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ABSTRACT: The United States and Canada called for a
load reduction of total phosphorus from 2008 levels enteri Lake
western and central basins of Lake Erie to achieve a 600( e
target and help reduce its central basin hypoxia. The Detroit 0 & Resuspension
is a signicant source of total phosphorus to Lake Erie; it in
has been reported to receive up to 58% of its load from
Huron when accounting for resuspended sediment
previously unmonitored at the lake outlet. Key open queSHORSSReL T,
are where does this additional load originate, what drives Its
variability, and how often does it occur. We used a hydrodynamic

model, satellite images of resuspension events and ice cover, wave hindcasts, and continuous turbidity measurements at the out
Lake Huron to determine where in Lake Huron the undetected load originates and what drives its variability. We show that th
additional sediment load, and likely phosphorus, is from wave-induced Lake Huron sediment resuspension, primarily within 30 k
of the southeastern shore. When tiveis from southwest or down the center of the lake, the resuspended sediment is not detected
at Canada sampling station at the head of the St. Clair River.
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INTRODUCTION Canada and 83% of the urban land is in the United States.

In response to Lake Esiee-eutrophicatidrand based on an While point and nonpoint sources are roughly equal across the
ensemble of nine modetnd public comment, the United Watershed, point sources make up 63% of the U.S.
States and Canada lowered phosphorus loading’t@ngets. ~ contribution, whereas nonpoint sources make up 83% of the
of those targets is to reduce the total phosphorus (TP) load {ganadian contribution. Five of the six major subwatersheds
the lakés western and central basins by 40% compared to 2008ss through the 1115%8.8 m deep Lake St. Clair before
to reduce hypoxia in the central basin. Because the Detroit a@itering Lake Erfe* Adding to the challenge of further
Maumee rivers contribute, respectively, 41 and 48% of the TPntributing to the reduction target, the largest point source,
load to the western basin, and 25 and 29% to the whéfé lakethe Great Lakes Water Authority (GLWA) Water Resource
they have drawn sigeant attention. The Maumee is the Recovery Facility (WRRF) (formerly called the Detroit
primary driver of harmful algal blooms in€western basin; Wastewater Treatment Plant), which discharges to the Detroit
the Detroit Rivés high ow but low P concentration tends to River upstream of Lake Erie, has already reduced its load by
dilute or deect those blooms. However, the Detroit River,over 50% compared to 2008.
along with the Maumee, is a key driver of central basin |t has recently been estimatdeht 58% of the TP load
hypoxid. entering the Detroit River system comes from Lake Huron,

Because over 85% of the Maumee River load comes frefich higher than earlier estimates. Using measured TP
agriculture, its assessments and action plans focus on thgsgcentrations at the outlet of Lake Huron, Burnistori“et al.
practices. Several studiesred pathways to the reduction estimated its load to be almost 3 times the previous estimates
goal ’and showed that all successful pathways require larggat were based on TP concentrations in the ultraoligotrophic
scale implementation of multiple practices. For example, opgke Hurorf:'2 They also showed that TP concentrations,

pathway targeted 50% of the highest P-loss cropland witha@neially particulate P, downstream in the St. Clair River were
combination of subsurface fertilizer application, winter cover

crops, and beer strips. _
The 19,040 k@ Detroit River watershed is far more Received: January 19, 2020

complex. It is binational, with 40% of its land in the UnitedXeVised: March 31, 2020

States and 60% in Canada, and consists of 49% cropland, Z£ggPted: April 9, 2020

urban land, 13% forest, 7% grassland, and 7% water, and ftHglished: April 9, 2020

