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Lagrangian analyses is used to evaluate the processing of nutrients and sediments during storm runoff events as
watermoved from theMaumee River loading station atWaterville, OH through the lower river, Maumee Bay and
into Lake Erie's western basin. Chemical signatures of storm water at Waterville were used in combination with
frequent collections of water at transects along the flow paths to evaluate processing. These signatures consisted
of the contrasting chemographs of conservative parameters (chloride and sulfate), dissolved nutrients (dissolved
reactive phosphorus (DRP) and nitrate) and particulate substances (suspended solids (SS) and particulate phos-
phorus (PP)). During low flow, sharp drops in concentrations of chloride and sulfate indicated that mixing zones
between river water and bay/lake water occurred at the river mouth. During high flows, the location of the
mixing zone between riverine and bay/lake water was indicated by themargin of storm-event sediment plumes,
with larger storms extending further into the lake. Steep concentration gradients of DRP and nitrate between
high stormwater concentrations and low bay/lake water concentrations were also present at the plumemargin.
The large areas of storm water inside the plume margin contained high DRP and nitrate concentrations but
relatively low SS and PP concentrations, due to SS and PP deposition along theflowpaths. Because this deposition
occurred in water with high DRP concentrations, little of the bioavailable PP was likely to have been released
prior to deposition. This storm runoff water provides excellent media for algal growth.

© 2014 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
Introduction

One function of river systems is to serve as conduits that transport
nonpoint and point source pollutants from watersheds to receiving
waters during storm runoff events. Variation in combinations of water-
shed sizes and characteristics affects the amounts and composition of
the stormwater. Likewise, amultitude of receivingwater characteristics
determines the impacts of storm water on receiving water quality.
While the basic physical and biological processes that operate as
storm water moves into receiving waters are similar, the consequences
of those interactions are location specific, i.e., they depend on the
specific characteristics of the watershed and the receiving water.
Here we examine the effects of storm water runoff from the highly
agricultural Maumee River Watershed of northwestern Ohio on
water quality in the Western Basin (WB) of Lake Erie.

The Maumee watershed is the largest in the Lake Erie Basin, ac-
counting for 21% of the total land area draining into the lake. Its water-
shed is dominated by agricultural land use (Baker et al., 2014-in this
issue).While delivering only about 4% of thewater entering the lake an-
nually (Bolsenga and Ladewski, 1993), 27% of the total phosphorus (TP)
es Research. Published by Elsevier B
entering Lake Erie between 2002 and 2011 was measured at the Mau-
mee River tributary loading station (Baker et al., 2014-in this issue;
Scavia et al., 2014). Of that load, only 6.5% can be attributed to upstream
point source inputs (personal communication, David Dolan, University
of Wisconsin, Green Bay, 2009), so the loads from the Maumee River
are dominated by agricultural nonpoint sources. The Detroit River,
which conveys water from the upper Great Lakes, accounts for about
80% of the water entering Lake Erie (Bolsenga and Ladewski, 1993);
yet its TP loads of 2968 metric tons/year (LimnoTech, 2010), are only
slightly higher than the 2004–2013 average loads from the Maumee
River (2424 metric tons/year; Heidelberg University, unpublished
data). TP loading from the Maumee River is pulsed during storm runoff
events containing high concentrations of nutrients and suspended sedi-
mentswhile loading from the Detroit River ismuch less variable andhas
much lower nutrient and sediment concentrations, due to the large vol-
umes of water with low nutrient concentrations that flow from Lake
Huron at relatively constant rates (Schwab et al., 2009).

Water quality in the WB is dominated by interactions of these two
rivers, with the Maumee entering in the southwestern corner of the
WB and the Detroit in the northwestern corner. Satellite image analysis
indicates that the southwestern corner of the WB has the highest chlo-
rophyll andmineral suspended sediment concentrations of any location
in the Lake Erie Basin (Binding et al., 2012). Thus, this location provides
.V. All rights reserved.
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an opportunity for detailed studies of the linkages between phosphorus
loading from nonpoint sources and algal growth and the mixing of
water from these two sources. From 2002 to 2013, flows exceeded
20% of the time in the Maumee River accounted for 68% of the total
volume of water passing the monitoring station, 90% of the suspended
solid (SS) loads, 86% of TP, 76% of dissolved reactive phosphorus
(DRP) and 72% of nitrate (Fig. 1). Consequently, studies of linkages
between phosphorus inputs and algal development must start with
storm water delivery to the WB.

For large lakes and marine environments, tributary loads are moni-
tored at locations upstream from river mouths in order to avoid the
complications of seiches and tides on streamflow measurements.
For the Maumee River, water samples for loading studies are collected
42 km (26 miles) upstream from the river mouth at the Bowling
GreenWater Treatment Plant intake (USGS # 04193490). Before enter-
ing the WB of Lake Erie, water passing the stream gage must first pass
through both riverine and estuarine portions of the river as well as
Maumee Bay. During this passage, nutrient and sediment processing,
such as deposition of particulate matter, adsorption or release of nutri-
ents by bottom sediments, and uptake of nutrients by benthic or plank-
tonic algae may occur, thereby altering the amounts, forms and timing
of nutrients delivered to the WB. The location of suspended sediment
deposition is very important as it relates to the role of bioavailable par-
ticulate phosphorus (BAPP) in supporting algal growth in the WB of
Lake Erie (Baker et al., 2014-in this issue), as well as its role as a source
of sediment accumulation within the Toledo navigation channel.

One approach to studying processes occurring within masses of
water as they move downstream is to initiate a Lagrangian sampling
program in which the “sampler” moves downstream with water
parcels, collecting samples along the way and thereby allowing the
assessment of changes in those water parcels in relation to space and
time (De Boer et al., 1991; Fuller, 2013; Gruberts et al., 2012; Moody,
1993). During storm events for rivers in the study region, SS, TP, DRP
and nitrate have peak concentrations during differing portions of
storm hydrographs (Richards et al., 2001). Thus, optimal studies of
processing of individual constituents would require Lagrangian sam-
pling of sequential parcels of water during storm events, which would
be extremely difficult and costly. Alternatively, frequent collections of
samples at a grid of sampling stations can support Lagrangian interpre-
tation of the data, which hinges on recognition of discrete parcels of
water in space and time based on their unique chemical signatures.
Such signatures are present in stormwater and result from the changing
relative concentrations of three sets of chemicals during storm events:
(1) conservative chemicals such as chloride and sulfate whose concen-
trations decrease during storm events; (2) dissolved nutrients such as
Fig. 1. The relationships between pollutant loads and flow exceedency for the Maumee
River at Waterville during the 1999–2010 water years. The vertical dashed line illustrates
the portion of the total loads and total discharge exported over that time interval by flows
exceeded 20% of the time.
DRP, nitrate, and silica whose concentrations increase during storm
events; and (3) particulate substances/chemicals such as suspended
sediments (SS) and total particulate phosphorus (TPP) whose concen-
trations also increase during storm events, but in a pattern different
from dissolved nutrients. Concentrations of SS and TPP generally peak
on the rising limb of the hydrograph and begin declining before peak
discharge is reached. Although the patterns described above apply gen-
erally to rivers dominated by agricultural runoff, such as the Maumee
River, the specifics of the “signature” are unique to each storm event
in a given river (Richards et al., 2001).

