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Spatial and Temporal Variations in Phosphorus Loads in the Illinois River Basin,
Illinois USA
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Research Impact Statement: Phosphorus loads in the lower Illinois River increased 39% from 1989–1996 to
2015–2019, mostly due to a shift in the lower section of the watershed from sequestering phosphorus to becoming a net source.
ABSTRACT: Total phosphorus (TP) loads in many rivers in the north-central United States have increased,
including the Illinois River at Valley City, Illinois, USA, which increased 39% from the periods 1989–1996 to
2015–2019 despite efforts to reduce loads from point and nonpoint sources. Here, we quantify long-term variations in phosphorus (P) loads in the Illinois River and its tributaries and identify factors that may be causing
the variations. We calculated river loads of dissolved (DP) and particulate P (PP), total and volatile suspended
solids (TSS and VSS), and other potentially related constituents at 41 locations. DP loads generally increased
and PP and TSS loads generally decreased from 1989–1996 to 2015–2019. During 1989–1996, P accumulated in
the lower basin between Marseilles and Valley City (excluding monitored tributaries). This portion of the basin
is very flat and accumulates sediment. During 2015–2019, this section shifted from being a net sink to being a
net source of P, accounting for 78% of the increased TP load at Valley City. We present evidence supporting several mechanisms that could have caused this shift: increased DP and chloride loads, reduced sulfate and nitrate
concentrations influencing ionic strength and redox potential in the sediments, and increased VSS loads at Valley City possibly indicating greater algal production and contributing to hypoxia in lower river sediments. Additional research is needed to quantify the relative importance of these mechanisms.
(KEYWORDS: phosphorus; freshwater; point source; nonpoint source.)
persists in much of the United States (U.S.). Reasons
for this persistence vary with the specific circumstances within watersheds, such as changes in precipitation, river flow, point-source discharges, legacy P,
agricultural practices, and river chemistry (Muenich
et al. 2016; Jarvie et al. 2017).
Stackpoole, Sabo, Falcone, and Sprague (2021a)
and Stackpoole, Sabo, and Falcone (2021b) reported

INTRODUCTION

Phosphorus (P) enrichment of surface waters has
been a long-standing problem (Schindler 1971) contributing to eutrophication and harmful algal blooms.
Billions of dollars have been invested to reduce point
and nonpoint sources of P, and yet the problem
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flow normalized total P (TP) loads in the lower Mississippi River increased between 1995 and 2005,
despite reductions in the net P balance of the watershed. They hypothesized that factors that caused the
increased P load included implementation of no-till,
changes in watershed buffering capacity, the effects
of tile drainage, or increased precipitation.
Increased yields of TP and soluble reactive P in
three rivers flowing into western Lake Erie were
associated with increased rainfall amounts, intensity,
discharge, tile drainage, and adoption of conservation
tillage systems (Jarvie et al. 2017; Williams and King
2020). In Iowa, average TP yields from 46 agricultural watersheds were highly correlated with land
slope and storm flows, with the average yields
increasing from 1.2 kilograms P per hectare-year (kg
P/ha/year) during 2000–2005 to 1.5 kg P/ha/year during 2014–2017 (Schilling et al. 2020). TP loads leaving the Illinois River Basin (at Valley City) have
increased 30% from the periods 1980–1996 to 2015–
2019 (IEPA et al. 2021) despite large reductions in
point source discharges and riverine TP concentrations in upper tributaries draining the Chicago
metropolitan area (Pluth et al. 2021).
In addition to changes in TP concentrations and
loads, the upper Illinois River is affected by high
chloride concentrations from a combination of
wastewater discharge and road salt (Kelly et al.
2012). Increased chloride concentrations increase
ionic strength, which is thought to shift the phosphate (PO4) equilibrium toward adsorption (McDaniel
et al. 2009). On the other hand, chloride and other
ions reduce the solubility of oxygen (Sherwood et al.
1991), and chloride solutions are used in laboratory
analyses to extract PO4 from soil and sediment samples, where their capacity to desorb depends on several factors such as ionic strength, pH, and
temperature (Wang and Li 2010). Haq et al. (2018)
incubated river sediments with varying concentrations of sodium chloride and reported a significant
increase in PO4 release from the sediments at 7 of 12
sites. Causes for the differences among sites were not
determined and the authors called for more research
on this topic.
Sulfate concentrations in Illinois rivers have
decreased as atmospheric deposition of sulfate
declined following reductions in sulfur dioxide (SO2)
emissions from coal-burning power plants (David
et al. 2016). Decreased sulfate concentrations reduce
the ionic strength, which may offset the increased
ionic strength from increased chloride concentrations.
Reduced nitrate concentrations in the Illinois River
have been reported (McIsaac et al. 2016), which
would also reduce the ionic strength of the river
water. Additionally, sulfate and nitrate can serve as
electron acceptors in microbial respiration, thereby
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influencing redox potential. As nitrate becomes
scarce, the redox potential in sediments can decline
to a level that promotes PO4 desorption from sediments (Olila and Reddy 1997). Sulfate reduction
occurs at redox potentials less than those that promote PO4 desorption (Pan et al. 2019). Reductions in
sulfate concentrations and loads in rivers are thought
to be primarily due to reduced deposition from the
atmosphere. But if reduced sulfate concentrations are
also a consequence of lower redox potential in sediments reducing sulfate to hydrogen sulfide, then we
should also expect these conditions to release PO4
from sediments.
Furthermore, because PO4 is the limiting nutrient
in most freshwater ecosystems (Schindler et al.
2008), any increase in PO4 may increase primary productivity. Increases in primary productivity, in turn,
lead to higher rates of respiration, decomposition,
and depletion of dissolved oxygen (DO). The anoxic
and or hypoxic conditions that result are harmful to
fish and other animals and release P bound to bottom
sediments, thereby forming a feedback loop (Correll
1999). A small increase in PO4 may trigger larger
and larger releases of PO4 until the sediment reservoir is depleted of P or until oxygen is restored by an
increase in water-column mixing.
The objectives of this study were to identify and
quantify factors contributing to the increased TP
loads at Valley City, Illinois, as well as variations in
loads throughout the Illinois River Basin. Extensive
and long-term monitoring in the basin was used to
quantify the spatial and temporal variations in loads
in subwatersheds and their relations to watershed
characteristics.