TP loads from point and nonpoint sources are approximately

equal Overall, 79% of the watersheatyricultural land is in
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higher than upstream where Lake Huron enters, and that
di erence has increased over time. Because the concentration
di erences were not due to additional lateral loads to the
river>™ it has been suggested that thergince originates
from episodic sediment resuspension in Lake Huron that is not
captured at the upstream St. Clair River monitoring station.
Accounting for this additional source, these recent estimates
also showed that Lake Huron loads have increased over
timé*'“and currently are almost twice again as high as those of
Burniston et df
Field studies conducted in 280$howed that theow into
the St. Clair River carried sand andr material entrained
from Lake Huros shoreline. Duatfe had previously
suggested that 0.2564 mm diameter material is entrained
by wave action, and more recent shear stress ‘arsiipsied
that particles up to 0.D.4 cm could be entrained in Lake
Huron near the entrance to the St. Clair River. However, those
studies focused primarily on the movement of sand size and
larger material and from regions close to the outlet.
Over 30 years ago, Mortirfepointed further north to  Figure 1.Study area, including depth contours, thertrone used
Lake Hurofs Ontario nearshore region as a potentialo distinguish moderate vs large resuspension (green zone), the 30 m
signi cant source of sediment for Lake St. Clair and Lakeontour used for categorizing 15-day traces of source water for the
Erie. Scavia et &l suggested that this wave-induced Point Edward monitoring station (black line), wave station locations
resuspended sediment carried additional P and that it wégllow squares), ancdw and monitoring station locations (red
often missed by the Canadian monitoring program thadots).
samples semimonthly to monthly atxed point intake at

the outlet of Lake Huron. They showed that increases singg southern end through the St. Clair River into Lake St. Clair,
1998 paralleled climate-driven decreases in ice cover apffich in turn discharges through the Detroit River into Lake
increases in wave heights. Nictolidso showed that Erie. In addition to ows from Lake Superior and Lake
JanuaryMay average TP concentrations at that monitoringyichigan, Lake Huron receives water and nutrients from its
station were highly correlated with percent ice cover anglyn 134,000 kfrwatershed that is roughly 30% in Canada
secondarily with water levels. However, he speculated that §&y 70% in the United States. The majority of thés lake
high_er P concentr_ati(_)ns were due to sediment resuspendedhidhrshore waters are of high quality, but areas along the
Saginaw Bay, Michigan, and transported south along thgytheast shore and Saginaw Bay experience episodic algal
Michigan shoreline. _ _ blooms'® Invasive zebra and quagga mussels have been
Key open questions are where does this sediment logdsociated with the decline in open-lake nutrient levels and
originate, what drives its variability, and how often d@,creased water clarity since the mid-£89@sd nutrient
signi cant resuspension events occur. A full understanding &ncentrations there remain very low.
the potential impact of this newly idesdi load requires a Satellite Imagery. A three year (2018018) time series
bgttergndg_rstandling of its sources an_d dynamics, as We”_asthrue-color (RGB) MODIS images with 500 m spatial
bioavailability of its P content. Herein, we show that highresojution was used to observe the occurrences of sediment
turbidity events at the Lake Huron outlet monitoring statioryesyspension in southern Lake Huron. MODIS was chosen
may be missed when water quality samples are taken, andgygr other satellite data for its high temporal resolution; images
use a hydrodynamic model, wind hindcasts, and satelldge collected twice daily. The time series keasd using
images of ice cover and resuspension events to explore #§ogle Earth Engine to remove images with more than 60%
sources, dynamics, and timing of this unexpected angbud cover within the area of interest and then manually

potentially important source. ltered separately for the Ontario and Michigan shores to
remove additional cloudy and unusable images. litftieg,
MATERIALS AND METHODS there were 131, 135, and 110 usable images for the Ontario

Study Site. We focus on southern Lake Huréig(re 1}, region and 130, 99, and 82 usable images for the Michigan
including the Point Edward monitoring site that has been usedgion in 2016, 2017, and 2018, respectively.
to estimate the lakdoad to the St. Clair RivéiLake Huron Each image was clasdiby visual inspection separately for
is the second largest Laurentian Great Lake arfthtleggest ~ the Michigan and Ontario shores as to whether resuspended
freshwater lake in the world, with a surface area of 59590 krsediment was visible in a region extending roughly 40 km north
of which 23 580 kfies in Michigan and 36 010 klies in of the outlet Figures and2). Based on a qualitative review of
Ontario. It contains 3540 Rof water at low water datum and all images, we clagsl sediment visible within 8 km of the
is about 330 km from east to west and 295 km from north teshore as moderate resuspension and the sediment that
south, with a maximum depth of about 230 m and an averaggtended further than 8 km from the shore as large
depth of about 60 m. Lake Huron comprises fourresuspension. Images with no visible sediment were also
interconnected water bodies: the Main Lake, Saginaw Baggorded. If a single day had two MODIS images wétie i
the North Channel, and Georgian Bgig{re ). Major sediment classiations, the smaller category was used.
in ows come from Lake Superior via the St. Marys River and Waves.Deep-water wave characteristics for 2016 and 2017
Lake Michigan via the Straits of Mackinac, and it dischargesvedre downloaded from the U.S. Army Corps of Engineers

