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Abstract

This study evaluated the effects of sediment resuspension and Microcystis

sediment populations on Harmful Algal Blooms (HABs) in Lake Erie. Within these HABs,

Microcystis is a prominent species of cyanobacteria that is capable of producing the

harmful hepatotoxin microcystin, when mcy genes are present. The annual occurrence

of HABs can lead to negative human health effects, harm wildlife, and disrupt access to

drinking water supplies. As a result, the ability to accurately predict, forecast, and

characterize these blooms is extremely important. Despite previous research, there has

been a knowledge gap regarding the magnitude in which resuspension impacts blooms

and whether there is a significant presence of sediment population of Microcystis

present. The differences between Microcystis populations in the water column and

sediment have also not been well understood. Through the use of hydrodynamic

modeling, sediment core collection, laboratory experiments, omics-based methods, and

statistical modeling, we have assessed sediment resuspension’s impact on HABs. Our

first objective consisted of hydrodynamic modeling to identify the strength and

frequency of total bottom stress. The second objective utilized laboratory experiments

with sediment cores to determine critical bottom stress for resuspension of Microcystis.

Samples taken during the sediment core experiments were analyzed in objective 3

using genomics to determine whether Microcystis genotypes in the blooms are the

same as those found on sediments. Finally, our forth objective combined hindcasts and

field observations to examine resuspension and phenology. We expect that our results

will be able to improve current models, contribute information to public databases, and

provide a basis for future research.
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Introduction

Harmful algal blooms (HABs) formed by planktonic cyanobacteria impact both

freshwater and marine systems worldwide (Calomeni et al., 2022; Anderson et al.,

2021; Paerl et al., 2016). Out of the 5 Great Lakes, Lake Erie is the shallowest and most

productive. Within Lake Erie, the western basin has been plagued with annually

occurring algal blooms that have threatened both ecosystem and public health for the

past twenty years (Steffen et al., 2014; Steffen et al., 2017). Two principal factors that

aid HAB formation are natural processes (river flow, circulation, and upwelling

relaxation) and nutrient loading (Sellner et al., 2003). Freshwater ecosystems are vital in

regulating Earth’s climate; however, they are threatened by several anthropogenic

activities such as release of sewage, industrial waste, agricultural runoff, and

nutrient-rich effluent deposition. Accelerated eutrophication, due to excessive inputs of

the limiting nutrients phosphorus and nitrogen, has resulted in global proliferation of

HABs caused by cyanobacteria (Steffen et al., 2014; Watson et al., 2016; Benayache et

al., 2019). Lake Erie experiences intense and recurrent blooms in coastal areas, such

as areas near the Sandusky and Maumee Rivers, due high nutrient availability and

shallow bathymetry (Carmichael & Boyer, 2016).

Within these blooms, Microcystis is a prominent species of cyanobacteria that is

capable of accumulating in high biomass concentrations towards the top of the water

column, due to its ability to regulate its buoyancy (Verspagen et al., 2004). This

accumulation of Microcystis is largely concerning due to its ability to produce the

harmful hepatotoxin microcystin, when mcy genes are present (Carmichael 1992;

Carmichael, 1994; Carmichael & Boyer, 2016). A large HAB was recorded in Lake Erie
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in 2011, during which Microcystin concentrations in the western basin ranged between

0.1 μg/L to 8.7 μg/L (WHO guideline limit for safe drinking water is 1μg/L), and was

attributed to increased precipitation, weak lake circulation, and farming practices

(Michalak et al., 2013). Similarly, in 2014 the city of Toledo issued a “do not drink” notice

and temporarily shut down the Toledo drinking water plant, after microcystin was

detected in treated drinking water above WHO permissible limits (Steffen et al., 2017).

The 2014 Toledo Water Crisis ultimately impacted access to fresh drinking water for

over half a million residents (Bullerjahn et al., 2016). The presence of microcystin in

Lake Erie also has harmful effects for the region's economy, as recreational use of the

lake becomes dangerous when the toxin is present. Given that Lake Erie supports more

than 11 million consumers and the industries dependent on the lake generate more than

$50 billion yearly, recurring HABs are a serious issue that need to be addressed

(Watson et al., 2016).