Geographic Setting: Illinois River Basin
The Illinois River Basin drains approximately 44%
of the land in Illinois, and smaller portions of Indiana, Michigan, and Wisconsin (Figure 1). For this
study, we define the upper basin as the drainage area
upstream from the monitoring location at Marseilles
on the Illinois River. The upper basin comprises 30%
of the Illinois River Basin drainage area upstream of
Valley City, including the Chicago, Des Plaines, and
Kankakee River Basins. The Chicago and Des Plaines
River Basins include extensive urban areas and high
population density associated with the city of Chicago, Cook County, and the surrounding suburbs
(Table S1). Approximately 5.2 million people reside in
Cook County (2,100 people/km2), which has remained
relatively constant from 1980 to 2019, while the population density of its neighboring counties increased
from 239 to 410 people/km2 during that time (U.S.
Census Bureau 2021). Land cover in 2019 in the
2
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FIGURE 1. Illinois River Basin, major subwatersheds and monitoring locations.

upper basin was 25% developed and 60% planted/cultivated, with much of the cultivated land planted to
corn and soybeans in the Kankakee River Basin
(Table S1).
We define the lower basin as the drainage area
downstream of the monitoring station at Marseilles,
where land cover was 7.7% developed and 76%
planted/cultivated (Dewitz and USGS 2021). The population density was relatively low and steady over
the study period averaging 36 people/km2, but with
large spatial variation ranging from Peoria County
with 115 people/km2 to a few counties with less than
10 people/km2. Much of the cropland is underlain by
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subsurface (“tile”) drainage systems, especially in the
Vermilion, Mackinaw, and Sangamon River Basins
(McIsaac and Hu 2004). Irrigation is uncommon
except for an area with sandy soils adjacent to the
Illinois River near the confluences with the Mackinaw and Sangamon Rivers (Illinois State Water Survey 2015).
The Illinois River downstream from Marseilles has
a very low gradient (about 0.007%), and extensive
sediment deposition in the lower river has been
reported by Demissie et al. (2016). Seven tributaries
to the Illinois River downstream from Marseilles are
monitored, which we refer to collectively as the lower
3
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tributaries. Combined, the drainage areas of the
upper basin and lower tributaries cover 80% of the
Illinois River Basin drainage area upstream from
Valley City, Illinois. We refer to the remaining 20%,
which includes the segment of the Illinois River
between the monitoring locations at Marseilles and
Valley City, as the lower mainstem subwatershed,
which also includes 13,700 km2 of drainage area.
Macoupin Creek joins the Illinois River downstream
from Valley City and thus does not contribute to the
TP load at Valley City but was included in the study
to more fully characterize the southern portions of
the Illinois River Basin.
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DATA AND METHODS

Monitoring locations (n = 41) used in this study
were selected based on the availability of daily discharge and at least 60 concentration observations collected in proximity during most years from 1978
through 2019 (Table 1). Sites 12 and 19 were used in
our initial study, but do not appear in Table 1
because of insufficient data at these sites during
1989–1996 that was necessary for the analysis presented here. An additional U.S. Geological Survey
(USGS) streamgage on the Illinois River at Henry,

TABLE 1. River monitoring locations used in this study.
ID # in Figures 2,
3 and 4

USGS site
number

1
2
3
4
5
6
7
8
9
10
11
13
14
15
16
17
18
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

05520500
05525000
05525500
05526000
05527500
05527800
05531500
05532000
05532500
05534500
05536000
05536275
05539900
05540095
05540500
05542000
05543500
05548280
05550500
05551000
05551700
05552500
05554500
05555300
05556500
05568000
05568800
05569500
05570000
05570910
05572000
05576500
05577500
05579500
05580000
05582000
05583000
05584500
05585000
05586100
05587000

IEPA
site ID

Stream/river name and monitoring location

F-02
FL-04
FLI-02
FL-02
F-16
G-08
GL-09
GLA-02
G-39
HCCC-02
HCC-07
HBD-04
GBK-09
GBK-05
GB-11
DV-04
D-23
DTK-04
DTG-02
DT-09
DTD-02
DT-01
DS-06
DS-07
DQ-03
DK-12
DJL-01
DJ-09
DJ-08
E-29
E-18
E-26
EL-01
EIG-01
EIE-04
EI-02
E-25
DG-04
DG-01
D-32
DA-06

Kankakee River at Momence, Illinois
Iroquois River at Iroquois, Illinois
Sugar Creek at Milford, Illinois
Iroquois River near Chebanse, Illinois
Kankakee River near Wilmington, Illinois
Des Plaines River at Russell, Illinois
Salt Creek at Western Springs, Illinois
Addison Creek at Bellwood, Illinois
Des Plaines River at Riverside, Illinois
North Branch Chicago River at Deerfield, Illinois
North Branch Chicago River at Niles, Illinois
Thorn Creek at Thornton, Illinois
West Branch Du Page River near West Chicago, Illinois
West Branch Du Page River near Warrenville, Illinois
DuPage River at Shorewood, Illinois
Mazon River near Coal City, Illinois
Illinois River at Marseilles, Illinois
Nippersink Creek near Spring Grove, Illinois
Poplar Creek at Elgin, Illinois
Fox River at South Elgin, Illinois
Blackberry Creek near Yorkville, Illinois
Fox River near Dayton, Illinois
Vermilion River at Pontiac, Illinois
Vermilion River near Leonore, Illinois
Big Bureau Creek at Princeton, Illinois
Mackinaw River near Green Valley, Illinois
Indian Creek near Wyoming, Illinois
Spoon River at London Mills, Illinois
Spoon River at Seville, Illinois
Sangamon River at Fisher, Illinois
Sangamon River at Monticello, Illinois
Sangamon River at Riverton, Illinois
Spring Creek at Springfield, Illinois
Lake Fork near Cornland, Illinois
Kickapoo Creek at Waynesville, Illinois
Salt Creek near Greenview, Illinois
Sangamon River near Oakford, Illinois
La Moine River at Colmar, Illinois
La Moine River at Ripley, Illinois
Illinois River at Valley City, Illinois
Macoupin Creek near Kane, Illinois