B https://dx.doi.org/10.1021/acs.est.0c00383
Environ. Sci. Techno{XXX, XXX, XX¥XXX


https://pubs.acs.org/doi/10.1021/acs.est.0c00383?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00383?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00383?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00383?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00383?ref=pdf

Environmental Science & Technology pubs.acs.org/est

solutions of phosphorus standards spread across the analytical
range.

Turbidity. In addition to phosphorus and other water
quality parameters, ECCC imtied continuous (hourly)
monitoring of turbidity at Point Edward in 2016. Drawing
from the same intake, thew is fed continuously to a YSI
EXO2 multiparameter sonde equipped with an optical EXO
turbidity smart sensor. Sensors are calibrated and deployed on
an 8 week basis, and separate, dedicated quality control sondes

] ] ] o are used onsite and in the lab to check sensors against
E'g“re %Mg)lgls |mage(s| Offt)sed"ge”ttre(sus‘:er;s'oh” '”tﬁoumg.m L"itké’candards and determine fouling and calibration drift. The
uron. Codea as none (left), moderate (center) when the sedaimen e i
inside the bwer line (white), and large (right) when extending Lagrbédlty data for 20162018 are presented for thst time
o shore of the buer line. ) .

Hydrodynamic Model and Water Traces.To assess the
origins and pathways of water that passes the monitoring
station, backward-in-time trajectories were examined using a