As a result, it is extremely important to be able to better understand and predict

both the short-term dynamics of HABs and the long-term response of the lake. The

Cooperative Institute for Great Lakes Research (CIGLR) and NOAA Great Lakes

Environmental Research Laboratory (GLERL) are responsible for monitoring Lake Erie’s

HABs and report out useful data, including toxin concentrations in the lake. Past

monitoring by CIGLR and GLERL, as well as other studies, has shown that there are

large populations of viable Microcystis on the lake sediment in Fall, Winter, and Spring

(Kitchens et al., 2018; Calomeni et al., 2022). In temperate regions the annual cycle of

Microcystis follows the pattern of overwintering in upper layers of the lake sediment,

resuspension in the water column in spring, bloom formation in summer, and settling
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back in the sediment in autumn (Kitchens et al., 2018). Although Microcystis abundance

decreases over winter, lab experiments found that these cells are viable at the end of

the overwintering period (Kitchens et al., 2018)

Further, past work has shown that the genotypes comprising the bloom in the

lake are different from those in the main tributaries (Kutovaya et al., 2012; Rinta-Kanto

2009; Davis et al., 2014; Kitchens et al., 2018). The Maumee river is considered a

source of essential nutrients that support blooms and potentially a source of the

cyanobacteria (Stow et al., 2015; Stumpf et al., 2012). A study by (Bridgeman et al.,

2012) found that Microcystis populations were observed first in the river and then in the

lake suggesting that the river is a probable source of lake Microcystis. However,

phylogenetic analysis of cyanobacterial samples from Maumee River and Lake Erie

revealed that Maumee River samples belonged to Planktothrix spp, while Lake Erie

samples predominantly belonged to Microcystis spp. (Kutovaya et al., 2012). Similarly,

samples from Sandusky Bay also belong to Planktothrix spp., which suggests that toxic

Microcystis spp. found within HABs may originate from Lake Erie sediments (Kutovaya

et al., 2012).

Past research has helped with better understanding the nature of Microcystis in

Lake Erie HABs, but there remains a knowledge gap in predicting when the bloom will

start each year, and in determining what causes Microcystis populations to move up into

the water column. Additionally, potential differences in the genotypes between

Microcystis populations in the water column and in the lake sediment are still somewhat

unclear. According to past monitoring data from CIGLR and NOAA-GLERL, it has been

observed that the western basin will go from exhibiting low biomass concentrations to a
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rapidly accelerating bloom sometime between the end of June and late July. Microcystis

possesses the ability to alter its buoyancy, so it has been thought that its movement up

into the water column is triggered by temperature and light intensity, thus enabling the

overwintering populations to reenter the water column and contribute to bloom formation

(Harke et al., 2016). However, a study by Mission and Latour (2011) suggests that the

introduction of overwintering Microcystis population in the water column is primarily due

to sediment resuspension.

Although Lake Erie experiences sediment resuspension on a regular basis, the

full impact of resuspension on the dynamics of HABs is also not well understood. The

western basin is the shallowest of the three Lake Erie basins, with an average depth of

less than eleven meters (Dusini et al., 2009). Reduction in water levels in Lake Erie

make it more susceptible to sediment resuspension because of small sediment size and

an increased fluid force (induced by wind waves and current) applied to the lakebed

also known as total bottom stress (Kang et al., 1982; Hunter et al., 1993; Dusini et al.,

2009). Through the use of hydrodynamic modeling, laboratory experiments, ‘omics

enabled methods, and statistical modeling, this study set out to evaluate the effects of

Microcystis resuspension on Lake Erie HABs.
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Objective 1: Hydrodynamic Modeling

Methods

FVCOM (Chen et al, 2003) and WAVEWATCH III (WW3DG 2019) unstructured

grid models were independently run for Lake Erie (no coupling) to produce hourly

simulated data over the span of three years (2017-19). WAVEWATCH III model was run

on the FVCOM grid using the same forcing as FVCOM. Interpolated meteorological

forcing was used for 2017-2018 runs, HRRR atmospheric model forcing was used for

2019 runs. Model outputs were validated against real time observations collected at

NOAA GLERL’s Reno Beach Station buoy. While FVCOM output already contains

current-induced bottom stress, wave-induced bottom stress has to be calculated from

basic WAVEWATCH III output variables before both stresses can be combined. In this

study, we focus on the May-October period when Microcystis blooms typically occur in

the western basin (sampling sites are shown on the map).