In this paper, we report the results of a pilot Lagrangian study of a
runoff event for the Maumee River that began on April 26, 2010. Using
the chemical signatures of water at the Waterville stream gage, we
have identified locations of SS and TPP deposition. We have also identi-
fied the locations of mixing zones between the Maumee River and
waters of Maumee Bay and/or the WB during both low flow and
storm event conditions. Data are also presented for an August 2007 run-
off event for theMaumee River, which help characterize the movement
of storm runoff water from the Maumee River into the WB. These data
were derived from independent studies at Bowling Green State Univer-
sity (BGSU), the University of Toledo (UT), and Heidelberg University's
National Center for Water Quality Research (NCWQR). These studies
may also be useful in designing sampling programs for calibration and
confirmation of hydrodynamic–water quality models for this region.

Methods

The study area and sampling locations

Satellite images of the WB taken toward the end of the two runoff
events indicate the positions of sediment plumes for the two storm
events (Figs. 2a,b). The Maumee River shifts from riverine to estuarine
conditions about 20.3 km upstream from its mouth (LimnoTech,
2010). The lower 11.3 km of the estuarine zone includes a dredged
navigation channel that serves the Port of Toledo. From the river
mouth, that navigation channel extends 29 km through Maumee Bay
into the WB. Within the estuarine zone, the navigation channel varies
from 61 to 122 m in width and ~8 m in depth, while in the Western
Basin it expands to 152 mwide and 8.5 m deep. Hydrodynamic model-
ing studies for this system indicate that the bulk of storm runoff water
movement to the WB follows the navigation channel through Maumee
Bay and into the WB (LimnoTech, 2010). For the Lagrangian study, an
eight station transect was established above the navigation channel
(stations 11–16, 18& 21; Fig. 2c; Table 1). The sampling grid also includ-
ed side stations at themouth ofMaumee Bay (stations 17& 19) and two
side stations in the WB (stations 20 & 22) (Table 1). For the August 30,
2007, 24 samples were collected by BGSU staff at 1.6 km intervals along
two transects that crossed the margin of the sediment plume (Fig. 2d).
On August 28, synoptic collectionsweremade inMaumee Bay and adja-
cent WB waters at 6 stations by UT researchers (Fig. 2d).

Sampling methods

The Lagrangian sampling was conducted from commercial charter
boats using the boat's navigation system to locate stations and report
the station depth. A battery-powered, submersible pump (Proactive
12 V Tornado submersible pumpwith a capacity of ~15 l/min) attached
to a 0.95 cm (3/8 in.) polyethylene tubewas used to collect samples 1m
below the surface and 1m above the bottom. A YSI 6280 sonde attached
to the pump was used to determine sample depth. At stations 17 & 19,
bottom samples were not collected due to shallow depths (~3 m). At
each depth, the pump and tubing were cleared by flushing for 1 min,
after which 2 one-liter high density polyethylene bottles were rinsed,
filled, and stored in the dark in an iced cooler. The time of sample collec-
tionwas recorded for each station. Replicate collectionswere conducted
at station 16 on each collection trip as part of the quality control
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Fig. 2.MaumeeRiver sediment plumes in relation to the area ofWestern Basin, as seen fromaMODIS satellite imageof April 30, 2010 (a) and a Landsat image of August 29, 2007 (b). Sampling
station locations/IDs are shown for the April 26, 2010 storm (c) and the August 2007 storm (d). The dashed white line in a & b reflects the Maumee Bay–Western Basin boundary.
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program. The time to complete collections at all of the stations with
travel to and from the marina and transport samples from the marina
to the NCWQR's analytical laboratory was ~5 h. Samples were filtered
in the laboratory through 0.45 μm membrane filters the same day as
field collection. The UT grid samples were collected 1 m below the sur-
face with a Van Dorn sampler, placed in prewashed bottles, and stored
in the dark on ice. Filtering for dissolved constituents was completed
within 5 h of collection. Filtered andwhole sampleswere frozen and sub-
sequently delivered the NCWQR for analysis. The BGSU transect samples
were collected at 0.25m below the surface. Collection bottleswere rinsed
with lake water, followed by inverting the bottle and filling it at 0.25 m
depth. Sample bottles were placed in iced coolers and darkened for
same day delivery to the NCWQR where they were processed upon
Table 1
Locations, depths, coordinates and station descriptions for Lagrangian sampling stations. Neg
meters at time of sample collection.

Station number Kilometer point Depth, meters Longitude

11 −11.3 5.2 −83.54640
12 −8.9 9.8 −83.52800
13 −4.8 9.8 −83.50020
14 −1.6 9.8 −83.47400
15 0.0 9.8 −83.46080
16 3.2 10.1 −83.42680
17 3.0 −83.41690
18 6.3 9.8 −83.39680
19 3.0 −83.36350
20 5.5 −83.38330
21 11.3 9.8 −83.34660
22 5.5 −83.30110
arrival. The tributary sampling methods used at the Bowling Green
Water Treatment Plant have been described by Baker et al. (2014-in
this issue). These methods include the use of a submersible pump in the
river that provides a continuous stream of water to a sampling well in a
building where a refrigerated ISCO sampler collects three samples per
day. Samples are returned to the NCWQR at weekly intervals for analysis.

Sampling frequency for the Lagrangian study

Concentration patternswere characterized prior to, during, and after
storm runoff water moved into and/or through the study area. For the
pilot study, samples were collected daily for five days after the onset
of storm runoff, alternate days during the next four days, and weekly
ative kilometer points reflect distance upstream from the river mouth. Depth is given in

Latitude Station description

41.62430 Head of turning basin
41.65220 Dredged navigation channel
41.66800 Dredged navigation channel
41.68940 Just upstream from Toledo sewage treatment discharge
41.69900 River mouth station
41.71490 Mid-bay over navigation channel
41.73620 Side station at Bay mouth
41.72830 At the mouth of Maumee Bay
41.71360 Side station at Bay mouth
41.77110 Side station in WB nearshore
41.75240 WB dredged navigation channel
41.72970 Side station in WB nearshore

image of Fig.�2
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for the following two weeks. A rising hydrograph at the Waterville
stream gage on April 26, 2010 triggered the initiation of the above
sampling program on April 27. The program continued with collections
on April 28, 29, 30 and May 1, 3, 5, 12 and 19. A second storm event
moved through the study area during the week of May 12 resetting
conditions in the study areawith a fresh set ofwater parcels prior to col-
lections onMay 19. Low-flow, baseline samplingwas completed on var-
ious dates in 2009 and 2010, specifically 8/27/09, 9/09/09, 9/22/09, 10/
06/09, 4/21/10, 7/29/10 and 9/15/10.

Analytical methods

The analytical methods used in this study are the same as those used
in the Heidelberg University Tributary Loading Program (http://
www.heidelberg.edu/academiclife/distinctive/ncwqr/data/guide).
The following EPA methods were used in these studies: all phosphorus
forms— EPAMethod 365.3; silica— EPAMethod 370.1; nitrate, chloride
and sulfate — EPA Method 300.1; suspended solids — EPA Method
160.2; and Chlorophyll a — EPA Method 447.0 with an alternative
column (Phenomenex Onyx Monolithic C18 (100 × 4.6 mm) column).
Details of our application of these methods are presented in the Quality
Assurance Project Plan (QAPP) submitted for EPA supported grants. Our
QAPP applicable to this work is available at the above tributary loading
data website. Sample analyses for the August 2007 storm event were
also completed at the NCWQR's analytical laboratory, under contracts
with BGSU and UT. Contract analyses are performedwith the same pro-
cedures and equipment used for the tributary loading and Lagrangian
studies.