Wave Information Study (WIS) websitetr(//wis.usace. three-dimensional hydrodynamic model and a Lagrangian
army.mil/ retrieved on 12-7-2019; station 93266; latitudeparticle model. The hydrodynamic model is based on the
43.16, longitude: 82.16, depth: 59 m; and station 93257; National Oceanic and Atmospheric Administration (NOAA)
latitude: 43.36, longitude81.8, depth: 66 niEigure ) In Lake Michigan-Huron Operational Forecast System
addition to accessing sigaint wave height and wave period, (L(MHOFS™® ). LMHOFS is built on the nite volume
we estimated the depth at which waves greater than 1 m wog@@mmunity ocean model (FVC&) which is a three-
be in uenced by the bottom for each day in 2016 and 201#imensional primitive equation oceanographic model that
(2018 wave data were not yet available). At depths equal $6Ives the integral form of the equations of motion with an
half the wavelength, waves become transitional and afestructured horizontal grid and -tevel (= 21), terrain-
in uenced by the bottom, and that depth can be estimatel@llowing, vertical coordinate system with 21 uniformly
asgT?/4 , wheragis the acceleration due to gravity (9.81) anddistributed vertical layers. The LMHOFS model has an
T is the mean wave period {5)We assumed that waves with unstructured grid that ranges in horizontal resolution from
these characteristics have the potential to resuspend sedin®3Q m in the nearshore to 2500 nstwre, and uses hourly
from that point shorewar&. meteorology from the NOAA High-Resolution Rapid Refresh
Phosphorus.As described more fully by Burniston ét al., (HRRR®) to produce hourly simulations of currents, water
Environment and Climate Change Canada (ECCC) operates@mperature, and water level using a computational time step
water quality monitoring program on the St. Clair River. Thef 10 s. The boundary condition at the head of the St. Clair
upstream sampling station at Point Edward (43.0048 River, which is the outlet of the model, is prescribed as hourly
82.4155% W; Figure ) is situated in Lake Huron near its out ow provided by a USGS stream gage located in the
outlet, just north of Sarnia, ON. Monitoring equipment isfiver (USGS station 04159130gure }. Available coastal
located within the municipal Lambton Area Water Supplyvater level stations were used for the validation of predicted
Service (LAWSS) facility. Nutrient and major ion samples amater level uctuations and assessed using National Ocean
collected from a 19 mm polyethylene water intake that exten8ervice (NOS) skill assessment criteria before implementation
100 m into the lake at a depth of approximately 15 m beloiito NOAA operations htps://tidesandcurrents.noaa.gov/
the surface. Samples were collected every 2 weeks until Mar&Hlmhofs/Imhofs.htil
2012 and then every 4 weeks until March 2017 when it The modeled hourly currents are supplied to the FV&COM
returned to every 2 weeks. Since 2014, these samples hlasgrangian particle model, which allows for a reverse-current
been collected automatically using a Teledyne ISCO 58@@ckward trajectory. Horizontal udion in the neutrally-
refrigerated sampler. Ondled, the sample bottles are capped buoyant particle model is prescribed by grid-size-dependent
and transported to the Canada Center for Inland WaterSmagorinsky parameterization, and verticalati includes a
(CCIWs) in Burlington, ON, where they are analyzed byandom-walk methodology. The particle model has been
ECCCs National Laboratory for Environmental Testingapplied successfully with a similar garation in the Lake
(NLET) using NLET Method 01-1191. The whole water Erie HAB Tracker, For the period 2016018, particles were
samples are transferred to a 125 imt glass bottle and released at the location of the Point Edward station, at a depth
preserved with sulfuric acid to a pH of <2. The sample isf 15 m, at a rate of 10 particles/h. Particles were tracked
shaken, a 10 mL aliquot is poured in a glass digestion tube, datkwards in time for 60 days, and the results were compiled
a mixture of sulfuric acid/persulfate is added. The sample fizr each day (240 particles, hourly locations for a duration of
then digested in an autoclave for 30 min at@2The digest 60 days). We compared 5-, 10-, 15-, and 30-day traces and
is analyzed in a continuous segmendadanalyzer (CFA), found only modest dérences in result8igure SjL We used
where the orthophosphate is reacted in an acid medium willb-day traces because, given average long-shore currents of
ammonium molybdate and potassium antimonyl tartrate t8.01 0.04 m/s Figure SR those traces would typically cover
form antimony-phosphomolybdate acid. This is then reduced 50 km, roughly over half way through our study area.
with ascorbic acid to form the molybdenum blue complex. The For each day, we calculated the percent of 15-day traces that
absorption of radiation by the complex is proportional to TRell within each of the three regiommitside the 30 m depth
concentration in the sample and is determined by the CFgontour (Center), inside that contour in Canada (Ontario), or
colorimeter at an 880 nm wavelength. Queatibn is inside the contour in the United States (Michigamufe
achieved by calibration of the colorimeter with knowrl) by calculating the total length of traces in each region
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Figure 3.Daily averaged (line) turbidity at the Point Edward sampling station. Large dots-axisttere phosphorus sampling times,
demonstrating the sigoant number of events missed in the phosphorus sampling program.

Figure 4.Classication of resuspension events (2@D88). Large (dark lines), moderate (medium lines), and no (light lines) resuspension.
White space represents times with no usable images. Dots represent sampling times at Point Edward.

divided by the total length of all traces. To reduce noise imcluding AVHRR, Radarsat-2, Geostationary Operational and

these observations, we used 7-day moving averages. Environmental Satellites (GOESSs), Envisat, and the Moderate
Ice Coverage.We analyzed the daily ice concentration inResolution Imaging Spectroradiometer (MODIS), and are

the 30 km Michigan and Ontario nearshore zones in 2016utput on a 1.8 km grid.

2017, and 2018 to evaluate the potential for ice dampening of

resuspension events. We used a concentration threshold of RESULTS AND DISCUSSION

40%, above which we assumed ice wasestly present to Turbidity at Point Edward. Turbidity varied hourly, daily,
have an ect. Icg data were from the U.S. National Ice Centeéeasonally, and across the 3 years. While there were a few gaps
(NIC); U.S. National Ice Center: Naval Ice Centen\{.  in coverage, it is clear that large pealestig the passage of

natice.noaa.gov/products/great_lakes.haotessed 1/5/  suspended solids and likely particulate P, occurred in late
2020). The NIC produces daily gridded ice analysis chariginter, early spring, and late fall in 20igute 3. In 2018,

through a binational coordination with the Canadian Icghere were peaks in fall and early winter and almost none
Center. The charts are derived from a variety of data sourcdwpoughout much of the rest of the year. Peaks were more
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Figure 5.Signi cant wave heights (top) and estimated depth of bottoenice (bottom) for waves >1 m for 2016 for WIS station 93266 (gray)
and 93257 (black).