WAVEWATCH III (WW3)

Variables of interest located at nodes in the WAVEWATCH III (WW3) model

output were bottom wave orbital velocity , root mean squared of bottom(𝑢𝑏𝑜𝑡)

displacement amplitude zonal , root mean squared of bottom displacement(𝑢𝑎𝑏𝑟)

amplitude meridional , significant height (meters), max height (meters), period(𝑣𝑎𝑏𝑟)

(seconds), and direction (degrees). Modeled outputs of significant wave height,

maximum height, and period associated at the node number geographically closest to

the Reno Beach station buoy (Table 1.1), were compared to observations. Reno Beach
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station buoy wave observations were collected by NORTEC AWAC. Modeled bottom

displacement amplitude was derived from and using the below formula:(𝐴) 𝑢𝑎𝑏𝑟 𝑣𝑎𝑏𝑟

(1)𝐴 = 𝑢𝑎𝑏𝑟2 + 𝑣𝑎𝑏𝑟2

Wave Reynolds number ( ) characterizes a regime of turbulence in the near-bed𝑅𝑒

environment that is important for estimation of wave-induced bottom stress. Re was

calculated using the below formula where the viscosity of water is 10−6

(2)𝑅𝑒 = 𝐴 * 𝑢𝑏𝑜𝑡/𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 

A friction factor was calculated for both laminar , smooth turbulent(𝐹𝑤) (𝑅𝑒 < 104)

, and turbulent flow using the below formulas from Lin et(104 < 𝑅𝑒 < 105) (𝑅𝑒 > 105)

al. 2021

(3)𝐹𝑤
𝑙𝑎𝑚𝑖𝑛𝑎𝑟

= 2 * 𝑅𝑒−0.5

(4)𝐹𝑤
𝑠𝑚𝑜𝑜𝑡ℎ 𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡

= 0. 09 * 𝑅𝑒−0.2

(5)𝐹𝑤
𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡

= 𝑒𝑥𝑝⁡(− 6 + 5. 2 * 𝐴
𝐾𝑠( )−0.19

)

where . Wave induced bottom stress , was given by𝐾𝑠 = 440 𝑚𝑖𝑐𝑟𝑜𝑛𝑠 (𝑇𝑎𝑢
𝑤

)

(6)𝑇𝑎𝑢
𝑤

= 0. 5 * 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 * 𝐹𝑤 * 𝑢𝑏𝑜𝑡2

where the density of water is 1000 kg/m3.
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Analysis of Re in western basin during periods of study revealed that the near-bed

environment was either in the laminar or smooth turbulent regime, making the friction

factor (and wave-induced bottom stress) independent of grain size (Ks).

Table 1.1 Coordinates for study sites in the western basin of Lake Erie with associated node in the
FVCOM unstructured grid.

Site Longitude Latitude Node

Reno Beach -83.25 41.68 1136

WE2 -83.33 41.76 758

WE4 -83.2 41.83 374

WE6 -83.39 41.71 1209

WE8 -83.36 41.83 458

WE12 -83.26 41.7 976

Finite Volume Community Ocean Model (FVCOM)

FVCOM was used in this study to model bed stress magnitude from currents also

known as current-induced bottom stress . It is proportional to the bottom current(𝑇𝑎𝑢
𝑐
)

speed squared determined by

(7)𝐵𝑜𝑡𝑡𝑜𝑚 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑠𝑝𝑒𝑒𝑑 =  𝑢2 + 𝑣2

where is Eastward water velocity, and is Northward water velocity.(𝑢)  (𝑣)

Interpolation

Although the unstructured (triangular) grid for WW3 and FVCOM was the same,

modeled variables were defined at different locations within triangles. Bottom stresses
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in FVCOM were associated with elements (triangle centroids) while WW3 variables

were associated with nodes (triangle vertices). Therefore, current bottom stress and

bottom current speed from elements were spatially interpolated to nodes using the

Inverse Distance Weighting method (IDW)

(8)𝑧
^
(𝑥) = 𝑖

𝑛

∑𝑤
𝑖
𝑧

𝑖

𝑖

𝑛

∑(𝑤
𝑖
)

Once bed stress magnitude from currents was interpolated to nodes with corresponding

wave induced bottom stress, total bottom stress could be calculated by adding𝑇𝑎𝑢
𝑏( ) 

wave and current bottom stress together.

