.027
Mouth of the Fox River 148 155 218 40.9 1.92 0.027
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Figure 2.
1989-2021.

The increase in streamflow detected in recent years reflected
the effects of increased precipitation that may be indicative

of typical hydrologic conditions associated with climatic
changes expected in the future for this area (Katt-Reinders and
Pomplun, 2011).

Water-Quality Concentrations, Loads,
Trends, and Changes by Constituent

In this section of the report, water-quality concentrations
and loads at each of the three sampling locations are described
and compared among sites. Trends and changes in concentra-
tions and loads during WYs 1989-2021 are also described.

Total Phosphorus

The overall mean annual TP concentrations for
WYs 1989-2021 were 0.089 mg/L, 0.115 mg/L, and
0.128 mg/L at the Lake Winnebago outlet, De Pere, and the
mouth of the Fox River, respectively (table 4). All the data
assembled during this study for TP concentrations from
1974 to 2022 are shown for each site in figure 3, and the
annual mean concentrations for WY's 1975-2021 are com-
pared among sites in figure 4. From WY 1989 to WY 2021,

Annual mean streamflows at the Lake Winnebago outlet, De Pere, and the mouth of the Fox River during water years

no statistically significant change through time (p greater

than [>] 0.1) in annual TP concentrations was detected at the
Lake Winnebago outlet based on a linear regression between
annual mean concentrations and WY, and little change through
time was observed in the data before WY 1989. However, a
statistically significant decrease through time in TP concentra-
tions was detected at De Pere and the mouth of the Fox River
(p<0.05; table 4). Data before the WY 19892021 period seem
to indicate higher TP concentrations at these two sites. From
WYs 1989-93 to WYs 2017-21, a decrease in TP concentra-
tions by 0.010 mg/L was detected at the Lake Winnebago out-
let, a decrease by 0.044 mg/L was detected at De Pere, and a
decrease by 0.059 mg/L was detected at the mouth of the Fox
River. During WYs 1989-2021, TP concentrations increased,
on average, by 0.039 mg/L from the Lake Winnebago out-

let to the mouth of the Fox River; most of the change was
detected upstream from De Pere. This downstream increase

in concentrations from the Lake Winnebago outlet to the
mouth of the Fox River was much larger during WY's 1989-93
(0.058 mg/L) than during WYs 2017-21 (0.009 mg/L).

The overall mean annual TP loads computed using
WRTDS-K for WYs 1989-2021 were 360 t/yr, 475 t/yr, and
557 t/yr at the Lake Winnebago outlet, De Pere, and the mouth
of the Fox River, respectively (table 5). Annual TP loads at the
Lake Winnebago outlet ranged from 182 t/yr in WY 1998 to
627 t/yr in WY 2019 (table 6, fig. 5). Mean annual TP loads
at the Lake Winnebago outlet increased significantly through
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Table 4. Mean annual and median May—Qctober water-quality (total phosphorus, dissolved phosphorus, and total suspended solids)
concentrations and changes in concentrations at the Lake Winnebago outlet, De Pere, and the mouth of the Fox River based on
measured data during water years 1989-2021. Annual mean and median May—October concentrations were computed from monthly
mean and median concentrations, respectively, in each year. The slope of the mean annual concentrations was obtained from a

regression between annual mean concentrations and water year.

[A water year is the 12-month period from October 1 to September 30 and is designated by the year in which it ends. Values in italics are statistically significant

at p less than 0.05. WY, water year; p, probability]

Mean annual concentration,

WYs 1989-93 to

Median summer

Change from concentration,

Regression slope

eI e R P
WYs WYs WYs n mllllgrams liter per decade
1989-2021 1989-93 2017-21 per liter WYs 2017-21
Total phosphorus
Lake Winnebago outlet 0.089 0.090 0.079 -0.010 0.000 0.982 0.099
De Pere 0.115 0.127 0.083 —0.044 —0.014 0.004 0.087
Mouth of the Fox River 0.128 0.147 0.089 —-0.059 -0.019 0.000 0.104
Dissolved phosphorus
Lake Winnebago outlet 0.024 0.012 0.025 0.013 0.005 0.030 0.030
De Pere 0.033 0.028 0.027 —0.001 —-0.001 0.635 0.020
Mouth of the Fox River 0.036 0.030 0.027 —-0.002 —-0.002 0.417 0.027
Total suspended solids
Lake Winnebago outlet 13.5 17.3 10.1 =72 —1.495 0.068 10.4
De Pere 18.7 23.2 14.0 -9.2 —2.096 0.011 17.2
Mouth of the Fox River ~ 23.9 29.9 15.4 —-14.6 —4.030 0.000 19.6

time (p<0.05) by 5.20 t/yr per year during WYs 1989-2021,
and the recent mean annual loading during WYs 2017-21 was
511 t/yr. Annual TP loads at De Pere ranged from 261 t/yr

in WY 2009 to 1,140 t/yr in WY 1993 (table 7, fig. 5), and
mean annual loads decreased through time by 1.86 t/yr per
year during WY's 1989-2021 (p>0.1—mnot statistically signifi-
cant); the recent mean loading for WYs 2017-21 was 539 t/yr.
Annual TP loads at the mouth of the Fox River ranged from
313 t/yr in WY 2009 to 1,180 t/yr in WY 1993 (table 8§, fig. 5).
Annual TP loads decreased through time by 0.970 t/yr per year
during WY's 1989-2021 (p>0.76—mnot statistically signifi-
cant), and the recent mean annual loading for WYs 2017-21
was 618 t/yr. During the first 5 years of the study period

(WYs 1989-93), the TP load at the Lake Winnebago outlet
was 52 percent of that estimated at the mouth of the Fox River,
and during the last 5 years of the study (WYs 2017-21), it

was 83 percent of the load estimated at the mouth of the Fox
River.