Hydraulic characteristics of the study area

The above sampling program is superimposed on the transient
hydrology of a storm event moving from a riverine environment,
through an estuarine zone and into a bay and lake environment. The
hydrology of the Maumee River is very flashy (Baker et al., 2004).
Thus storm flows have much higher discharge rates than base flow.
These differences in discharge rates have large impacts on the time-
of-travel forwater parcels as theymove from theWatervillemonitoring
station through the riverine and estuarine sections of the lower
Maumee River, Maumee Bay and into various locations of the WB.
LimnoTech (2010) developed time-of-travel information in relation
to stream discharge for the lower Maumee River and Maumee Bay
(Table 2). Travel times through the estuarine portion of the lower
Maumee River vary from 14.8 to 1.1 days as stream flows increase
from the 10th to the 90th percentiles. Turnover times for Maumee
Bay, as calculated by volume at low water datum divided by inflow
rate, vary from 115 to 5.5 days for these same discharge differences.
For the LimnoTech studies, Maumee Bay is defined as the area inside a
line from Little Cedar Point to theWoodtick Peninsula, as approximated
by the dashed lines (Figs. 2a,b). Lagrangian stations 17–19 fall along that
line (Fig. 2c).
Table 2
Section geometry and time-of-travel data from the Waterville stream gage on the Maumee Riv
Data adapted from LimnoTech (2010).

Flowpath segment Section geometry

River kilometers Length kilometers Mean depth (

Reach 1 (Riverine) 32.7–20.3 12.4 1.0
Reach 2 (Estuarine) 20.3–0.0 20.3 4.6

Volume (km3) Area (km2) Mean depth (
Maumee Bay 0.216 58.6 3.7
Results

Storm event signatures at Waterville

Concentrations in the Maumee River responded to storm events
similarly during the April 2010 and August 2007 storms (Fig. 3). The
April 26, 2010 storm was preceded by 3 runoff events in March and
early April while the August 2007 stormwas preceded by low flow con-
ditions most of May, June and July (Figs. 3a,b). Peak discharge for the
August storm was 1.9 fold higher than the April storm. The storm
event flow weighted mean concentrations (FWMCs) for SS, TP, DRP
and silica for the August 2007 storm were slightly higher than for the
April 2010 storms, while FWMCs of nitrate, chloride and sulfate were
lower (Table 3). Because the total discharge was more than twice as
high for the 2007 storm than for the 2010 storm, loads of SS, TP, DRP
and silica were much higher for the 2007 storm.

For both storms, chloride and sulfate concentrations declined
quickly during the rising limb of the hydrograph and then slowly
increased during the falling limb (Figs. 3c,d). Pre-storm chloride and
sulfate concentrations were much higher for the August 2007 storm
(Cl = 80; SO4 = 90 mg/L) than for the April 2010 (Cl = 36; SO4 =
58 mg/L) storm due to the prolonged low flow conditions during
the summer of 2007. During the August 2007 storm, chloride and sul-
fate concentrations dropped to much lower levels (Cl = 10; SO4 =
20 mg/L) than for the April 2010 storm (Cl = 20; SO4 = 30 mg/L)
because of its much larger discharge. The conductivity changes during
the runoff event (not shown) were similar to, although not as pro-
nounced as, those of chloride and sulfate. These declining concentra-
tions of chloride and sulfate with increasing proportions of surface
runoff relative to groundwater inputs are a common feature of riverine
stream chemistry.

Concentrations of DRP and nitrate increased during the rising limbof
both storm hydrographs (Figs. 3e,f). During the April storm, the nitrate
concentrations reached near peak values before DRP due to the
relatively higher pre-storm nitrate concentrations compared to
DRP. Following the April storm, DRP concentrations declined more
quickly than nitrate concentrations. For the August 2007 storm, pre-
storm DRP and nitrate concentrations were very low. Whereas nitrate
concentrations peakednear the peak of the hydrograph,DRP concentra-
tions continued to increase during most of the falling limb of the
hydrograph. The patterns in silica concentration during both storms
(not shown) were very similar to DRP.

Concentrations of SS and TPP increased rapidly during the rising
limb of the hydrograph for both storms (Figs. 3g,h). For the August
storm, SS and TPP concentrations began to drop before the peak dis-
charge was reached while for the April storm, declines in SS and TPP
concentrations began when discharge reached peak levels. Peak con-
centrations of SSwere higher in theAugust storm (500mg/L) compared
to April (350 mg/L) while peak concentrations of TPP were similar
(0.55–0.60mg/L). Ratios of TPP/SS and TPP/DRP also changed in parallel
fashion during both storms (Figs. 3i,j).
er through Maumee Bay.

Time of travel (days)

m) 10th percentile flow
(0.81 106 m3/day)

Average flow
(13.5 106 m3/day)

90th percentile flow
(38.0 106 m3/day)

0.6 0.2 0.1
14.8 2.6 1.1

m)
220.5 15.2 5.5

http://www.heidelberg.edu/academiclife/distinctive/ncwqr/data/guide
http://www.heidelberg.edu/academiclife/distinctive/ncwqr/data/guide
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Fig. 3.Hydrographs and chemographs for theApril 26, 2010 storm (left column) and August 2007 storm (right column). Hydrographs (a,b) and chemographs for chloride and sulfate (c,d),
DRP and nitrate (e,f), SS and TPP (g,h) and TPP/SS ratios and TPP/DRP ratios (i,j). Relative hydrographs are shown in c–j as background for the chemographs.
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Baseflow concentration patterns at Lagrangian Stations

To determine the location of mixing zones between river water and
bay/lake water during conditions of low stream flow, collections were
made at all transect stations on seven low flow dates (Fig. 4). For a
given station, samples are plotted in date sequence. However, succes-
sive samples at a given station are not related except that the collections
were at low flows. Stations 17 and 19 are not included in Fig. 4 because
bottom samples were not collected at those stations.

For chloride and sulfate, concentrations at upstream stations
(11–13) were generally higher than concentrations at downstream sta-
tions 16–22 (Figs. 4a,b). The decreasing concentrations between sta-
tions 14–18 indicates that the mixing zone between river water and
pre-existing bay/lake water was located between these stations, with



Table 3
Loads and flow weighted mean concentrations (FWMC) of listed parameters for April
2010 and August 2007 storms, including total discharge and peak discharge for each
storm.

Parameter Medium storm Large storm

4/22–5/6/2010 8/17–8/31/2007

Load FWMC Load FWMC

kg mg/L kg mg/L

Suspended solids 65,567 163 179,888 204
Total phosphorus 161 0.400 374 0.425
Total particulate P 123 0.305 283 0.321
Dissolved reactive P 38 0.095 91 0.104
Nitrate-N 2594 6.44 4462 5.07
Chloride 10,126 25.1 12,293 14.0
Sulfate 15,238 37.8 21,224 24.1
Silica 2679 6.65 6425 7.30
Volume, km3 0.403 0.881
Peak discharge 999 m3/s 4/27/10 1935 m3/s 8/23/07
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the lake water diluting the higher concentrations of inflowing river
water. Bottomwater concentrations of chloride and sulfate were gener-
ally similar to top concentrations, indicating rather complete vertical
mixing of these parameters at those stations and dates. The corre-
spondence of top and bottom samples was particularly strong at sta-
tions 11–13 and 18–22. Differences between top and bottom samples
were greater for stations 14–16, where mixing of the river water and
pre-existing bay water occurred and where inputs from the Toledo
Waste Water Treatment Plant (WWTP) are located (~station 14).