Figure 6.Comparison of turbidity at Point Edward (white line), large (white bars) and moderate (light gray bars) resuspension as determined from
satellite analysis, and depths at which waves at Station 93266 (dark gray bars) and 93257 (black bars) reach the bottom for 2016 (top) and 20
(bottom).

evenly distributed in 2017. By comparing turbidity with Fpositive relationship (TP = 8957 80.3 + 2.0,R = 0.32),
sampling times=(gure }, itis also clear that several sicamt and the observations are consistent with data spanning several
high-turbidity events were missed by the P monitoringrders of magnitude from nearshore stations at the north end
program, even in 2017 and 2018 when sampling frequengyour study area dPoint Clark, Ontarfd (Figure SB While

was biweekly. In addition to this temporal mismatch betwegfore observations spanning a wider range of conditions are

the passage of sediment-laden water and TP sampling, itis 3ls@qeq at point Edward, we assume this sediment is carrying a

passible that sediment-laden W‘”?‘tef passing insfusTareo bphosphorus burden similar to that observed along the Ontario
above, or below the sample intake point could also be

8

undetected. Using hypothetical scenarios, ScaVistetvekd nearshoré’ L -
that accounting for the additional TP from these events Ice_C(_)verage.Ice coverage was similar in Michigan and
requires only 35 events per year, each lasting days. Ontario in 2016 gnd 201Figure Sy I.n 2016, thgre were .16

Total Phosphorus. The relationship between turbidiy ( @nd 21 days with at least 40% ice cover in Ontario and
and total phosphorus in samples taken at the same time Michigan, respectively. In 2017, there were 17 and 12 days.
Point Edward was not statistically stgmit, likely due to the  There was substantially more coverage in 2018, with 66 days of
relatively narrow range of conditions. However, there wasn#ore than 40% coverage in Ontario and 36 days in Michigan.
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Figure 7.Modeled monthly mean surfacev for April (left) and October (right) 2016.

Figure 8.Percent of 15-day traces of water passing the Point Edward station that originated in the center (light gray), Ontario (dark gray), and
Michigan (black) regions.

Sediment Resuspension.Of the usable Ontario images, early spring, bottom impacts and potential resuspension could
72, 57, and 60% showed occurrences of moderate or lagur at a depth shallower than3®m, whereas, in summer,
sediment resuspension in 2016, 2017, and 2018, respectivpbtential resuspension depths were in thQ%n range.
These frequencies are similar to those reported for 2010 (64%imilar dynamics were observed in 2BGle Sp
and 2012 (54%) for the same regfofihe percentages for Because the depths of potential impact during the fall
large occurrences were 22, 38, and 41% for 2016, 2017, &mebugh early spring occur at depths in the Ontario nearshore
2018, respectively. While clouds substantially reduced tregion where satellite images show large resuspEigion (
number of usable images in winter and spring, it is clear th@t we attribute these events to wind-driven resuspension.
most of the moderate to large resuspension occurs th&esuspension was moderate or did not occur during summer
(Figure ¥, with far less occurring during summer in all 3 yearsvhen the waves were smaller and the depth of impact
Along the Michigan shore, there were 130, 99, and 82 usaBleallower. Most of the large resuspension events resulted in
images in 2016, 2017, and 2018, respectively, and of those,idéreased turbidity at Point Edward; however, 19% of the large
49, and 65% showed moderate resuspension. There were aaBuspension cases did not correspond to increased turbidity.
three cases of large resuspension across the 3 years, and fHareis likely due toow patterns as discussed below.
were far more images with no resuspension than in Ontario Transport to the St. Clair River.To in uence turbidity
(Figure Sp and phosphorus concentration at the Point Edward station, the