WRTDS was used to further examine the trends through
time in TP loads during WYs 1989-2021 after adjusting for
the year-to-year hydrologic variability by computing flow-
normalized loads. In other words, these are the loads that
would be expected in each year if similar flows were mea-
sured in all the years being examined. Results from these
analyses, with 90-percent confidence limits computed with

100 bootstrap replicates of the WRTDS model, indicated that
the flow-normalized annual TP loads at the Lake Winnebago
outlet changed little from WY 1989 to WY 2021 (fig. 6). The
likelihood of a downward trend through time in the flow-
normalized TP loads is as likely as not (/ikelihood = 0.530).
Flow-normalized loads gradually increased until WY 2005
and then gradually decreased. During the last 5 years of the
study period (WY's 2017-21), the flow-normalized annual

TP load at the Lake Winnebago outlet was only 1.8 percent
less than that measured during the first 5 years of the period
(WYs 1989-93). However, the flow-normalized annual TP
loads at De Pere and the mouth of the Fox River significantly
decreased from WY 1989 to WY 2021 (fig. 6). The likelihood
of a downward trend through time in the flow-normalized TP
loads was highly likely (/ikelihood = 0.995) at De Pere and
the mouth of the Fox River. During the last 5 years of the
study period (WY's 2017-21), the flow-normalized TP loads
at De Pere and the mouth of the Fox River were, respectively,
38 percent and 37 percent less than those measured during the
first 5 years of the period (WYs 1989-93).

WRTDS was used to further examine the seasonal timing
of the changes in the flow-normalized TP loading at the mouth
of the Fox River (fig. 7). The decreases in flow-normalized
loads were detected in all four seasons; however, the changes
through time were largest in spring and summer when the
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Figure 3. Measured total phosphorus concentrations at the Lake Winnebago outlet, De Pere, and the mouth of the Fox River from

1974 to 2022. Annual mean concentrations (computed from monthly mean concentrations) are also shown.
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Figure 4. Measured annual mean total phosphorus concentrations (computed from monthly mean concentrations) at the Lake
Winnebago outlet, De Pere, and the mouth of the Fox River for water years 1975-2021.

loads were highest, and the changes through time were small-
est during winter when the loads were smallest. During spring
and summer, seasonal TP loads at the mouth of the Fox River
dropped by 45.5 percent and 34.9 percent, respectively.

Dissolved Phosphorus

The overall mean annual DP concentrations for
WYs 19892021 were 0.024 mg/L, 0.033 mg/L, and
0.036 mg/L at the Lake Winnebago outlet, De Pere, and the
mouth of the Fox River, respectively (table 4). Over the entire
period, about 28 percent of the phosphorus at all three sites
was in dissolved forms. Throughout this period, a statisti-
cally significant increase through time (p<0.05) in annual DP
concentrations was measured at the Lake Winnebago outlet;
however, no statistically significant changes through time in DP
concentrations were measured at De Pere and the mouth of the
Fox River, based on linear regressions between annual mean

concentrations and WY. From the first 5 years of this study to
last 5 years, an increase of 0.013 mg/L was detected at the Lake
Winnebago outlet and a decrease of 0.001 mg/L and 0.002 mg/L
was detected at De Pere and the mouth of the Fox River,
respectively. The statistically significant (p<0.05) increase in
DP concentrations at the Lake Winnebago outlet may have
been caused by the increase in DP in Lake Winnebago result-
ing from the lake no longer being phosphorus limited in late
summer with biological processes not being able to uptake all
the DP (Robertson and others, 2018b). The DP concentrations
increased through time, on average, by 0.012 mg/L from the
Lake Winnebago outlet to the mouth of the Fox River during
WYs 1989-2021; most of the change was detected upstream
from De Pere. Over the period, the amount of phosphorus in
dissolved forms changed from about 13 percent during the first
5 years to 31 percent during the most recent 5 years of the study
at the Lake Winnebago outlet and from about 21 percent to
about 31 percent at De Pere and the mouth of the Fox River.



Table5. Mean annual loads and changes in loads of total phosphorus, dissolved phosphorus, and total suspended solids at the Lake Winnebago outlet, De Pere, and the mouth
of the Fox River, Wisconsin, computed using the weighted regressions on time, discharge, and season model with a first-order autoregressive Kalman filter (WRTDS—K) for water
years 1989-2021.