Under low flows, nitrate and DRP concentrations (Figs. 4c,d) were
lowest at the lakeward stations (18–21), highest along the middle
locations of the transect (stations 14&15) near the inputs for the Toledo
WWTP plant, and lower at the upper transect stations (11–12). On
04/21/10 nitrate concentrations were much higher than during other
low flow studies (Fig. 4c). On that date, elevated nitrate concentrations
from earlier storms in April (Fig. 3a) were still present. The riverine
stations 12–13 had higher nitrate concentrations than station 11, prob-
ably from mixing with the elevated concentrations at stations 14–15.
Chloride and sulfate concentrations from stations 11–15 were similar,
making mixing difficult to observe. The rapid decline in nitrate and
DRP between stations 15 and 16 likely represents the same mixing
patterns that are evident for chloride and sulfate at these stations. For
most samples, DRP and nitrate concentrations were similar between
top and bottom except at stations 14 and 15, near the Toledo WWTP
inputs.

TPP and SS concentrations generally declined along the entire
transect from stations 11 to 20–22 (Figs. 4e,f). For TPP, concentra-
tions at the top were almost always higher than bottom (Fig. 4e)
while the reverse was the case for SS (Fig. 4f). As a result, the TPP/SS
ratios (mg/g), were generally higher in top versus bottom samples
(Fig. 4g). Impacts from the Toledo WWTP were not evident in the TPP
and SS data sets.

Storm event concentration patterns at Lagrangian stations

Storm event concentration patterns (Fig. 5) are presented similarly
to the low flowpatterns (Fig. 4), except that for the storm event, succes-
sive samples for each station represent successive dates. Due to high
waves, sampling on 4/27/10 could not be completed at stations 18–22,
so the first sample at these stations was taken on 4/28/10. For each
station, the graph presents a mini-chemograph showing both top and
bottom samples. In general, the shapes of these chemographs resemble
the chemograph patterns for the Maumee River at Waterville (Fig. 3).

Chloride and sulfate concentration patternswere similar (Figs. 5a,b).
On the first collection (04/27/10) at station 11, water from the rising
limb of the Waterville hydrograph, where chloride concentrations
were decreasing (Fig. 3c), had arrived at station 11, resulting in a con-
centration of about 28 mg/L. Further down the transect on 04/27/10,
at stations 12, 13 and 14, chloride concentrations were higher and
reflected the presence of water that had passed the Waterville station
at earlier times. The chloride concentration at station 14 (~35 mg/L)
was approximately equivalent to the pre-storm chloride concentrations
at Waterville (Fig. 3c). By the second collection day (4/28) at transect
stations 11–14, chloride concentrations had dropped to about
22 mg/L, which is near the minimum in the chemograph at Waterville.
Because the flow volume on the 4/27 and 4/28 was high, and travel
times were short, the low concentration waters would have occupied
a considerable length along the transect channel. On subsequent
dates, concentrations increased at all of the riverine transect stations,
indicating the increasing chloride concentrations on the falling limb of
the hydrograph. During low flows, chloride concentrations clearly de-
clined along the transect (Fig. 4a), but during storm flows, water pass-
ing along the transect had similar chloride concentrations to the pre-
existing WB waters (Fig. 5a). Top and bottom concentrations were
also similar in most samples, but did show increased variability in the
WB samples (stations 20–22).

Sulfate concentrations dropped between the first and second col-
lection days at stations 11–16, indicating the arrival of storm water
by 04/28/10 (Fig. 5b). Sulfate concentrations increased on successive
collections after 04/29/10, in parallel with the increasing sulfate con-
centrations on the falling limb of theWaterville hydrograph (Fig. 3c).
As with chloride, sulfate concentrations were similar along the entire
transect (11–22), such that mixing zones between storm runoff
water and pre-existing bay water could not be identified. Top and
bottom sulfate concentrations were similar in most samples, with
the largest variability occurring in the WB samples.

The concentration patterns for nitrate and DRP (Figs. 5c,d) dif-
fered in subtle ways that reflect the differences in their Waterville
chemographs (Fig. 3e). At stations 11–15, nitrate concentrations
increased during the first 4 collections, leveled off for the next 2 col-
lections and dropped on the final collection. DRP concentrations
were low on 4/27/10 and increased by large amounts by the second
day. They increased slightly for collections 3 and 4 and then started
to decline, with a very large drop in concentration by the last day
(5/5/10). At Waterville, DRP concentrations in pre-storm water were
much lower, relative to their peak concentrations, than the case for ni-
trate. DRP concentrations dropped more rapidly during the falling limb
of the hydrograph than did the nitrate concentrations (Fig. 3e). These
differences between nitrate and DRP patterns atWaterville are particu-
larly evident at Lagrangian stations 11–15. For both nitrate and DRP,
concentrations began to drop at station 16 andweremuch lower at sta-
tions 20–22 than at station 18. Thus, either can be used as a marker for
the mixing zone between storm runoff water and pre-existing bay and
lake water. For nitrate and DRP, top and bottom samples were similar
except for stations 18–22.

TPP and SS in top samples generally declined on successive collec-
tion dates at stations 11–18, with the largest declines during the first
3 collection dates. Concentrations in bottom samples were generally
higher than top samples during the first three collections. On subse-
quent collection dates, top and bottom samples had closer agreement.
Peak TPP and SS concentrations in top samples were lower than their
concentrations at Waterville during the periods of peak discharge
(Fig. 3g). During the ~2 days of peak discharge at Waterville TPP con-
centrationswere N0.40mg/L and SSwere N200mg/L. Yet at the transect
stations, TPP and SS concentrations in top samples exceeded 0.40 mg/L
and 200 mg/L in only single samples. In contrast several of the bottom
samples along the transect had higher TPP and SS concentrations than
any observed at Waterville. These data suggest that both TPP and SS
were moving downward in the water column between Waterville and
the transect stations. Most of the TPP concentrations were b0.10 mg/L
at theWB stations (20–22), but N0.10mg/L at stations 11–18, reflecting
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the large concentration gradient between these stations. Similar
gradients were also present for SS (Fig. 5f).

TPP/SS ratios (mg/g) indicate the phosphorus “richness” of the SS.
This ratio was, in general, the inverse of the SS concentrations at both
the Lagrangian transect stations (Figs. 5e,g) and the Waterville station
(Figs. 3g,i). It is noteworthy that for stations with higher SS concentra-
tions in bottom samples than in top samples, most of the TPP/SS ratios
were essentially the same for top and bottom samples. Thus during
storm runoff conditions, the SS in bottom samples has the same TPP
concentrations as the SS in top samples. TPP/DRP ratios can be used to
compare the TPP concentrations at high DRP concentrations during
storm events at Waterville (Fig. 3i) with TPP concentration at high
a

d

Sequential sampling dates for each station: 8/27/09, 9/09/

Sequential sampling dates for each station: 8/27/09, 9

b

Sequential sampling dates for each station: 8/27/09, 9/09

Sequential sampling dates for each station: 8/27/09, 9/09

c

Fig. 4.Concentrations of top and bottom samples at successive Lagrangian transect stations durin
ratios (g). Transect stations are numbered at the top. Within each station, samples are presente
storm), 7/29/10, and 9/15/10. Low flow conditions prevailed at the Maumee Waterville gage on
DRP concentrations at the Lagrangian stations (Fig. 5h). The TPP/DRP
ratios at the Waterville stations during the periods of high TPP and SS
concentrations were generally higher than the TPP/DRP ratios observed
in those samewatermasses as observed in the Lagrangian transport sta-
tions. These results also indicate the deposition of TPP as the storm
water passing Waterville moves to, and through, the Lagrangian tran-
sect stations.