Drainage
area (km2)
5,941
1,777
1,155
5,416
13,339
319
298
46
1,632
51
259
269
74
235
839
1,178
21,391
497
91
4,030
182
6,843
1,500
3,240
508
2,779
162
2,776
4,237
622
1,425
6,781
277
554
588
4,672
13,191
1,696
3,349
69,264
2,248

Notes: USGS, U.S. Geological Survey; IEPA, Illinois Environmental Protection Agency; km2, square kilometers.
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TABLE 2. Water-quality constituents examined in this study.

00530

Parameter name

00665

Total suspended
solids
Inorganic nitrogen
(nitrate and nitrite)
Total phosphorus

00666

Dissolved phosphorus

00667
00946

Particulate
phosphorus1
Sulfate

99220

Chloride

00630

Description
Suspended solids, water,
unfiltered, mg/L
Nitrate plus nitrite, water,
unfiltered, mg N/L
Phosphorus, water,
unfiltered, mg P/L
Phosphorus, water,
filtered, mg P/L
Phosphorus, suspended
sediment, total, mg P/L
Sulfate, water, unfiltered,
mg SO4/L
Chloride, water,
unfiltered, mg Cl/L

Note: mg/L, milligrams per liter.
Typically only total and dissolved phosphorus (DP) concentrations
were measured in water samples; particulate phosphorus (PP) was
estimated by the difference between total and dissolved.
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RIVER BASIN, ILLINOIS USA

samples used for each annual load estimate is
reported in Hodson (2021).
Riverine constituent loads were estimated using
Weighted Regressions on Time, Discharge, and Season (WRTDS) with Kalman filtering (WRTDS_K;
Zhang and Hirsch 2019). The basic WRTDS method
accounts for the seasonal and long-term changes in
relations between river nutrient concentrations and
river discharge (Hirsch et al. 2010, 2015). The most
recent version of this approach included a residual
adjustment inspired by Kalman filtering (Kalman
1960) and was adopted for this study because of its
superior accuracy compared to other methods (Lee
et al. 2019).
Using WRTDS_K, daily mean discharge and constituent concentrations from periodic water-quality
samples were used to estimate the daily loads of each
constituent. Ten versions of the WRTDS_K model
were generated by resampling the data using a block
bootstrap with a block span of 200 days (Hirsch et al.
2015). For each of these re-estimated models, 20
Kalman-filtered time series of daily values were computed, each using all the sample values in the original dataset, generating a total of 200 simulated time
series. The mean of these simulations was used to
estimate annual loads. The lag-1 autocorrelation coefficients for all models were set to 0.9. The resulting
annual load estimates and associated uncertainty
estimate statistics are available as a separate data
release (Hodson 2021).
Dissolved P (DP) and particulate P (PP) loads were
modeled separately using WRTDS_K. Because DP and
PP may have different relations with time, discharge,
and season in some settings, we calculated TP loads as
the sum of DP and PP loads, rather than TP loads calculated from TP concentrations and discharge. Constituent yields were calculated by dividing loads by
drainage area. For watersheds with multiple monitoring locations, incremental loads and yields were calculated for each watershed segment between monitoring
locations by calculating the change in load between the
downstream and upstream locations and dividing by
the difference in drainage areas between the downstream and upstream monitoring locations. Temporal
changes in incremental yields were evaluated by comparing the average incremental yields for 1989–1996
and 2015–2019. The 1989–1996 period is the earliest of
the 1980–1996 baseline period adopted by the Gulf of
Mexico Hypoxia Task Force and IEPA (IEPA et al.
2021) with the most complete discharge and concentration data across the IRB. The 2015–2019 period was
the most recent five-year period for which consistent
concentration data were available at the initiation of
this study. Precipitation and river flows varied across
the basin in these years, and in general 1989–1996
were highly variable with relatively dry (1989) and

Illinois, was evaluated but not included because of
uncertainties in the accuracy of discharge measurements prior to 2005. Daily discharge values for each
site were retrieved from the USGS National Water
Information System database (NWIS; U.S. Geological
Survey 2021). Land cover characteristics (Table S1)
of these watersheds are based on National Land
Cover Data 2019 (Dewitz and USGS 2021).
Concentrations of constituents examined in this
study (Table 2) were mostly obtained from the State
of Illinois Ambient Water Quality Monitoring Network (AWQMN) coordinated by the Illinois Environmental Protection Agency (IEPA). Samples were
typically collected every 40 days (9 samples per year)
with some variation. Very few samples were collected
in 2008, and loads were not calculated for that year
for most sites. Most AWQMN data are available
from the National Water Quality Monitoring Council Water Quality Portal (WQP; http://www.
waterqualitydata.us), but at the time of this study,
some historical data were still being migrated from
the State’s internal database to WQP. These missing
data are limited to the 1998 water year and were
available from the STORET Legacy Data Center
(https://www3.epa.gov/storet/legacy/gateway.htm). For
a few locations, notably the Illinois River at Valley
City and Marseilles, the USGS had also collected
samples and provided concentration data through the
WQP. For most sites and constituents approximately
300 concentration values were obtained, but the number varied due to differences in sampling frequency
and the first year of concentration measurement,
which ranged from 1977 to 1985. The number of

USGS
parameter
code
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wet (1993) years, whereas 2015–2019 ranged from
average to above average (2019) years. Hydrologic
variation was treated as a potential explanatory variable.
Annual flow-weighted concentrations were calculated by dividing the annual load by the annual discharge and using unit conversion factors to obtain
discharge-weighted concentrations in milligrams per
liter (mg/L). Correlations among water discharge and
water quality constituents were calculated.