[A water year is the 12-month period from October 1 to September 30 and is designated by the year in which it ends. Likelihood of changes in flow-normalized loads is as follows: 0-0.66=about as likely as not,
greater than 0.66 and less than 0.90=likely, greater than 0.90 and less than 0.95=very likely, and greater than 0.95 and less than 1.0=highly likely (Hirsch and others, 2015). WRTDS-K, weighted regressions on
time, discharge, and season with a first-order autoregressive Kalman filter; WY, water year; p, probability]

WRTDS-K estimated annual loads Flow-normalized estimated loads
WYs WYs WYs Change from SITiI:] Z:rom WYs WYs WYs Change from s";rﬂ‘:::m Flow-
Site 1_989—20_21, _1989—9_3, _201 7—2?, WYs 1989-93 to regrassion p-value of 1_989—20_21, _1989—9?, _2017—2?, WYs 1989-93 to regression normalized
in metric  in metric in metric YVYs 20_17—21, (in metric slope in metric  in metric in metric YVYs 20_17—21, (in metric trend
tons per  tons per tons per in metric tons tons per tons per  tons per tons per in metric tons tons per year I?oot§trap
year year year per year year) year year year per year per year) likelihood
Total phosphorus
Lake Winnebago outlet 360 349 511 161 5.20 0.019 368 349 342 —6.4 —0.08 0.530
De Pere 475 602 539 —62.6 -1.86 0.537 489 560 349 =211 -7.14 0.995
Mouth of the Fox River 557 670 618 -52.6 -0.97 0.760 588 647 411 -236 —6.79 0.995
Dissolved phosphorus
Lake Winnebago outlet 114 91.8 169 76.8 2.36 0.012 123 97.2 108 10.5 0.04 0.668
De Pere 153 170 200 30.0 0.56 0.613 161 166 126 -39.8 -1.60 0.807
Mouth of the Fox River 162 167 205 37.8 0.91 0.380 165 161 132 -28.4 -0.94 0.847
Total suspended solids
Lake Winnebago outlet 60,400 73,500 74,500 1,010 223 0.596 66,400 79,300 49,900 —29,400 —849 0.876
De Pere 86,800 129,000 98,200  —30,900 —417 0.560 91,000 123,000 61,200 —61,500 —1,450 0.995
Mouth of the Fox River 123,000 205,000 116,000  —89,500 -1,920 0.083 139,000 220,000 77,300  —143,000 3,720 0.995
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Table 6. Annual total phosphorus, dissolved phosphorus, and total suspended solids loads at the Lake Winnebago outlet for water
years 1989-2021, computed using the weighted regressions on time, discharge, and season model with a first-order autoregressive
Kalman filter (WRTDS—K).

[A water year is the 12-month period from October 1 to September 30 and is designated by the year in which it ends. WRTDS-K, weighted regressions on time,
discharge, and season with a first-order autoregressive Kalman filter; TP, total phosphorus; DP, dissolved phosphorus; TSS, total suspended solids]

Average discharge, WRTDS—K TP Flow- WRTDS—K DP Flow- WRTDS—K TSS Flow-
Water year in cubic load, in metric norma_lllzed T.P load, in metric normtfllzed D.P load, in metric norma_llzed T_SS
meters per second  tons per year load, in metric tons per year load, in metric tons per year load, in metric
tons per year tons per year tons per year

1989 94.5 197 347 36.2 97.0 44,400 90,400
1990 111 273 349 96.0 97.1 53,000 84,100
1991 111 323 349 52.2 97.1 68,100 78,400
1992 131 340 349 87.1 97.3 82,600 73,700
1993 227 614 349 187 97.3 120,000 70,000
1994 127 322 350 87.8 98.0 57,400 68,400
1995 108 280 354 69.3 101 54,000 69,400
1996 173 523 355 200 111 89,100 68,500
1997 122 286 356 89.0 126 34,300 66,300
1998 106 182 366 37.5 149 29,700 65,600
1999 100 197 378 393 164 39,700 65,400
2000 97.7 220 383 64.8 163 42,200 66,200
2001 124 359 384 93.6 148 62,800 69,200
2002 121 339 389 131 135 67,500 75,500
2003 98.1 275 407 76.3 143 49,300 80,600
2004 169 608 420 228 158 98,300 80,500
2005 93.1 273 418 123 160 40,700 76,900
2006 89.0 247 405 93.6 156 34,600 71,700
2007 87.5 248 392 88.7 152 33,800 66,700
2008 153 398 380 172 146 55,300 62,100
2009 99.2 233 369 99.4 139 34,800 58,300
2010 126 324 363 125 132 40,300 56,400
2011 167 372 365 158 127 45,300 57,800
2012 119 322 368 75.0 119 55,400 61,400
2013 135 355 371 85.0 111 68,000 65,100
2014 144 416 372 111 106 79,500 67,000
2015 118 355 369 122 104 55,900 65,100
2016 179 436 362 994 105 86,400 60,700
2017 189 459 355 110 105 72,300 56,900
2018 167 491 349 124 106 81,700 53,400
2019 256 627 343 208 107 98,000 49,900
2020 241 561 336 191 109 79,900 46,400
2021 165 415 328 209 111 40,800 43,000
Minimum 87.5 182 328 36.2 97.0 29,700 43,000
Maximum 256 627 420 228 164 120,000 90,400
Overall mean 138 360 368 114 123 60,400 66,400
1989-93 mean 135 349 349 91.8 97.2 73,500 79,300

2017-21 mean 204 511 342 169 108 74,500 49,900
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Figure 5. Annual total phosphorus loads, computed using the weighted regressions on time, discharge, and season model with
a first-order autoregressive Kalman filter (WRTDS—K), at the Lake Winnebago outlet, De Pere, and the mouth of the Fox River for

water years 1989-2021.