Large storm event of August 2007

The sediment plume from the August 2007 storm event in the
Maumee watershed extended well into the WB, as illustrated in the
09 , 9/22/09, 10/06/09, 4/21/10, 7/29/10, and 9/15/10

/09/09, 9/22/09, 10/06/09, 4/21/10, 7/29/10, and 9/15/10

/09 , 9/22/09, 10/06/09, 4/21/10, 7/29/10, and 9/15/10

/09 , 9/22/09, 10/06/09, 4/21/10, 7/29/10, and 9/15/10

g lowflowperiods for chloride (a), sulfate (b), nitrate (c), DRP (d), TPP (e), SS (f) and TPP/SS
d in the following date sequence: 8/27/2009, 9/9/09, 9/22/09, 10/6/09, 4/21/10 (pre-April
the collection dates.
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Sequential sampling dates for each station: 8/27/09, 9/09/09, 9/22/09, 10/06/09, 4/21/10, 7/29/10, and 9/15/10

Sequential sampling dates for each station: 8/27/09, 9/09/09, 9/22/09, 10/06/09, 4/21/10, 7/29/10, and 9/15/10

f

Sequential sampling dates for each station: 8/27/09, 9/09/09, 9/22/09, 10/06/09, 4/21/10, 7/29/10, and 9/15/10

g

Fig. 4 (continued).
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08/29/2007 Landsat image (Fig. 2b). That storm delivered about
0.86 km3 of water into the lake (Table 3) or 17% of the average annual
Maumee River discharge (1975–2012). A small sediment plume
entering the western shore of the lake from the River Raisin at Mon-
roe, Michigan is visible just above the Maumee plume. A lighter col-
ored sediment plume moving into the lake from along the eastern
shore of the Detroit River is also evident. As of noon on 08/27/07, 95%
of the total storm water discharge had moved past the Waterville
gage. Comparisons of chemical concentration patterns from 08/28/10
and 08/30/10 with a satellite image of 8/29/30 need to consider the
edge-of-plume mixing between the sampling dates, as well as the
current-driven movement of lake water. Yet, both sets of concentration
data are generally reflective of the sediment plumeposition of 08/29/10.

The lowest DRP concentrations along the BGSU transect occurred in
the relatively clear water between the Maumee and lighter colored
Detroit River sediment plumes (stations 11–17; Fig. 6). Low DRP con-
centrations were also present along the western shoreline. For the
middle sections of the BGSU transect, samples within the plume
(stations 4–8) had much higher DRP concentrations than those from
the outer margin of the plume (stations 18–20). The DRP chemograph
and relative hydrograph fromWaterville indicate that the water parcels
at stations 4–8 were from the early portions of the rising limb of the
hydrograph. The UT grid samples, which were collected 2 days before
the transect samples, show very low DRP concentrations at stations a
and b. Water parcels at grid station c may have moved lakeward to
occupy positions between the two rows of transects by 08/30. Grid sta-
tions d and e reflect water parcels passing Waterville later in the storm
after DRP concentrations had increased to above 0.100 mg/L.

For transect and grid samples within the sediment plume, TPP
concentrations (Fig. 6b) were generally lower than DRP concentra-
tions except at grid station c where DRP was 0.018 mg/L while TPP
concentration was 0.060 mg/L. At Waterville, TPP concentrations
were much higher (FWMC = 0.323 mg/L) than DRP concentrations
(FWMC = 0.103 mg/L) for most of the storm event (Table 3). These
data indicate that high concentrations of TPP are no longer present in
surface water (0.25 and 1 meter depths) at the sampling stations. The
low concentrations of TPP can't be explained by mixing with lake wa-
ters because DRP concentrations in surface waters remained high.
In the open lake waters (transect stations 11–17 and grid stations a
& b), TPP exceeded DRP, but concentrations of both were much
lower than in the storm runoff waters.

Nitrate concentrations at the transect stations inside the plumewere
~10-fold higher than in the open waters (Fig. 7a). Grid stations d–f had
even higher nitrate concentrations, reflecting waters that had passed
the Waterville station later in the storm. Chloride concentrations
associated with the margin of the sediment plume were higher than
those at the open lake stations (Fig. 7b). At grid station c, the chloride
concentration of 29.6 mg/L was the highest observed at any station.
The storm-associated water parcels at this station would have passed
the Waterville station earlier than other parcels of water sampled at
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grid stations. At the Waterville station, chloride concentrations were
droppingquickly on the rising limbof thehydrograph. The chloride con-
centrations at grid stations d & f were lower than those in the open lake
end of the UT transect, reflecting the very low chloride concentrations
during much of the August storm. We have no obvious explanation for
the very low chloride concentration at UT station b.

Silica concentrations inside the margin of the plume were higher
than in the adjacent lake waters (Fig. 8a). As with DRP and nitrate, the
c

Sequential sampling dates for each station: 4/27, 4/28, 4/29, 4

d

Sequential sampling dates for each station: 4/27, 4/28, 4/29, 

b

Sequential sampling dates for each station: 4/27, 4/28, 4/29, 4

a

Sequential sampling dates for each station: 4/27, 4/28, 4/29, 

Fig. 5. Concentrations of top and bottom samples at successive Lagrangian transect stations dur
(f) TPP/SS ratios (g) and TPP/DRP ratios. Transect stations are numbered at the top.Within each
10, 4/30/10, 5/1/10, 5/3/10 and 5/5/10 for stations 11–16. Because storm conditions prevented
those stations.
concentrationswere still higher in grid stations d–f, reflecting the rising
concentrations of silica during the storm runoff event at Waterville.
Chlorophyll a concentrations were available only for the BGSU transect
stations. The outer margin of the plume had higher concentrations than
the inner margin, and both were higher than the open lake concentra-
tions. The highest chlorophyll a concentrations occurred at the transect
stations near the shore. The high concentrations at those stations could
account for the low DRP concentrations at those same stations. The
/30, 5/01, 5/03, 5/05 (Stations 18 -22 had no 4/27 collection)

4/30, 5/01, 5/03, 5/05 (Stations 18 -22 had no 4/27 collection)

/30, 5/01, 5/03, 5/05 (Stations 18 -22 had no 4/27 collection)

4/30, 5/01, 5/03, 5/05 (Stations 18 -22 had no 4/27 collection)

ing the April 2010 runoff event for chloride (a), sulfate (b), nitrate (c), DRP (d), TPP (e), SS
station, samples are presented in the following date sequence: 4/27/2010, 4/28/10, 4/29/
collection at stations 18–22 on 4/27/10, the collection date sequence starts on 4/28/10 for
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Sequential sampling dates for each station: 4/27, 4/28, 4/29, 4/30, 5/01, 5/03, 5/05 (Stations 18-22 had no 4/27 collection)

h

Sequential sampling dates for each station: 4/27, 4/28, 4/29, 4/30, 5/01, 5/03, 5/05 (Stations 18-22 had no 4/27 collection)

e

Sequential sampling dates for each station: 4/27, 4/28, 4/29, 4/30, 5/01, 5/03, 5/05 (Stations 18-22 had no 4/27 collection)

Sequential sampling dates for each station: 4/27, 4/28, 4/29, 4/30, 5/01, 5/03, 5/05 (Stations 18-22 had no 4/27 collection)

g

Fig. 5 (continued).
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chlorophyll a concentrations support a visual presence of a green mar-
gin on the sediment plume from the Landsat image.