KIM

RESULTS AND DISCUSSION

Incremental TP Yields
During 1989–1996, the greatest incremental TP
yields tended to occur in and downstream from the
more densely populated areas (Figure 2; Table S3).
Incremental TP yields ranged from 6.68 kg P ha/year
for the Thorn Creek at Thornton (site 13 in Figure 2)
to 1.30 kg P/ha/year for the lower mainstem (site
42). A yield less than zero indicates greater incoming
than outgoing TP or net deposition of TP in this drainage area. The Illinois River downstream from Marseilles has a very low gradient, and extensive
sediment deposition in the lower river has been
reported by Demissie et al. (2016). Because much
riverine P is attached to sediment, sediment deposition in this stretch of the river may account for much
of the net deposition of P.
During 2015–2019, the greatest incremental TP
yields still tended to be associated with the more densely populated Chicago region. Annual incremental
TP yields ranged from 6.50 kg P/ha/year for the West
Branch of the DuPage River at West Chicago (site
14) to 0.24 kg P/ha/year for the lower mainstem (42;
Table S3). The lower mainstem had been a net sink
of TP during 1989–1996 and became a net exporter of
TP during 2015–2019. Even though it is a net exporter, TP may still be accumulating in the lower segment of the Illinois River if the TP yield from the
lower mainstem drainage area is greater than
0.24 kg P/ha/year.
The largest increase in incremental TP yield from
1989–1996 to 2015–2019 was the 2.06 kg P/ha/year
increase from Kickapoo Creek at Waynesville (site 37
in Figure 3; Table S3), followed by a 1.57 kg P/ha/
year increase in the West Branch of the DuPage
River between Warrenville (site 15) and West Chicago (site 14). The Sangamon River between Fisher
and Monticello (site 33) had an increase of 1.41 kg P/
ha/year. All three of these subwatersheds receive
point-source wastewater discharge from municipalities that have experienced population growth in
recent decades. Expanded dairy operations in the
upper Sangamon (sites 32 and 33) may contribute to
increased P yields there. The portion of the Sangamon River between Monticello and Riverton (site 34)
had an increase of 0.99 kg P/ha/year, which was largely influenced by increased point source P discharge
from the SDD.
Across all 41 subwatersheds, TP yield during 2015–
2019 was weakly correlated (coefficient of determination [R2] = 0.23, p < 0.002) with the percentage of
developed land cover in 2019, whereas change in TP
yield from 1989–1996 to 2015–2019 was uncorrelated

Point Source Data
Point source location and discharge data were
obtained from several sources. The Metropolitan
Water Reclamation District of Greater Chicago
(MWRD) operates seven wastewater treatment plants
that serve approximately 90% of the homes and businesses of Cook County. Daily to monthly discharge
and concentration data from these facilities from
1983 are available from the MWRD website (https://
mwrd.org/final-effluents).
The Sanitary District of Decatur (SDD) provided
discharge and P concentration data for 1989–2019
(Keith Richard, Sanitary District of Decatur, written
commun., 2018, 2019, and 2020). SDD treats wastewater from two large grain-processing facilities as well
as domestic wastewater from municipalities totaling
about 90,000 residents and associated businesses.
During 2015–2018, TP discharge from SDD averaged
about 750 megagrams P per year (Mg P/year), which
was among the highest in Illinois for an individual
facility. Water year TP discharge values of MWRD
and SDD facilities are in Table S2.
Locations of major dischargers (greater than 1 million gallons per day) and TP loads after about 2010
from other point-source facilities were obtained from
the U.S. Environmental Protection Agency (USEPA)
ECHO system (Figures S1 and S2). Starting around
2010, IEPA has been increasingly requiring larger
facilities to monitor and report P discharges as part of
their National Pollutant Discharge Elimination System (NPDES) permit. For those facilities required to
monitor and report, discharge monthly reports (DMRs)
are made available from the USEPA ECHO system.
We also considered point source discharge estimates compiled by Ivahnenko (2017), but these were
often substantially lower than the values from
USEPA and MWRD (Figures S3 and S4). Data from
MWRD and IEPA were generally in close agreement.
The Ivahnenko (2017) point source estimates are part
of a widely cited national dataset used in several
studies on factors affecting riverine nutrient loads.
Accurate representation of point source discharges
over large areas has been an ongoing challenge.
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FIGURE 2. Incremental total phosphorus (TP) yields in kilograms phosphorus per hectare-year (kg P/ha/year) in the Illinois River Basin
during (a) 1989–1996, and (b) 2015–2019 (see Table 1 for monitoring location names).

developed watersheds, changes in TP yields were more
influenced by factors other than a precipitation
change, such as changes in population and/or wastewater treatment. The largest increases in water yield
occurred in watersheds with greater than 9% developed land cover, and developed land cover and change
in water yield were correlated (R2 = 0.55). Water yield
decreased in 8 of the 41 subwatersheds.
For the subwatersheds with less than 9% developed
land, three outliers were in the lower range of change

with change in water yield. For 18 subwatersheds with
less than 9% developed land cover in 2019, changes in
incremental TP yield were weakly correlated
(R2 = 0.37, p < 0.01) with changes in incremental
water yield (Figure 4). The 9% threshold was identified through trial-and-error analysis of the data. For
the 23 subwatersheds with greater than 9% developed
land cover, the change in incremental TP yield from
1989–1996 to 2015–2019 was uncorrelated with
changes in the incremental water yield. In these more
JOURNAL

OF THE

AMERICAN WATER RESOURCES ASSOCIATION

7

JAWRA

MCISAAC, HODSON, MARKUS, BHATTARAI,

AND

KIM

FIGURE 3. Changes in incremental TP yields in kilograms phosphorus per hectare-year (kg P/ha/year) from 1989–1996 to 2015–2019. See
Table 1 for monitoring location names.