The increase from the Lake Winnebago outlet to the mouth of
the Fox River was larger during WYs 1989-93 (0.018 mg/L)
and smaller during WYs 2017-21 (0.003 mg/L).

The overall mean annual DP loads computed using
WRTDS-K for WYs 1989-2021 were 114 t/yr, 153 t/yr, and
162 t/yr at the Lake Winnebago outlet, De Pere, and the mouth
of the Fox River, respectively (table 5). Annual DP loads at
the Lake Winnebago outlet ranged from 36.2 t/yr in WY 1989
to 228 t/yr in WY 2004 (table 6, fig. 8). The mean annual
loads at the Lake Winnebago outlet significantly increased
through time by 2.36 t/yr per year during WYs 1989-2021
(»<0.05), and the most recent (WY's 2017-21) mean annual
load was 169 t/yr. Annual DP loads at De Pere ranged from
59.6 t/yr in WY 1999 to 310 t/yr in WY 1993 (table 7, fig. 8).
Mean annual loads increased through time by 0.564 t/yr
per year during WYs 19892021 (p>0.1), and the most
recent (WYs 2017-21) mean annual loading was 200 t/yr.
Annual DP loads at the mouth of the Fox River ranged from
85.6 t/yr in WY 2000 to 288 t/yr in WY 1993 (table 8, fig. 8).
Mean annual loads increased through time by 0.908 t/yr per
year during WY's 1989-2021 (p>0.1), and the most recent
(WYs 2017-21) mean annual loading was 205 t/yr. During
the first 5 years of the study period (WYs 1989-93), the DP
load at the Lake Winnebago outlet was 55 percent of that at

the mouth of the Fox River, and during the last 5 years of the
period (WYs 2017-21), it was 82 percent of the load at the
mouth of the Fox River.

WRTDS was used to further examine the changes
through time in DP loads during WY's 1989-2021 by com-
puting flow-normalized loads. Results from these analyses
indicate that the flow-normalized annual DP loads at the Lake
Winnebago outlet increased from WY 1989 to WY 2021
(fig. 9). The likelihood of an upward trend through time in
the flow-normalized DP loads was likely (likelihood = 0.668).
During WY's 1997-2005, flow-normalized loads were higher
than in other years. During the last 5 years of the study
(WYs 2017-21), the mean flow-normalized DP load at the
Lake Winnebago outlet was 11 percent greater than that mea-
sured during the first 5 years of the period (WY's 1989-93).
The flow-normalized annual DP loads at De Pere and the
mouth of the Fox River decreased from WY 1989 to WY 2021
(fig. 9). The likelihood of downward trends through time in the
flow-normalized DP loads at these two sites was likely (/ikeli-
hood = 0.807 and 0.847, respectively). During the last 5 years
of the study (WYs 2017-21), the mean flow-normalized DP
loads at De Pere and the mouth of the Fox River were 24 per-
cent and 18 percent, respectively, less than those measured
during the first 5 years of the period (WYs 1989-93).



Water-Quality Concentrations, Loads, Trends, and Changes by Constituent 17

Table 7. Annual total phosphorus, dissolved phosphorus, and total suspended solids loads at De Pere for water years 1989-2021,
computed using the weighted regressions on time, discharge, and season model with a first-order autoregressive Kalman filter
(WRTDS—K).

[A water year is the 12-month period from October 1 to September 30 and is designated by the year in which it ends. WRTDS-K, weighted regressions on time,
discharge, and season with a first-order autoregressive Kalman filter; TP, total phosphorus; DP, dissolved phosphorus; TSS, total suspended solids]

Average discharge, WRTDS-K TP Flow- WRTDS—K DP Flow- WRTDS—K TSS Flow-
Water year in cubic load, in metric normt_lllzed -I:P load, in metric norma?llzed D.P load, in metric norma_llzed T_SS
meters per second  tons per year load, in metric tons per year load, in metric tons per year load, in metric
tons per year tons per year tons per year