Wave Impacts. Waves at the two WIS stations were resuspended sediment has to be transported there. While Lake
generally higher in fall through early spring in 2016, and thduroris large-scale general circulation is counterclockwise with
depths at which the bottom irences the waves for waves ow southerly in Michigan and northerly in Ontaridpur
over 1 m were deepeFigure . Because the waves were higher-resolution model shows more commes (igure
generally smaller with shorter periods during summer, tH&). For example, monthly mean surface currents in April 2016
depths of bottom imence were shallower. In fall through are southerly in both Michigan and Ontario, whereas in
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Figure 9.Alignment of large resuspension events (vertical black bars), >40% ice cover (horizontal black bars), turbidity at Point Edward (white
line), and 15-day traces aBimgure &or 2016 (top), 2017 (middle), and 2018 (bottom). Note that there are periods of missing turbidity data and
periods of unusable images.

Figure 10 As inFigure 9with large and moderate resuspension in the Ontario region (upper) and moderate resuspension in the Michigan region
(lower). There were no large events in the Michigan region. Gray rectangles correspond to scenarios described in the text.

October there is a persistent clockwise gyreawvithortherly Timing of Resuspension, Currents, and Turbidity.

in Michigan and southerly in Ontarieégure 7J. Moderate resuspension did not increase turbidity in 2016 and
While this variability played out daily and seasonall@nly occasionally in 201Figure § however, there was a

patterns emerged from analysis of the 15-day traces of sol#t@ng relationship between elevated turbidity and large

water passing the Point Edward stiguie 3 With the resuspension. Large Ontario resuspension and elevated

exception of early winter 2016 and 2017, most of the watdyrbidity occurred primarily in fall, late winter, and early

passing the Point Edward site originates within the 30 m dep ring, although there likely was additional winter resuspension
contours. In 2016 and 2018, southeolys from Michigan when cloud cover prevented observation in satellite imagery

. . ; (e.g., January 2018). The lack of large resuspension between
tendgd o altgrnate witlows from Onta_lrlo n _faII and winter, January and March in 2016 and 2117 may also correspond to
consistent with the reported winter circulation pattetne

i ; : _ periods of greater than 40% ice cavigru(es @andS4. The
to the tendency for higher wind speeds during these per'o‘gﬁriods of increased turbidity and large resuspension in 2018

During the summer and into early fall, southenys in  that correspond to periods of greater than 40% ice cover (e.g.,
Ontario dominate across years, with variability driven byjd-January, early March) are a result of ice cover and
episodic wind conditions, noted by the spikes in Michigan-fa@suspension being present irrmint sections of the region
waters. (e.g.,Figure SB
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Increased turbidity coincided with Ontaonw (e.g., April These elevated turbidity events are often missed by sampling
2016, early October 2017, January 2018, October 2018), katt Point Edward; they are, however, captured by ECCC
also occurred when some of tbe was from Michigan (e.g., downstream, in the St. Clair River at Port Lambton, after the
late February 2016, March 201F)g(re 3, even though river has become well mixed. Inclusion and increased
there were very few instances of large resuspension on #taracterization of the Lake Huron sediment load would
Michigan shore, and those moderate events were generally jegsrove the total phosphorus loading estimates entering the
frequent and much smaller than on the Ontario shore. Becausgr. There is, in particular, a need to characterize the
Nicholl$® suggested that increased TP concentrations mig osphorus content of the sediments and its potential
be driven by ow along the Michigan shore of resuspendedioavailability.

Saginaw Bay sediment, we explored these relationships furtherimitations and Research Needs.Data from the

Comparing the timing of increased turbidity with monitoring program at Point Edward helped improve
resuspension events anows from both Ontario and estimates of the Lake Huron fFaand identify potentially
Michigan in 2016Rigure 1J} we observedve scenarios: important additional souréé4.Initial estimates of the Lake

(1) Increased turbidity at Point Edward was only observelfuron load based on that monitoring progfamere roughly
with large Ontario events. Most of the moderatethree times higher than earlier estinfates) subsequent
Michigan events co-occurred with large Ontario eventgnalysfs estimated that load to be 50% again higher due to

(2) In mid-April, there were large Ontario events, dae the missed high-turbidity events. However, EEC@Ggram

mostly from Ontario, and increased turbidity observed as d¢3|gned orlgmally todqrstand. the sources. an(_j
Point Edward. ynamics of chemical contaminants in the St. Clair River,