surrounding suburban watersheds (Figure 5). The
more agricultural Kankakee River watershed
upstream from Wilmington occupies 62% of the upper
basin drainage area but contributed only 15% to 25%
of the TP load at Marseilles. Although loads had considerable year-to-year variation from both the Kankakee River and the upper basin, 2015–2019 average TP
loads from the Kankakee increased slightly from 1989–
1996 to 2015–2019, while loads from the upper basin
decreased slightly. Reductions in point source discharges from the MWRD, Thorn Creek Basin Sanitary
District, and other facilities in the upper basin appear
to have been offset by a combination of (1) increased
point source discharge from suburban wastewater
facilities, (2) legacy P in the upper tributaries, and/or
(3) increased TP load from agricultural areas in the
upper basin (e.g., Mazon River, site 17). The lack of an
increased TP load at Marseilles indicates that the

in water yield. When the smallest of these outlier
watersheds is removed (site 29, Indian Creek,
162 km2), the R2 for the relation increases from 0.37 to
0.50. Accurate monitoring and load estimation for
small watersheds is challenging because high flow and
high load events are relatively short-lived and are
sampled infrequently. Additionally, in small watersheds, changes in land cover or agricultural management over a large percentage of the drainage area are
more likely than in large watersheds. The reason for
the decline in TP yield in Indian Creek remains
unknown but worthy of additional investigation.

Upper Basin
Phosphorus loads from the upper basin are dominated by point source discharges from Chicago and the
JAWRA
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FIGURE 4. Change in incremental TP yield from 1989–1996 to 2015–2019 in Illinois River subbasins plotted against changes in incremental
water yield for watersheds with more than 9% developed land cover (n = 18) and those with less than 9% developed land cover (n = 23).
Numbers associated with the more extreme points refer to subwatershed outlet ID numbers in Table 1 and Figures 2 and 3.

FIGURE 5. Annual TP loads (circles) and five-year moving averages (dashed lines) for the Illinois River at Marseilles (upper basin), the
Kankakee River at Wilmington and the combined TP discharge from seven wastewater treatment facilities operated by the Metropolitan
Water Reclamation District of Greater Chicago.

TP load at Marseilles was about 67% of the load at
Valley City, despite being about 30% of the drainage
area, and 43% of the average annual discharge. During 2015–2019 the load from the upper basin was
essentially the same as in 1989–1996 but decreased
to about 48% of the Valley City load. Discharge at
Marseilles increased 10% but decreased slightly to
41% of the Valley City discharge. Although the upper
basin remained a major source of P, the contribution
to the 39% increase at Valley City appears to be

increased TP load at Valley City originates downstream from Marseilles.

Lower Tributaries and Lower Mainstem Subbasin
The TP load in the Illinois River at Valley City
increased 39% from 1989–1996 to 2015–2019 (or
6,892 to 9,599 Mg P/year; Table 3), while discharge
increased 15%. During 1989–1996, the upper basin
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TABLE 3. Average annual TP loads in the Illinois River and tributaries during 1989–1996 and 2015–2019, in megagrams phosphorus
per year (Mg P/year).
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TABLE 4. Average annual DP loads in the Illinois River and tributaries during 1989–1996 and 2015–2019, in megagrams phosphorus
per year (Mg P/year).

Annual TP load
(Mg P/year)

Segment
Upper basin
Lower
tributaries

Upper
basin + lower
tributaries
Entire basin
Lower
mainstem

Monitoring
location
Illinois R. at
Marseilles
Fox R. at Dayton
Vermilion R. at
Leonore
Big Bureau Cr. at
Princeton
Mackinaw R. at
Green Valley
Spoon R. at Seville
Sangamon R. at
Oakford
La Moine R. at
Ripley

Illinois R. at Valley
City
Entire basin minus
upper basin and
lower tributaries

1989–
1996

2015–
2019

4,649

4,587

625
400

676
430

51
30

90

114

24

312

337

26

728
1,408

659
2,005

69
597

462

465

3

8,674

9,273

599

6,892

9,599

2,707

326

2,108

1,782

Annual DP load
(Mg P/year)

Change

Monitoring
location

Segment

62

Upper basin
Lower
tributaries

Upper
basin + lower
tributaries
Entire basin
Lower
mainstem

Illinois R. at
Marseilles
Fox R. at Dayton
Vermilion R. at
Leonore
Big Bureau Cr. at
Princeton
Mackinaw R. at
Green Valley
Spoon R. at Seville
Sangamon R. at
Oakford
La Moine R. at
Ripley

Illinois R. at Valley
City
Entire basin minus
upper basin and
lower tributaries

1989–
1996

2015–
2019

Change

2,868

3,092

224

217
166

300
244

84
78

28

67

39

92

147

54

124
750

183
1,212

59
462

128

151

22

4,373

5,396

1,023

3,612

5,486

1,874

90

851

761

Values in bold font represent 1) the sum of loads from upstream
(Upper basin + lower tributaries), 2) the load at Valley City, and
3) the difference between 1) and 2).

Values in bold font represent 1) the sum of loads from upstream
(Upper basin + lower tributaries), 2) the load at Valley City, and
3) the difference between 1) and 2).

limited to remobilization of legacy P that had been
deposited in the lower mainstem in previous years.
During 1989–1996, the combined TP loads from
the upper basin and lower tributaries were greater
than the load at Valley City, indicating a net deposition of TP along the lower mainstem. Conversely, the
average annual load at Valley City was greater than
the sum of the upstream loads during 2015–2019,
indicating a net export of P from the lower mainstem
drainage area (Table 3).
TP loads in six of the seven lower tributaries
increased from 1989–1996 to 2015–2019, with the
exception being the Spoon River (site 30), which
decreased by 69 Mg P/year (9.5%). The largest
increase in a tributary load was 597 Mg P/year from
the Sangamon River at Oakford (location 39;
Table 3). This increase in load represents about 22%
of the 2,707 Mg P/year increase at Valley City and is
similar in magnitude to the increase in P discharge
from the SDD (590 Mg P/year) during the same time
interval (Table S2). The sum of the changes in TP
loads from the lower tributaries excluding Spoon
River at Oakford (64 Mg P/year) offsets a 62 Mg