1989 105 389 570 111 170 85,700 144,000
1990 119 447 566 118 169 121,000 132,000
1991 124 464 561 122 167 90,700 122,000
1992 151 569 555 188 164 98,400 112,000
1993 250 1,140 548 310 161 250,000 103,000
1994 131 486 539 151 157 84,800 94,600
1995 111 422 531 125 153 69,600 86,900
1996 180 697 527 259 154 108,000 82,200
1997 126 435 521 141 160 56,900 80,100
1998 109 332 521 78.9 172 45,600 80,300
1999 103 318 527 59.6 185 60,000 82,000
2000 97.2 345 535 87.3 191 62,500 84,900
2001 135 459 543 159 191 80,600 88,400
2002 126 484 554 184 192 75,200 93,100
2003 97.7 373 568 120 202 54,100 98,000
2004 167 771 577 263 211 134,000 101,000
2005 100 428 572 158 210 52,300 101,000
2006 91.1 367 556 127 202 55,300 99,900
2007 86.0 351 534 126 191 51,100 98,900
2008 149 474 509 193 176 98,100 98,100
2009 96.9 261 484 119 161 39,700 97,000
2010 131 418 462 149 149 78,000 95,400
2011 173 488 448 159 140 103,000 93,800
2012 119 368 438 79.4 133 69,700 92,500
2013 141 393 429 98.5 130 78,700 90,100
2014 147 471 420 121 129 110,000 86,800
2015 120 379 408 129 128 64,400 81,700
2016 176 443 394 123 128 96,700 75,900
2017 189 465 379 120 127 80,600 70,600
2018 167 506 364 159 126 89,300 65,700
2019 264 656 349 241 126 135,000 61,000
2020 261 597 335 248 126 113,000 56,500
2021 174 473 320 230 127 73,600 52,200
Minimum 86.0 261 320 59.6 126 39,700 52,200
Maximum 264 1,140 577 310 211 250,00 144,000
Overall mean 143 475 489 153 161 86,800 91,000
1989-93 mean 150 602 560 170 166 129,000 123,000

2017-21 mean 211 539 349 200 126 98,200 61,200
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Table 8. Annual total phosphorus, dissolved phosphorus, and total suspended solids loads at the mouth of the Fox River for water
years 1989-2021, computed using the weighted regressions on time, discharge, and season model with a first-order autoregressive
Kalman filter (WRTDS—K).

[A water year is the 12-month period from October 1 to September 30 and is designated by the year in which it ends. WRTDS-K, weighted regressions on time,
discharge, and season model with a first-order autoregressive Kalman filter; TP, total phosphorus; DP, dissolved phosphorus; TSS, total suspended solids]

Average discharge, WRTDS—K TP Flow WRTDS—K DP Flow WRTDS—K TSS Flow
h . . . normalized TP . . normalized DP . . normalized TSS
Water year in cubic load, in metric . . load, in metric . L load, in metric . .
load, in metric load, in metric load, in metric
meters per second  tons per year

tons per year tons per year tons per year tons per year tons per year

1989 109 472 663 116 160 156,000 248,000
1990 124 533 656 133 161 204,000 235,000
1991 128 532 648 119 161 137,000 221,000
1992 156 637 639 181 161 165,000 206,000
1993 259 1,180 629 288 160 365,000 190,000
1994 135 547 618 160 158 160,000 174,000
1995 115 481 606 141 156 117,000 158,000
1996 187 816 599 259 156 151,000 142,000
1997 131 493 597 145 156 76,500 131,000
1998 113 403 608 87.8 161 63,800 125,000
1999 107 366 628 90.0 169 68,500 124,000
2000 101 399 645 85.6 179 87,400 128,000
2001 140 570 653 153 186 120,000 130,000
2002 131 642 660 197 192 97,500 130,000
2003 101 521 667 135 201 69,400 134,000
2004 173 888 668 276 213 225,000 138,000
2005 103 442 663 170 217 65,500 138,000
2006 94.4 371 659 113 213 63,000 137,000
2007 89.0 346 647 124 203 71,000 138,000
2008 154 511 625 197 191 122,000 139,000
2009 100 313 605 128 179 52,000 140,000
2010 136 492 599 192 170 89,200 141,000
2011 180 636 603 176 163 135,000 142,000
2012 123 520 603 119 154 115,000 141,000
2013 146 539 587 115 146 114,000 137,000
2014 152 674 559 162 140 167,000 128,000
2015 124 449 523 144 137 76,700 116,000
2016 183 516 491 113 136 133,000 104,000
2017 196 533 462 137 135 99,600 93,600
2018 173 568 435 151 133 115,000 84,800
2019 273 706 409 258 132 152,000 76,600
2020 270 704 385 243 131 128,000 69,200
2021 181 578 362 236 130 85,200 62,300
Minimum 89.0 313 362 85.6 130 52,000 62,300
Maximum 273 1,180 668 288 217 365,000 248,000
Overall mean 148 557 588 162 165 123,000 139,000
1989-93 mean 155 670 647 167 161 205,000 220,000

2017-21 mean 218 618 411 205 132 116,000 77,300
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Figure 6. Changes in flow-normalized total phosphorus loads, computed using the weighted regressions on time, discharge, and
season (WRTDS) model, at the Lake Winnebago outlet, De Pere, and the mouth of the Fox River for water years 1989-2021. The
90-percent confidence limits on the flow-normalized values are shown along with the annual total phosphorus loads.
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Figure 7. Changes in total phosphorus loading, by season, at the mouth of the Fox River for water years 1989-2021, computed using
the weighted regressions on time, discharge, and season model (WRTDS). The 90-percent confidence limits on the flow-normalized

2012

. 100 - .
b 50 |- 4
0 1 1 1 1 1
2016 2020 1988 1992 1996 2000 2004 2008
Water year
EXPLANATION

—ae-e— Flow-normalized total phosphorus load

90-percent confidence limit above and
below the flow-normalized load

values are shown along with the seasonal total phosphorus loads. [Fall is September—November, winter is December—February, spring

is March—May, and summer is June—August]