Discussion

Location of mixing zones

Because DRP concentrations are so high in storm runoff water from
theMaumee River, mixing of riverine stormwater with water primarily
derived from the Detroit River can expand both the volume and area of
waters in the WB with nutrient concentrations sufficient to support
algal blooms. The location of these mixing zones is influenced by lake
currents that respond to wind speed and direction (Rao and Schwab,
2007). Characterization of these mixing zones is important for estab-
lishing linkages between Maumee River nutrient loading and the size
and locations of algal blooms, such as those observed from satellite im-
ages (Stumpf et al., 2012). In the context of this paper, mixing zones are
the zones where water discharged from theMaumee River, mixes with
the pre-existing water in Maumee Bay and/or the WB of Lake Erie. We
located such mixing zones as areas with sharp concentration gradients
between river water and bay water or lake water.

Under low flow conditions chloride and sulfate concentrations in the
Maumee River were much higher than during storm runoff events and
were also higher than Maumee Bay and WB waters. Consequently,
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Fig. 6. Concentrations (mg/L) of DRP (a) and PP (b) at BGSU transect stations across the sediment plume boundary on 8/30/07 and at UT grid stations on 8/28/07. All concentrations are
superimposed on a Landsat image of 8/29/07 (see Fig. 2.d for station IDnumbers). A graph of the corresponding chemograph and relative hydrograph atWaterville is shown as an insert in
the upper left corner of each image.
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Fig. 7. Concentrations (mg/L) of nitrate (a) and chloride (b) at BGSU transect stations across the sediment plume boundary on 8/30/07 and at UT grid stations on 08/28/07. All concen-
trations are superimposed on a Landsat image of 8/29/07 (see Fig. 2.d for station ID numbers). A graph of the corresponding chemograph and relative hydrograph at Waterville is
shown as an insert in the upper left corner of each image.
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Fig. 8.Concentrations of silica (mg/L) at BGSU transect stations across the sediment plume boundary on 8/30/07 and at UT grid stations on 08/28/07 (Fig. 8.a). Chlorophyll a concentrations
in units of micrograms/L are shown for BGSU stations in Fig. 8.b.
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Table 4
A comparison of TPP and SS concentrations and the TPP/SS ratios between top andbottom samples at Lagrangian stations and at theWaterville station on theMaumee River. Values for the
Lagrangian stations are averages of thefirst three collection days (4/27, 4/28, 4/29)while values for theMaumee River atWaterville areflowweightedmean concentrations for the interval
between 4/26 at 12:00 and 4/28 at 12:00 h which encompassed the highest discharges, TPP concentrations and SS concentrations during the storm event.

Station TPP, mg/L SS, mg/L TPP/SS, mg/g

Top Bottom Top Bottom Top Bottom

11 0.307 0.433 184 245 1.95 2.09
12 0.324 0.483 140 398 2.42 1.44
13 0.310 0.432 117 203 2.75 2.38
14 0.312 0.420 121 181 2.76 2.48
15 0.294 0.573 139 256 2.13 2.23
16 0.297 0.351 112 162 2.75 2.31
18a 0.256 0.316 101 135 2.57 2.39
Station average 0.300 0.430 131 226 2.47 2.19
Station Ave. as % Waterville FWMC 63% 90% 47% 81% 145% 128%
MaumeeWaterville FWMC 0.479 279 1.71

a The averages for station 18 were for 4/28, 4/29, and 4/30.
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these chemicals, along with conductivity, provide excellent markers of
riverine water for identification of mixing zones during low stream
flows. The sharpest concentration gradients between the river and bay
occurred between stations 14 and 16, which span the river mouth.
Under low flow conditions, concentration gradients of nitrate and DRP
at these same stations were affected by loading from the Toledo
WWTP. Drops in nitrate and DRP concentrations between stations 14
and 16 also point to this area as the location of mixing between riverine
and bay waters.

During storm runoff events, sediment plumes, as visible from
satellite images, indicate areas containing riverine storm runoff water,
although such plumes can also represent wind-driven sediment re-
suspension. Because the riverine storm runoff water typically has
much higher nitrate and DRP concentrations than pre-existing bay
and WB waters, these nutrients can serve to distinguish sediment
plumes associated with riverine storm water from those associated
with wind-driven re-suspension. Although sediment re-suspension
may be a vehicle for internal phosphorus loading, it is doubtful that
any resulting concentrations of DRP would be as high as riverine
stormwater. Sediment re-suspension is also unlikely to increase nitrate
concentrations although it could release ammonia. During the Lagrang-
ian studies, relatively sharp concentration gradients of nitrate and DRP
occurred between station 18, at the mouth of Maumee Bay, and sta-
tion 21 in the WB (Figs. 5c,d), indicating that this area was the mixing
zone for riverine storm waters delivered during the April 26 storm.
However, the correspondence between the margin of the sediment
plume and the location of stations 20–22 was not obvious from avail-
able images.

The clearest example of correspondence between the margins of
a sediment plume and chemical concentration gradients between
riverine and WB water occurred during the August 2007 runoff
event. Strong gradients of DRP (Fig. 6a) and nitrate (Fig. 7a) occurred
near the margin of the sediment plume. In contrast, concentration
gradients for chloride at the plumemargin were small (Fig. 7b). Nor-
mally conservative parameters, such as chloride and conductivity,
are viewed as markers, because they are not subject to significant
biological processing. Even though the water at the plume margin
had passed the Waterville sampling station about 8 days earlier,
the concentration gradients for nutrients remained very large. This
illustrates the utility of using dissolved nutrients as riverine storm
water markers, although eventually the dissolved nutrients will be
taken up by algae and/or bacteria.

The consequence of the above mixing processes is a gradual dis-
persion of nutrient concentrations. The DRP FWMC for the 0.88 km3

of water that entered the lake during the August 2007 storm was
0.104 mg/L (Table 3). Thus, this Maumee storm water could mix with
2 parts of Detroit River water and still have DRP concentrations
more than twice as high as the target TP concentration for the WB
(0.015 mg/L). At an average depth of 8 m, the 0.88 km3 would cover
about 110 km2 (42 mi2) of the WB.
Deposition of SS and TPP

Studies by the U.S. Geological Survey found that, on average, 83% of
the SS exported from theMaumee River atWaterville was comprised of
clay-sized particles (Antilla and Tobin, 1978; LimnoTech, 2010). Clay-
sized particles stay suspended in the water column much longer than
silt and sand-sized particles, and have a much higher particulate phos-
phorus content than coarser particles. Clays passing the Waterville
station eventually settle out of the water column, and the location of
their deposition has implications relative to the delivery of bioavailable
particulate phosphorus to Lake Erie (Baker et al., 2014-in this issue;
Sonzogni et al., 1982) and dredging in the Toledo navigation channel.
Between noon on 04/26/10 and noon on 04/28/10, 65% of the SS
storm load and 55% of the TPP storm load moved past the Waterville
sampling stationwith FWMCs of 279mg/L and 0.479mg/L, respectively
(Table 4). Given the peak discharges during this time interval (Fig. 3g)
and the travel time of water from Waterville to the river mouth
(Table 2), this water would have arrived and moved through the La-
grangian stations and into Maumee Bay during the first three days of
collections (4/27, 4/28, and 4/29/10) (Table 2). Concentration changes
of dissolved nutrients along the transect confirm the presence of
storm water during that time.