P/year decrease from the upper basin. After accounting for these contributions, the increase in TP from
the lower mainstem (2,108 Mg P/year) represents
about 78% of the increase in TP load at Valley City.
Dissolved P (DP) loads increased in all lower tributaries, with the largest increase coming from the
Sangamon River (Table 4; location 39). The DP load
at Valley City increased 52%, from 3,612 to 5,486 Mg
P/year between 1989–1996 and 2015–2019. During
1989–1996, the average DP load at Valley City was
less than the sum of the upstream loads, indicating
that a portion of the incoming DP was either deposited, transformed to particulate P load, or lost to
groundwater along the lower mainstem. Conversely,
the DP load at Valley City was slightly greater than
the sum of the upstream loads during 2015–2019.
The combined increase in DP load from the upper
basin and lower tributaries (1,023 Mg P/year) was
55% of the increase observed at Valley City. The single largest tributary increase (462 Mg P/year) was
from the Sangamon River. The largest percentage
increase in DP load (146%) was from Big Bureau
Creek, which also had the highest DP yield (1.32 kg
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TABLE 5. Average annual PP loads in the Illinois River and tributaries during 1989–1996 and 2015–2019, in megagrams phosphorus
per year (Mg P/year).

IN THE ILLINOIS

RIVER BASIN, ILLINOIS USA

TABLE 6. Average annual total suspended solid (TSS) loads in the
Illinois River and tributaries during 1989–1996 and 2015–2019, in
gigagrams per year (Gg/year).

Annual PP load
(Mg P/year)

Segment
Upper basin
Lower
tributaries

Upper
basin + lower
tributaries
Entire basin
Lower
mainstem

Monitoring
location
Illinois R. at
Marseilles
Fox R. at Dayton
Vermilion R. at
Leonore
Big Bureau Cr. at
Princeton
Mackinaw R. at
Green Valley
Spoon R. at Seville
Sangamon R. at
Oakford
La Moine R. at
Ripley

Illinois R. at Valley
City
Entire basin minus
upper basin and
lower tributaries

Annual TSS load
(Gg/year)

1989–
1996

2015–
2019

1,781

1,495

286

Upper basin

409
234

376
185

33
49

Lower
tributaries

62

47

15

220

191

29

604
658

476
793

128
135

333

314

19

4,301

3,877

424

3,281

4,113

833

236

1,256

1,020

Change

Segment

Upper
basin + lower
tributaries
Entire basin
Lower
mainstem

Monitoring location
Illinois R. at
Marseilles
Fox R. at Dayton
Vermilion R. at
Leonore
Big Bureau Cr. at
Princeton
Mackinaw R. at
Green Valley
Spoon R. at Seville
Sangamon R. at
Oakford
La Moine R. at
Ripley

Illinois R. at Valley
City
Entire basin minus
upper basin and
lower tributaries

1989–
1996

2015–
2019

Change

814

877

63

272
221

182
113

90
108

74

38

36

301

223

78

743
716

511
618

232
98

327

288

39

3,468

2,850

618

3,090

2,667

423

378

183

195

Values in bold font represent 1) the sum of loads from upstream
(Upper basin + lower tributaries), 2) the load at Valley City, and
3) the difference between 1) and 2).

Values in bold font represent 1) the sum of loads from upstream
(Upper basin + lower tributaries), 2) the load at Valley City, and
3) the difference between 1) and 2).

P/ha/year) among the lower tributaries during 2015–
2019, and was only slightly less than the yield from
the upper basin (1.44 kg P/ha/year). DP yields from
the other lower tributaries were all less than 0.92 kg
P/ha/year during 2015–2019.
Particulate P (PP) loads at Valley City increased
25% from 3,281 Mg P/year during 1989–1996 to
4,113 Mg P/year during 2015–2019, despite reduced
PP loads from the upper basin and every lower tributary except the Sangamon River (Table 5). The
increased PP load at Valley City may have been a
consequence of mobilization of PP from sediments
and/or transformation of DP to PP during the transit
along the Illinois River. The PP load from the Sangamon River increased 135 Mg P/year, some of which
may have been the result of the transformation of DP
discharged as wastewater into PP.
Total suspended solids (TSS) loads decreased at all
lower tributaries, in contrast to the upper basin, where
TSS increased 8% from 1989–1996 to 2015–2019
(Table 6). The largest reductions in TSS load were
from the Spoon River (232 gigagrams per year [Gg/
year]) and the Vermilion River (108 Gg/year), although

the TSS yield from the Spoon River remained the highest among all monitoring locations in both time periods: 1.75 Mg/ha/year in 1989–1996 and 1.21 Mg/ha/
year in 2015–2019. TSS yields from the other tributaries were less than 0.85 Mg/ha/year. The largest percentage reductions in TSS loads were in the Vermilion
River (49%) and Big Bureau Creek (49%).
The TSS load at Valley City decreased by 14% (423
Gg/year), but during both time periods, the annual
average TSS load at Valley City was less than the
combined loads from upstream, indicating TSS deposition in the lower mainstem but with less deposition
occurring in 2015–2019. Other long-term sediment
budgets have also indicated considerable sediment
deposition in the mainstem of the Illinois River
(Demissie et al. 2016). This accumulated sediment
can be a source of legacy P through remobilization of
previously deposited sediments and desorption of P
from sediments.
Loads of VSS increased at Marseilles and Valley
City but decreased in all the lower tributaries
(Table 7). Because much of VSS is organic matter on
eroded sediment, the increase in VSS load at Marseilles may be due to increased TSS load at that site

JOURNAL

OF THE

AMERICAN WATER RESOURCES ASSOCIATION

11

JAWRA

MCISAAC, HODSON, MARKUS, BHATTARAI,

Annual VSS load
(Gg/year)

Upper basin
Lower
tributaries

Upper
basin + lower
tributaries
Entire basin
Lower
mainstem

Monitoring
location
Illinois R. at
Marseilles
Fox R. at Dayton
Vermilion R. at
Leonore
Big Bureau Cr. at
Princeton
Mackinaw R. at
Green Valley
Spoon R. at Seville
Sangamon R. at
Oakford
LaMoine R. at Ripley