Dissolved phosphorus load, in metric tons per year

400

Water-Quality Concentrations, Loads, Trends, and Changes by Constituent

300 ~

EXPLANATION
—@— Lake Winnebago outlet
—l— De Pere
—&@— Mouth of the Fox River _

1988

1993

1998 2003 2008 2013 2018
Water year

Figure 8. Total annual dissolved phosphorus loads, computed using the weighted regressions on time, discharge, and season
model with a first-order autoregressive Kalman filter (WRTDS-K), at the Lake Winnebago outlet, De Pere, and the mouth of the Fox
River for water years 1989-2021.
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Figure9. Changes in flow-normalized annual dissolved phosphorus loads, computed using the weighted regressions on time,
discharge, and season model (WRTDS), at the Lake Winnebago outlet, De Pere, and the mouth of the Fox River for water years
1989-2021. The 90-percent confidence limits on the flow-normalized values are shown along with the total annual dissolved

phosphorus loads.
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Total Suspended Solids

The overall mean annual TSS concentrations for
WYs 1989-2021 were 13.5 mg/L, 18.7 mg/L, and 23.9 mg/L
at the Lake Winnebago outlet, De Pere, and the mouth of the
Fox River, respectively (table 4). Throughout this period,
no statistically significant change through time (p>0.05)
in annual TSS concentrations was detected at the Lake
Winnebago outlet; however, statistically significant (p<0.05)
decreases in concentrations were detected at De Pere and the
mouth of the Fox River. From the first 5 years of this study to
last 5 years, a decrease of 7.2 mg/L, 9.2 mg/L, and 14.6 mg/L,
respectively, was detected based on linear regressions
between annual mean concentrations and WY. TSS concentra-
tions increased through time, on average, by 10.4 mg/L from
the Lake Winnebago outlet to the mouth of the Fox River
during WYs 1989-2021; the change was about equally split
between the Lake Winnebago outlet and De Pere and between
De Pere and the mouth of the Fox River. This increase from
the Lake Winnebago outlet to the mouth of the Fox River was
larger during WYs 1989-93 (12.7 mg/L) and smaller during
WYs 2017-21 (5.3 mg/L).

The overall mean annual TSS loads computed using
WRTDS—K for WYs 1989-2021 were 60,400 t/yr, 86,800 t/yr,
and 123,000 t/yr at the Lake Winnebago outlet, De Pere,
and the mouth of the Fox River, respectively (table 5).

Annual TSS loads at the Lake Winnebago outlet ranged

from 29,700 t/yr in WY 1998 to 120,000 t/yr in WY 1993
(table 6, fig. 10). The mean annual WRTDS-K loads at the
Lake Winnebago outlet increased through time by 223 t/yr
per year during WY's 1989-2021 (p>0.1), and the recent mean
annual load during WY's 2017-21 was 74,500 t/yr. Annual
TSS loads at De Pere ranged from 39,700 t/yr in WY 2009 to
250,000 t/yr in WY 1993 (table 7, fig. 10). Annual loads at

De Pere decreased through time by 417 t/yr per year dur-
ing WYs 1989-2021 (p>0.1). The recent mean annual load
during WYs 2017-21 was 98,200 t/yr. Annual TSS loads
at the mouth of the Fox River ranged from 52,000 t/yr in
WY 2009 to 365,000 t/yr in WY 1993 (table 8, fig. 10), and
annual loads decreased through time by 1,921 t/yr per year
during WY's 1989-2021 (p=0.083). The recent mean annual
load during WY's 2017-21 was 116,000 t/yr. During the first
5 years of the study (WYs 1989-93), the mean annual TSS
load at the Lake Winnebago outlet was 36 percent of that at
the mouth of the Fox River, and during the last 5 years of the
period (WYs 2017-21), it was 65 percent of the load at the
mouth of the Fox River.

WRTDS was used to further examine the changes
in TSS loads during WYs 1989-2021 by computing
flow-normalized loads. Results from these analyses indi-
cate that the flow-normalized annual TSS loads at the
Lake Winnebago outlet decreased through time during
WYs 1989-21 (fig. 11). The likelihood of a downward trend
through time in the flow-normalized TSS loads is likely
(likelihood = 0.876). During the last 5 years of the study
period (WYs 2017-21), the mean annual flow-normalized
TSS load at the Lake Winnebago outlet was 37 percent less
than that measured during the first 5 years of the period
(WYs 1989-93). The flow-normalized annual TSS loads at
De Pere and the mouth of the Fox River decreased through
time during WY's 1989-2021 (fig. 11). The likelihood of
a downward trend through time in the flow-normalized
TSS loads at these sites is highly likely (likelihood = 0.995
and 0.965). During the last 5 years of the study period
(WYs 2017-21), the mean annual flow-normalized TSS
loads at De Pere and the mouth of the Fox River were 50 per-
cent and 65 percent less, respectively, than that measured
during the first 5 years of the period (WYs 1989-93).
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Figure 10. Total annual total suspended solids loads, computed using the weighted regressions on time, discharge, and season

model with a first-order autoregressive Kalman filter (WRTDS-K), at the Lake Winnebago outlet, De Pere, and the mouth of the Fox