. _hot to estimate the P load from Lake Huron. To increase
(3) In mid-March and late-May, there were large Ontariq;on gence in that load estimate, it is important to assess the
events and moderate Michigan events, itmostly  gpatial and temporal variabilities of phosphorus concentrations
from Michigan, and relatively low turbidity, suggesting, the st. Clair River downstream of the Lake Huron outlet. A
that thg Ontario events did not impact Point Edward at,ore robust eort would integrate Canadian and U.S.
those times. sampling to ensure complete spatial coverage. Currently,
(4) During summer, there are only moderate events in botthere is less robust monitoring on the U.S. side of the St. Clair
regions, theow is mostly from Ontario, and turbidity River. If the sampling frequency required to capture the
remains low at Point Edward. episodic events is prohibitive, it should be possible to deploy

(5) In December, there are large Ontario events, but thgontinuous measurement of surrogates like turbidyhas
ow is from the central region of Lake Huron andbeen initiated on the Canadian side. In this way, the

turbidity remains low at Point Edward. relationship between turbidity and TP can be more fully
- . ) lored and th tial distributi f the load be bett
There were similar patterns in 2018 and 2Bl S gﬁgririeed.an © spatial distribution ot the foad can be betier

althou.gh in 2.017 there were periods of increased turbidity While the relationship we observed between TP concen-
associated with moderate resuspension. Taken together, tk}?

i . . Zffon and turbidity falls in line with those measured at
scenarios and thieipporting Informatidor the other 2 years  giavions at the north end of the Ontario portion of our region,
show that elevated turbidity occurred most often with lar

. . . Yhere is considerable scatter and more study is required to
resuspension along the Ontario shore at times whemtie assess this relationship. Further, there have been no estimates

from that region. That sediment load is driven by wave the bioavailability of resuspended sediment from this region
induced resuspension within 30 km from shore at depths f : 5 y P : . gion.
adie et al? suggested that sediment resuspension may

30 50 m (Figure §. Earlier studies in the Ontario nearsfiore mobilize biologically available phosphorus, and others have

showed that the imence of land runas small and restricted . . ted that ticulate P f tributari includ
to the shoreline fringe relative to the broader nearshore. whificated that particulate P from tributaries may include a
alibstantial bioavailable fractfol. However, much of it

that load may, over time, contribute to the sediment that ge . .
y g Id be refractorf>° and particulate P from shoreline

resuspended, it is unlikely to be the proximate cause of whaff3!'d b€ I : : o . 4G
detectped in the satellite i?lnagery. P erosion is likely mineral-derived with limited bioavailbility.

When the ow is from Michigan or down the center of the |t may be possible to assess the P content using archived
lake, little of that resuspended matediaks to the outlet as ~ S€diment from ECCE monitoring at Point Edward and to
monitored at Point Edward. When turbidity was high durin@SSess if this content has changed over time. A more detailed
modest Michigan resuspension, it most often occurred durif§Sessment of sediment characteristics would also allow_the
large Ontario events. This is consistent with the fact that trfeStimation of bottom shear stress thresholds for resuspension.
frequency and spatial extent of resuspension in Michigan werd here were many days for which we could not assess
considerably less than in Ontario. Even if there was sediment resuspension due to cloud interference with satellite
contribution from Michigan, it would not likely be detectedimages, and much of that occurred during winter when
at Point Edward because the river generally operates as parafigiitional resuspension events were likely. It is also important
streams of poorly mixed Michigan and Ontario watées)d ~ to note that the image classitions reect a wide geographic
elevated TP concentrations were not observed in the 9®verage, and the images have a 500 m pixel resolution,
measurements between 1998 and 2016 at a station along Wereas the sampling at Point Edward is at a discrete location
Michigan side of the river at Port Huréig(re ). It is also 100 m from shore and 15 m from the surface. As a result, there
worth noting that at typical depth-integrateds along the could be cases where resuspended sediment was transported
Michigan shore (0.0D0.03 m/s;Figure SR it would take inshore or oshore of the sampling point, as well as above or
55 160 days for resuspended Saginaw Bay sediment to rehelow it. In those cases, resuspended sediment should have
the St. Clair River, as hypothesized by NicHolls. produced higher turbidity and added to the load, but the
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