Illinois R. at Valley
City
Entire basin minus
upper basin and
lower tributaries

1989–
1996

2015–
2019

Change

142

166

24

47.0
32.4

45.0
16.0

2.0
16.5

6.7

4.2

2.5

31.5

23.0

8.6

73.8
86.2

49.0
81.5

24.8
4.7

35.9
455

28.3
413

7.7
42

332

351

123

19

62.1

KIM

algal production, respiration, and reduced nighttime
DO. In both time periods, more VSS came into the
lower mainstem than left at Valley City. Whether
from increased algal production or organic matter
with eroded sediment, the accumulation of organic
matter in the lower mainstem can contribute to oxygen depletion, low redox potential, and release of PO4
from sediments in the river, backwater lakes, and
wetlands.
The incremental sulfate load in the lower mainstem increased 6% from 1989–1996 to 2015–2019
while sulfate loads from the upper basin and the
lower tributaries decreased from 7% to 44%
(Table S4). A decrease in sulfate loads in most of the
basin is largely due to decreased atmospheric deposition following reduced sulfate emissions from coalfired power plants (David et al. 2016). The increased
incremental sulfate load in the lower Illinois River
may be due to a variety of sources such as increased
loads from unmonitored point sources and/or
increased drainage from livestock wastes and/or
legacy sulfate emerging from groundwater.

TABLE 7. Average annual volatile suspended solid (VSS) loads in
the Illinois River and tributaries during 1989–1996 and 2015–2019,
in gigagrams per year (Gg/year).

Segment

AND

61.1

Major Point Sources to the Lower Mainstem Subbasin
The point-source dischargers required to monitor
and report their P discharges to the IEPA in the
lower mainstem reported a total of about 259 Mg P/
year discharged on average during 2011–2014 and
about 184 Mg P/year during 2015–2019 (Table S5).
Reductions in P discharge may be due to reduced
population and/or changes in wastewater treatment
methods in response to more restrictive NPDES permits. In addition to declining point source P discharge in recent years, these totals were a small
percentage of the 2,108 Mg P/year increase in TP
load from the lower mainstem. The TP load increase

Values in bold font represent 1) the sum of loads from upstream
(Upper basin + lower tributaries), 2) the load at Valley City, and
3) the difference between 1) and 2).

(Table 6). Of the sites in Tables 6 and 7, Valley City
is the only location where VSS increased while TSS
decreased, which may be the result of increased algal
productivity in the lower mainstem. Reduced sediment loads would permit greater light penetration
into the upper water column and potentially increase

TABLE 8. Correlation matrix among annual TP and TSS incremental loads between Marseilles and Valley City, discharge and average
annual flow weighted concentrations at Valley City.
Incremental loads

Incr. TSS load (Gg/year)
VC discharge (cfs)
VC [SO4] (mg SO4/L)
VC [Cl] (mg Cl/L)
VC [NO3-N] (mg N/L)
Upstream DP:TP

Valley City (VC)

TP
(Mg P/year)

TSS
(Gg/year)

Ann. avg.
discharge
(cfs)

[SO4]
(mg SO4/L)

[Cl]
(mg Cl/L)

[NO3-N]
(mg N/L)

0.65
0.39
0.22
0.61
0.30
0.66

1.00
0.49
0.18
0.40
0.30
0.59

1.00
0.66
0.70
0.07
0.60

1.00
0.14
0.25
0.05

1.00
0.43
0.82

1.00
0.73

Notes: SO4, sulfate; Cl, chloride; NO3-N, nitrate plus nitrite; Mg P/year, megagrams phosphorus per year; Gg/year, gigagrams per year; cfs,
cubic feet per second; mg, milligrams; L, liter.
Values in bold font are significant at p < 0.05.
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in the lower mainstem is similar in magnitude to the
discharge from MWRD annual serving approximately
5 million people in Cook County. Thus, point source
contributions of this magnitude would involve the
equivalent of large population centers that do not
exist in the lower mainstem subwatershed. Although
this may indicate that point sources in the lower
mainstem subwatershed made little or no contribution to the increase in riverine P loads at Valley City,
several caveats should be noted. First, the pointsource P loads do not predate 2011 and are based on
self-reporting of loads by the facilities, not independent monitoring. Second, loads from the largest of
these facilities, a pork production facility at Beardstown, are based on quarterly reporting with erratic
results. The pork production facility is only 50 km
upstream from the Valley City monitoring location
and may have a disproportionate influence on Valley
City loads because of limited opportunities for P
deposition compared to sources farther upstream.

The increase in DP and reduction in TSS loads in
the lower tributaries may be a result of the adoption
of conservation practices such as conservation tillage
aimed at reducing soil erosion. One potential consequence of many conservation tillage systems, particularly no-till, is that P fertilizer applied to the soil
surface is not deeply incorporated into cropland soils.
This contributes to greater concentrations of P in the
top layers of the soil and in eroded sediment (Zanon
et al. 2020). Conservation tillage often reduces sediment and particulate P in surface runoff, but it may
increase DP in runoff compared to inversion tillage
(moldboard plowing) (McIsaac et al. 1995; Jarvie
et al. 2017). The effect of alternative tillage systems
on TP loads depends on the relative contributions of
DP and PP under conventional and conservation tillage. Additionally, increased installation of subsurface drainage tiles may be a factor in reducing PP
and increasing DP (Gentry et al. 2007).
Another factor that may contribute to increased
TP loads from agricultural areas is the expansion of
concentrated livestock feeding operations (Waller
et al. 2021). Although these facilities are required to
have a nutrient management plan, the rules governing manure application allow for the accumulation of
soil test P in the soil up to 330 kg P/ha. At elevated
concentrations, P is more vulnerable to transport in
surface runoff and subsurface drainage (Heckrath
et al. 1995).
The overall TP yield from the Illinois River at Valley City increased from 1.0 to 1.39 kg P/ha/year from
1989–1996 to 2015–2019. In northwest Ohio, TP yield
from the Maumee River watershed remained relatively steady at 1.2 kg P/ha/year, while PO4 loads
increased and were highly correlated with increased
river discharge (Williams and King 2020). DP and
PO4 are not identical, but the similarity with the
Maumee River is notable, and the differences in TP
load warrant further study.
The range of incremental TP yields from the 41
Illinois River Basin subwatersheds ( 1.30 to 6.68 kg
P/ha/year) is similar to the range Schilling
et al. (2020) reported for 46 agricultural watersheds
in Iowa: 0.44 to 7.71 kg P/ha/year. The high-yielding
watersheds in Iowa, however, were not urban watersheds, but steeply sloping agricultural watersheds,
with high rates of upland and river channel erosion.
Schilling et al. (2020) did not calculate incremental
TP yields and therefore could not report any TP
yields <0. Based on their published results, we calculated incremental yields for three watersheds, but
none had incremental TP yields <0. These watersheds
had average land slopes ranging from 1.8% to 3.0%,