River for water years 1989-2021.
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Figure 11. Changes in flow-normalized annual total suspended solids loads, computed using the weighted regressions on

time, discharge, and season model (WRTDS), at the Lake Winnebago outlet, De Pere, and the mouth of the Fox River for water
years 1989-2021. The 90-percent confidence limits on the flow-normalized values are shown along with the annual total suspended

solids load
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Current Concentrations and Loads
Compared to Water-Quality Criteria for
Impairment and Total Maximum Daily
Load Goals

One of the goals of this study was to determine if the
water quality (concentrations and loads) in the Fox River
met the water-quality impairment criteria established by
the WDNR and goals established in the Lower Fox River
Basin and Lower Green Bay TMDL (Cadmus Group, Inc.,
2012). The WDNR has established impairment criteria for
nonwadeable rivers in Wisconsin, including the Lower Fox
River, of 0.10 mg/L for TP concentrations and 20 mg/L for
TSS concentrations based on median concentrations between
May and October (Robertson and others, 2008; Wisconsin
Department of Natural Resources, 2019). Data from the most
recent 5-year period should be used to make impairment deci-
sions if sufficient data exist to represent each month, such as
the data available for the Lower Fox River. A 5-year period is
used to ensure that the data are representative of a wide range
of factors that affect water quality (for example, weather and
flow). The most recent (WYs 2017-21) median May—October
TP concentrations were 0.099 mg/L for the Lake Winnebago
outlet and 0.087 mg/L for De Pere (table 4), which were both
less than the 0.1-mg/L WDNR criterion for impairment in
nonwadeable rivers. The median concentration at the mouth of
the Fox River, however, was slightly greater than the criterion
for TP impairment (0.104 mg/L; table 4). The most recent
median May—October TSS concentrations (10.4 mg/L at the
Lake Winnebago outlet, 17.2 mg/L at De Pere, and 19.6 mg/L
at the mouth of the Fox River) were all less than the 20-mg/L
WDNR criterion for TSS impairment.

The Lower Fox River Basin and Lower Green Bay
TMDL set the goals for TP loads at the Lake Winnebago outlet
at 195 t/yr and the mouth of the Fox River at 274 t/yr (Cadmus
Group, Inc., 2012). The most recent 5-year mean annual TP
loads at the Lake Winnebago outlet and the mouth of the Fox
River computed with WRTDS-K were 511 t/yr and 618 t/yr
(table 5), respectively, which are both much greater than the
TMDL goals, by 162 percent and 126 percent, respectively.

In the TMDL, the goal for TSS load was 29,850 t/yr at the
Lake Winnebago outlet and was 52,300 t/yr at the mouth of
the Fox River (Cadmus Group, Inc., 2012). The most recent
S-year mean annual TSS loads at the Lake Winnebago outlet
and the mouth of the Fox River computed with WRTDS-K
were 74,500 t/yr and 116,000 t/yr, respectively, which are both
much greater than the goals set in the TMDL, by 150 percent
and 122 percent, respectively. The mean annual flows for
WYs 2017-21, however, were more than 45 percent higher
than the long-term mean during WYs 1989-2021. This
increase in streamflow detected in recent years may repre-
sent typical hydrologic conditions associated with climatic
changes expected in the future for this area (Katt-Reinders and
Pomplun, 2011).

Possible Reasons for Trends in
Concentrations and Loading

Several possible reasons for the changes in stream-
flow (table 3), concentrations (table 4), and loads (table 5)
throughout the Lower Fox River were identified in this study.
During the recent 5 years (WYs 2017-21), flows in the Lower
Fox River increased by about 40 to 50 percent from the first
5 years of the study (WY's 1989-93) and were more than
45 percent higher than the long-term mean. The increase
in streamflow detected in recent years may be indicative
of typical hydrologic conditions associated with climatic
changes expected in the future for this area (Katt-Reinders
and Pomplun, 2011). Therefore, the goals established in the
TMDLs may have to be adjusted if higher precipitation con-
tinues. At the Lake Winnebago outlet, increases were detected
in DP concentrations and in mean annual TP and DP loads.
The increase in DP concentrations may have been caused by
the increase in DP concentrations in Lake Winnebago result-
ing from the lake no longer being phosphorus limited in late
summer with the DP not being totally taken up by biological
processes in the lake (Robertson and others, 2018b). These
increases in DP concentrations may affect the downstream pro-
ductivity where phosphorus may still be limiting. The increase
in DP and TP loads at the Lake Winnebago outlet was caused
by the increase in DP concentrations and no significant change
in TP concentrations along with an increase in streamflow by
about 48-51 percent leaving the lake.

The decrease in flow-normalized TP and TSS loads at De
Pere and the mouth of the Fox River may have been the result
of a combination of several things: the implementation of
agricultural conservation management practices in many areas
of the drainage area (Horwatich and others, 2023), reduc-
tions in industrial and municipal point-source discharges in its
drainage area (Wisconsin Department of Natural Resources,
2021a), and recent deposition of sediment and phosphorus
from the water column into the bottom areas of the Lower
Fox River that were dredged as part of PCB cleanup activi-
ties between 2004 and 2020 (U.S. Environmental Protection
Agency, 2023). If the main reason for the decreases in TP and
TSS concentrations was recent deposition of phosphorus and
sediment into the dredged areas of the Fox River, the observed
decrease in concentrations and flow-normalized loads could
be short lived because these dredged areas are acting as
temporary sinks and will gradually fill. Additional studies are
needed to determine the relative importance of each of these
actions on TP and TSS concentrations and loads in the Lower
Fox River. Although a decrease in flow-normalized TP and
TSS loads was detected in recent years (WYs 2017-21) at De
Pere and the mouth of the Fox River, little change in the actual
loading computed with WRTDS—K was detected for these
constituents because of the increase in flow in recent years.