Average concentrations of SS and TPP in both surface and bottom
samples at Lagrangian stations 11–18 were lower than their FWMCs
at the Waterville station (Table 4). The average SS concentration for
top samples at stations 11–18 was 131 mg/L or 47% of the FWMC of
SS at Waterville. For TPP, the station average was 0.300 mg/L or
63% of the TPP FWMC at Waterville. Thus samples from 1 meter
depth at the Lagrangian stations had considerably lower SS and TPP
concentrations than present in those water masses when they
passed the Waterville station. The average bottom sample SS and
TPP concentrations at stations 11–18 were considerably higher
than surface samples at those same stations. However, even the bot-
tom samples had average SS and TPP concentrations that were 81%
and 90% respectively of their FWMCs observed at Waterville
(Table 4). The elevated concentrations of SS and TPP in bottom sam-
ples during storm water passage through the Lagrangian stations
could be accounted for by (1) settling of coarser sediments, (2) set-
tling of the silt and clay particles, (3) re-suspension of bottom sedi-
ments associated with the high current velocities in the navigation
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channel during runoff events, and (4) some combination of the
above.

Examination of TPP/SS ratios at Waterville and in top and bottom
samples at the Lagrangian stations provides evidence regarding the
above alternative explanations of elevated SS and TPP in bottom sam-
ples. In general, TPP/SS ratios decline as SS concentrations increase
(Electronic Supplementary Material Fig. S1) likely a result of increasing
average particle size composition as SS concentrations increase. For a
given storm event, SS concentrations are highest at near peak flows
when current velocities are high and able to maintain coarser particles
in suspension. Coarser particles tend to have lower TPP concentrations
than clay particles. Thus, TPP/SS ratios are often lowest at the peak of
the storm hydrograph, which is what occurred at Waterville during
both the April and August storms (Figs. 3f,g).

During the highest flow periods at Waterville, the average TPP/SS
ratio (mg/g) was 1.71 for an average SS FWMC of 279 mg/L (Table 4).
The average TPP/SS ratios at Lagrangian stations were 2.47 for top sam-
ples and 2.19 for bottom samples. These comparisons suggest that
coarser SS fractions present at the Waterville station settled out of the
storm runoffwater before reaching the Lagrangian stations. This settling
may have occurred in the estuarine portions of the river upstream from
station 11. The lower TPP/SS ratio for bottom samples than top samples
was strongly affected by samples collected at station 12 on 04/27 and
04/29 (Figs. 5f,g). These two samples had very high SS concentrations
and low TPP/SS ratios. The removal of station 12data (all three samples)
changed the TPP/SS ratios for top and bottom samples to 2.48 and
2.31 respectively while it changed the average SS concentrations to
129 mg/L and 197 mg/L. Thus most bottom samples had TPP/SS
ratios similar to top samples even though the bottom samples had
considerably higher SS concentrations than top samples. This inter-
pretation suggests that bottom samples had similar particle size dis-
tributions to top samples.

Station 18, which is located at the mouth of Maumee Bay over the
navigation channel, had lower SS and TPP concentrations than sta-
tions 11–13 (Table 4). This may also reflect deposition within the
channel between stations 11 and 18. However, the average concen-
trations of SS and TPP at the station 18 were still very high relative
to stations 20–22 in the WB. Thus, between 18 and 20–22, mixing
would influence SS and TPP concentrations, as well as continuing
deposition. This section of the transect was also the primary mixing
zone for nitrates and DRP.

The role of re-suspension as an explanation for the higher SS and TPP
concentrations in bottom samples is difficult to assess from this data set.
Particle size analyses of bottom samples from the riverine section of the
navigation channel indicate 30–50% clay and 22–49% silt. Because this
portion of the channel does have to be dredged periodically, somedepo-
sition of clays and silts must be occurring. Also the TPP/SS ratios (mg/g)
in bottommaterials from the riverine portion of the navigation channel
ranged from 0.48 to 1.01 mg (U.S. Army Corps of Engineers, 2009).
These TPP/SS ratios aremuch lower than those observed in bottom sam-
ples from the Lagrangian sampling (Fig. 5g). If re-suspension accounted
for a substantial portion of the elevated SS and TPP in bottom samples
during the passage of storm water through the Lagrangian stations,
then accounting for the lower SS and TPP concentrations at the La-
grangian stations when those water parcels moved past the
Waterville station would imply even more deposition of sediments
between Waterville and the Lagrangian stations.

During the low flow studies, top samples had higher TPP concentra-
tions than bottom samples, while bottom samples had higher SS con-
centrations than top samples (Figs. 4e,f). SS concentrations in bottom
samples during the low flow studies were in the same concentration
range as during the later Lagrangian collections (4/30–5/5). However,
during the low flow studies, top samples hadmuch lower SS concentra-
tions than the top samples during the Lagrangian study. Possibly, the
longer retention times during low flows allowed more fine materials
to settle out of the water column, with the remaining fines having
evenhigher TPP/SS ratios (Fig. 4g) than top samples during the Lagrang-
ian studies (Fig. 5f). At some point suspended particulates shift from
domination by inorganic sediment to domination by biological mate-
rials (i.e., phytoplankton, zooplankton). Thus comparisons of TPP/SS
ratios between storm event conditions and low flow conditions may
not be relevant to questions of deposition and re-suspension of inor-
ganic sediments.