Correlation analysis with annual loads from 1989
to 2019 (excluding 2008 because of a lack of concentration data) indicated that the incremental TP load
between Marseilles and Valley City was highly correlated with the DP:TP load ratio of the combined loads
from the upper basin and lower tributaries (r = 0.66),
incremental TSS load (r = 0.65), and annual flow
weighted chloride concentration at Valley City
(r = 0.61) (Table 8). These three variables are also
correlated with each other. The upstream DP:TP
ratio is highly correlated with chloride (r = 0.82) and
nitrate (r = 0.73) concentrations at Valley City. Of
note, incremental TP and TSS loads were negatively
correlated with the average annual discharge at Valley City (r = 0.39 and 0.49, respectively). This
may be a consequence of greater deposition in flood
plains and backwaters during high flows, whereas
moderate and low flows were more constrained to the
main channel where deposition is less common.
The high degree of correlation among variables
renders it difficult or impossible to identify causation
or quantify how much influence each variable may
have had. Increased DP from upstream is likely less
susceptible to deposition. Increased chloride concentrations may have had a role in desorbing PO4 from
sediments, while reduced nitrate and sulfate concentrations may have allowed lower redox potentials in
sediments, thereby releasing PO4 from sediments.
Disentangling these interactions is probably best
achieved by controlled experiments and more intensive and dedicated measurements in the lower Illinois
River and elsewhere.
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Valley City, which offset a similarly sized load reduction at Marseilles.
In the urbanized portion of the upper basin, reductions in riverine TP loads occurred downstream from
major point source facilities operated by MWRD, and
Lake County WRD and Thorn Creek water reclamation
districts. But these and possibly other load reductions
were offset, in part, by increased loads from suburban
areas where the population had increased (DuPage
River) and from agricultural areas (e.g., Mazon River).
Consequently, TP loads from the upper basin changed
very little from 1989–1996 to 2015–2019.
Changes in incremental TP yields from 1989–1996
to 2015–2019 from 23 subwatersheds with more than
9% developed land cover in 2019 were unrelated to
changes in water yield, as these watersheds were
more likely to be influenced by point sources. In subwatersheds with less than 9% developed land cover
and less likely to be affected by point sources,
changes in TP yield were weakly correlated with
changes in water yield.

which is much greater than the 0.007% of the Illinois
River in the lower mainstem.
The drainage area of the Illinois River Basin is
2.1% of the Mississippi River Basin. The 2015–2019
average TP load at Valley City (Table 3) averaged
about 5% of the Mississippi River loads flowing to the
Gulf of Mexico (USGS, n.d.). Annual TP loads at Valley City 1979–2019 are significantly correlated with
TP loads to the Gulf of Mexico (r = 0.65). Similar processes may have contributed to increased P loads at
both scales.
Based on our results, we recommend further
research to quantify the P legacy in Illinois River sediments and to quantify the roles of algal production
and river chemistry (e.g., chloride, nitrate, sulfate,
DO concentrations) on P transport and desorption of
PO4 from sediments in different settings (see also
Haq et al. 2018). Additionally, the role of increasingly
concentrated animal production and associated manure P management deserves further study. The
potential to reduce riverine P loads by using practices
that incorporate manure and fertilizer P into the soil
without increasing soil erosion warrants further
exploration. Finally, detailed investigations of subwatersheds with unusually large increases or decreases
in TP yields could help identify causes for these
changes.

DATA AVAILABILITY STATEMENT
Annual river loads of phosphorus and other constituents estimated using WRTDS-K at each Illinois
EPA monitoring site are available in an accompanying data release (Hodson 2021) at https://doi.org/10.
5066/P9JX8YVL.

SUMMARY AND CONCLUSIONS

Variations in TP loads in the Illinois River Basin
were investigated, with a focus on identifying causes of
increased loads at Valley City after 1996. Net deposition of P in the lower mainstem subwatershed during
1989–1996 reduced loads at Valley City. This portion
of the river system is very flat and known to accumulate sediment. During 2015–2019, the lower mainstem
subwatershed had shifted from being a net sink to
being a net source of riverine P load, and this shift represented 78% of the increased TP load at Valley City.
We did not conclusively identify causes for this shift
but found correlations that additional research could
investigate for causality: increased DP:TP and chloride
concentrations and reduced nitrate and sulfate concentrations from upstream tributaries.
An increased TP load from the Sangamon River at
Oakford represented 22% of the increased load at
Valley City, and this increase was similar in magnitude to an increase in point source P discharge from
the SDD. The combined changes in TP loads from the
other monitored tributaries downstream from Marseilles (including a reduction in load from the Spoon
River) represented only 2.4% of the increased load at
JAWRA
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SUPPORTING INFORMATION

Additional supporting information may be found
online under the Supporting Information tab for this
article: Land cover characteristics for incremental
watersheds, point source discharge information, TP
loads and yields for the incremental watersheds, and
sulfate loads for the upper basin and lower tributaries.
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