Summary and Conclusions

As a result of the historical input of nutrients and sedi-
ment from extensive agriculture, urban activities, and indus-
trial activities throughout the Fox River Basin in northeastern
Wisconsin, water quality in the Fox River has deteriorated
through time, especially downstream from Lake Winnebago.
This deterioration in water quality has resulted in the Lower
Fox River and the inner bay of Green Bay being listed as
impaired for low dissolved oxygen concentrations and
degraded habitat by the Wisconsin Department of Natural
Resources (WDNR). Total phosphorus (TP) and total sus-
pended solids (TSS) concentrations were listed as the likely
causes of these impairments. To try to restore Green Bay and
the Fox River, total maximum daily loads (TMDLs) were
developed for TP and TSS, and many management actions
have been taken throughout the Fox River Basin to improve
water quality. As part of this study, all available flow and TP,
dissolved phosphorus (DP), TSS, and total suspended sedi-
ment data for the Lake Winnebago outlet, De Pere, and the
mouth of the Fox River collected by NEW Water, the brand of
the Green Bay Metropolitan Sewerage District; the WDNR;
and the U.S. Geological Survey were assembled and combined
into one dataset. All the TSS and total suspended sediment
data were used together with no adjustment factor and are
referred to as simply “TSS.” Using these data, we estimated
the concentrations and loads of TP, DP, and TSS at the Lake
Winnebago outlet, De Pere, and the mouth of the Fox River;
described the changes in concentrations and loads at these
three locations during water years (WYs) 1989 to 2021; and
compared the concentrations and loads of these constituents
for the most recent 5-year period (WYs 2017-21) with the
WDNR water-quality criteria for impairment and the goals
set in the Lower Fox River Basin and Lower Green Bay total
maximum daily load.

Mean TP concentrations ranged from 0.089 milligram per
liter (mg/L) at the Lake Winnebago outlet to 0.128 mg/L at the
mouth of the Fox River. Mean TP concentrations decreased
through time at all three sites from WY 1989 to WY 2021.
The most recent (WYs 2017-21) median May—October TP
concentrations were slightly less than the 0.1-mg/L WDNR
TP criterion for impairment at the Lake Winnebago out-
let and De Pere, but the median concentration was slightly
greater than the TP criterion for impairment at the mouth of
the Fox River. Mean DP concentrations ranged from 0.024 to
0.036 mg/L. DP represented about 28 percent of the phos-
phorus at all three sites over the period, but the amount of
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phosphorus in dissolved forms has changed from about 13 to
31 percent at the Lake Winnebago outlet and from about 21 to
about 31 percent at De Pere and the mouth of the Fox River.
Mean TSS concentrations during WY's 1989-2021 ranged
from 13.5 mg/L at the Lake Winnebago outlet to 23.9 mg/L at
the mouth of the Fox River. Mean TSS concentrations have
decreased in recent years, with the most recent median May—
October TSS concentrations less than the 20-mg/L WDNR
criterion for impairment at all three sites.

During WYs 1989-2021, total streamflow and TP, DP,
and TSS loads gradually increased from the Lake Winnebago
outlet to De Pere to the mouth of the Fox River (mean annual
TP loads increased from 360 metric tons per year [t/yr] to
475 t/yr to 557 t/yr; mean annual DP loads increased from
114 t/yr to 153 t/yr to 162 t/yr; and mean annual TSS loads
increased from 60,400 t/yr to 86,800 t/yr to 123,000 t/yr).

At the Lake Winnebago outlet, DP concentrations
increased through time and TP and DP loads increased through
time from WY 1989 to WY 2021. The increase through time
in DP concentrations may have been the result of the increase
through time in DP concentrations in Lake Winnebago result-
ing from the lake no longer being phosphorus limited in late
summer. The increase in DP and TP loads through time at the
outlet was the result of the increase in DP concentrations and
little change through time in TP concentrations along with a
significant increase through time in streamflow leaving the
lake (increase by 48—51 percent). Although a statistically
significant decrease through time in TP and TSS concentra-
tions was detected at De Pere and the mouth of the Fox River,
little change in the actual loading was detected because of the
increase in flow in recent years (increase by 4148 percent).
However, a decrease in flow-normalized TP and TSS loads
through time was detected at De Pere and the mouth of the
Fox River, which may have been the result of implementa-
tion of agricultural conservation management practices in
the Lower Fox River drainage area, reductions in industrial
and municipal point-source discharges in Lower Fox River
drainage area, and (or) deposition of sediment and phospho-
rus into the areas of the Lower Fox River that were recently
dredged as part of polychlorinated biphenyl cleanup activities
between 2004 and 2020. Additional studies would be needed
to determine the relative importance of each of these actions
and whether the observed decrease in concentrations and flow-
normalized TP and TSS loads through time will continue to be
observed in the downstream reaches of the Fox River.
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