Bioavailability of TPP

Recent studies suggest that only about 26% of the TPP moving past
the Waterville station is bioavailable to algae (Baker et al., 2014-in this
issue). In contrast, DRP, which comprises about 23% of the total phos-
phorus moving past Waterville, is 100% bioavailable. Whatever portion
of the bioavailable particulate phosphorus (BAPP) settles out of the
water column prior to release as dissolved phosphorus becomes “posi-
tionally” unavailable (Sonzogni et al., 1982). Thus BAPP is often defined
as that portion of TPP that can be released to algae in relatively short
time spans, such as the time it takes for clay-sized particles to settle
out of thewater column (Sonzogni et al., 1982).Whether or not the bio-
available portion of TPP is released depends on the ambient concentra-
tions of DRP in the surroundingwater. Studies of release rates often use
phosphorus starved algae as sinks for bioavailable particulate phospho-
rus (DePinto et al., 1981). In such studies the DRP concentrations at the
“sinks” are very low, often in the range of 0.001 mg/L. Such concentra-
tions contrast greatlywith the ambientDRP concentrations surrounding
the particulate phosphorus moving toward the lake during storm
events from the Maumee River. For the two storms included in
these studies, the DRP FWMCs were 0.095 mg/L (April 2010 storm)
and 0.104 mg/L (August 2007 storm). The particulate phosphorus
moving toward the lake has been surrounded by water with high
DRP concentrations during its entire journey from entrainment in
flowing waters to deposition onto riverine, bay or lake bottoms.
While DRP concentrations are slightly higher at the transect stations
(Fig. 5d) than those observed at Waterville (Fig. 3e), the increases of
about 0.010–0.020 are much smaller than the concentration of BAPP
in the Waterville samples (0.400–0.500 mg/L TPP or 0.100 to
0.125 mg/L BAPP). Apparently, most of the BAPP settles out of the
water column before releasing its available phosphorus. Conse-
quently, the significance of bioavailable particulate phosphorus as a
component of bioavailable phosphorus loading to Lake Erie is more
likely linked to its role in contributing to the phosphorus pool in bottom
sediments that supports internal phosphorus loading. By comparison,
these studies illustrate the retention of high concentrations of bio-
available DRP as riverine storm water masses move into Maumee
Bay and the WB. Reductions of DRP loading have become a focus of
phosphorus control programs (International Joint Commission, 2014;
Ohio EPA, 2013).

Use and interpretation of sediment plumes

Satellite images of sediment plumes in Lake Erie can be very useful in
detecting the location of waters derived from agricultural watersheds
and entering during storm runoff events. The SS FWMC moving past
the Waterville stream gage on the Maumee River during the 2004–
2013 water years was 163 mg/L (Heidelberg University, unpublished
data). In contrast, measurements of 119 water samples collected from
a lake-wide grid of stations in 2004, 2005 and 2008 had mean concen-
trations of 5.45 mg/L of mineral suspended particulate matter (MSPM;
Binding et al., 2012). These data were used to develop algorithms for
MODIS satellite imagery that provide concentrations of chlorophyll
and mineral suspended particulate matter. Subsequent applications of
the imagery to the WB resulted in average MSPM ranging from ~3 to
~20 mg/L with most of the variation associated with seasonal patterns.
Since peak SS concentrations during storm events aremuch higher than
annual FWMCs, and assuming that SS measured in rivers has a high
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mineral content, it is clear that major concentration gradients exist be-
tween SS during storm events in rivers and average SS concentrations
in the WB. Our Lagrangian results suggest that even the clays in river
runoff events are deposited along flow paths to the WB. Although
SS was not measured during the August 2007 storm, the very low
TPP concentrations in surficial waters (0.25 m depth) near the
plume margin (Fig. 6b) suggest much lower SS concentrations than
present in those waters when they passed the Waterville station
early in the storm event. The high DRP and nitrate concentrations
relative to their concentrations in the open lake indicate that dilution
with open lake water cannot account for the low TPP concentrations.
Deposition of clay particles must have occurred along the flow paths.
Thus, what are obviously sediment plumes entering the WB from the
Maumee River may have relatively low SS concentrations in compari-
son to Waterville but high concentrations relative to open lake waters
of the Western Basin.

The ability of satellite imagery to measure low concentrations of
MSPM should be very useful in tracking the movements of storm
water masses after they have entered the lake. Those storm water
masses, together with the lake water in which they are embedded,
move in various directions and speeds, depending on wind speed and
direction (Rao and Schwab, 2007). The MODIS image in Fig. 2a reveals
not only the boundaries of the SS plume near the mouth of Maumee
Bay and associated with the April storm beginning 04/26/10, but also
anothermass of turbidwaters lying to the east and nearer to themiddle
of the WB. That area likely contains storm water from earlier April
storms from the Maumee (Fig. 3a). Analyses of dissolved nutrients in
that water mass could likely have confirmed that as storm water from
the Maumee River.
Lessons learned

This pilot study using Lagrangian analyses to study nutrient and sed-
iment processing as storm runoff waters move from the Maumee River
into theWBof Lake Erie revealed a number ofways the study design can
be improved.

• Much of the sampling effort in this program went into daily
collections at the 5 closely spaced riverine stations. In retrospect,
the resulting data amounted to closely spaced chemograph studies
focusing on the falling limb of hydrographs. Although such stud-
ies provide useful information, 2 or 3 such stations would be
sufficient in the lower river during the falling portion of the
hydrograph. The successive chemographs at stations 11–16 were
very similar.

• To capture the rapid changes in chemistry during the rising limb of
the hydrograph, the sampling frequency in the transect/grid
should be increased during the rising limb of the hydrograph at
all of the sampling stations. Much of the transport and deposition
of sediment and TPP occurs during the early portions of the storm.

• To the extent that the location of the advancing front of storm
water can be tracked by satellite imagery or by fixed conductivity
and turbidity sensors, more of the sampling effort could be direct-
ed to transects across the mixing zone. Such data are needed to
better understand the interaction of Maumee storm water with
Detroit River water.

• Separate collections of top and bottom samples and analyses of
each for SS and TPP are essential. They should, however, be accom-
panied by turbidity profiles and particle size data.

• Extending the duration of the sampling program to include growth
of algal communities utilizing the dissolved nutrients from storm
water would also be useful.

• The design of monitoring programs to support the calibration and
confirmation of hydrodynamic–water quality models should
involve both the modeling and monitoring communities.
Conclusions

These studies suggest the following nature of the interactions be-
tween the Maumee River and Maumee Bay/Western Basin waters:

1. During low flow conditions the mixing zone between river water
and bay water was located near the river mouth, as indicated by
sharp concentration gradients of chloride and sulfate that declined
lakeward.

2. During storm runoff events, the margins of sediment plumes indi-
cated the location of mixing zones between river and bay/WB wa-
ters. Sharp gradients between high DRP and nitrate concentrations
in riverine storm water and low concentrations in bay/lake waters
occurred at the margins of the sediment plumes.

3. The storm water inside sediment plume margins contained high
concentrations of dissolved nutrients, comparable in magnitude to
their concentrations at the Waterville transport station. This indicates
minimal processing of dissolved nutrients as storm runoff waters
moved through the lower Maumee River into Maumee Bay and the
WB of Lake Erie.

4. Deposition of particulate materials (SS and PP), including clays and
silts, occurred during storm water movement from Waterville to
the WB. This deposition occurred within water parcels having high
DRP concentrations. Consequently, little of the bioavailable particu-
late phosphorus was likely to have been released to the water col-
umn prior to deposition onto the river, bay or lake bottom.

5. Although sediment plumes from storm loads from theMaumee River
are clearly visible in satellite images, the actual concentrations of SS
and TPP were likely quite small in relation to their concentrations
at Waterville.

6. While DRP makes up only about 23% of the total phosphorus loads
from theMaumee River, itmakes up themajority of bioavailable phos-
phorus reaching the western basin. Its high concentration, together
with high concentrations of nitrate and silica in storm runoff water,
constitute a nutrient-rich broth for development of algal blooms.

In summary, the chemical signatures of stormwater as measured at
Waterville, in combination with frequent sampling at transects and
grids as the storm water moves along flow paths from Waterville to
the WB, support Lagrangian analyses of nutrient and sediment pro-
cessing. Such studies can be useful in determining the interactions
between tributary loads and Detroit River inputs to the Western Basin
of Lake Erie and for calibration and confirmation of linked
hydrodynanic–water quality models.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jglr.2014.06.001.
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