(9)𝑇𝑎𝑢
𝑏

= 𝑇𝑎𝑢
𝑤

+ 𝑇𝑎𝑢
𝑐

Turbidity observations taken from a YSI EXO2 Multiparameter Water Quality Sonde

were compared to total bottom stress values at each site for months May-October as it

is assumed that turbidity measurements would be correlated with bottom stress

(citation?). All analysis was performed in R version 4.2.2
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Results

Wave model validation

Figure 1.1. Time series of observed significant wave height (m) and wave period (sec) taken from
NORTEK AWAC deployed at Reno Beach station buoy, and WW3 modeled significant wave height and
wave period (red lines) in the year 2018, months May-October.

To test WW3 model robustness, simulated significant wave height (m) and wave

period (sec) were validated with observations in Lake Erie (Fig. 1.1). WW3 reproduced

significant wave height measurements with a root-mean-square-error (RMSE) of 0.15 m

and wave period measurements with an RMSE of 0.43 sec which was in agreement

with observations, but the model underestimated wave height during peak events.
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Figure 1.2. Time-series of calculations outlined in methods. Wave bottom stress (Pa) was derived from
WW3 simulated wave height (m). Bottom current speed (meters sec-1) and current bottom stress (Pa)
were simulated by FVCOM. Total bottom stress (pa) was calculated by adding wave bottom stress (pa)
derived from modeled WW3 measurements, and FVCOM simulated current bottom stress. Turbidity
(NTU) observations from a YSI EXO2 Multiparameter Water Quality Sonde deployed 0.5 mab were
plotted to validate the calculated total bottom stress.

Figure 1.2 illustrates the relationship between all modeled variables and

observations related to sediment and Microcystis resuspension in the water column.

Reno Beach was chosen to validate simulated wave (WW3) and current (FVCOM)

measurements, as this site had the most reliably accurate buoy observations for the

western basin. Time series composite plots also assisted in validating spatial

interpolation methods (IDW) for current-induced bottom stress from elements to nodes

in the FVCOM unstructured grid. Current bottom stress is also a function of bottom
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current speed, which was plotted in the second panel (Fig. 1.2). Variables agree

throughout the summer months (May-October), with wave-induced bottom stress having

a larger contribution to total bottom stress for the western basin.

Figure 1.3. Total bottom stress (Pa) calculated from hydrodynamic model output and turbidity
observations (NTU) hourly time series for Reno Beach, WE2, WE4, and WE8 sites for months
May-October and across years 2017-19. Sites WE6 and WE12 were lacking turbidity data and were not
shown.

Hourly time series for calculated total bottom stress (Pa) and observed turbidity

(NTU) generally agree for years 2017 and 2018, although there were more peaks in the

bottom stress time series than in turbidity observations. For the year 2017, both bottom

stress and turbidity varied seasonally, with pronounced peaks throughout May,
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September, and October. The end of July and beginning of August also showed a minor

peak for bottom stress and turbidity, although it was not as pronounced as in the Spring

and Fall months. In 2018, minor peaks for total bottom stress and turbidity were

observed throughout the Spring and Summer months, with a pronounced peak in

September and moderate peaks that continued through October. For the observed

period in 2019, total bottom stress and turbidity were less pronounced, with energy

being the highest in October.

Across sites, WE2 appeared to have significantly higher turbidity observations for

the year 2017, which could have been due to its closer proximity to the Maumee River

mouth but was in agreement with other sites in 2018. WE4, which was the furthest site

from the Maumee River mouth, had the lowest turbidity observations even during peak

months when other sites saw dramatic spikes, but was in fair agreement with all other

sites in 2018. Increased fluctuations in turbidity and gaps in hourly sensor observations

for 2019, made it difficult to compare turbidity across sites. Modeled total bottom stress

was in agreement for sites at Reno Beach, WE2, WE4, and WE8 during the observed

time period May-October and across all years (2017-19) (Fig. 1.3).
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Figure 1.4. Monthly averages of total bottom stress (pa) for the entire western basin of Lake Erie. Hourly
model outputs of calculated total bottom stress at each node were averaged for months May-October
across years 2017-19 with a white line representing 5m isobath. Color scale saturates at 0.2 Pa and
larger.

Monthly averages of total bottom stress at each node in the FVCOM grid were

calculated and represented spatially for the entire western basin of Lake Erie (Fig. 1.4).

Total bottom stress was highest in shallow water (<5 m), which included Maumee Bay

and the Detroit River mouth. Other shallow areas of the western basin with high bottom

stress averages were the southwestern shore and east of Pelee Island. Total bottom
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stress varied seasonally throughout the entire western basin, with more significant

values in May and September-October and annual variations (2019 was less energetic

than 2017 and 2018).

Critical shear factor

Upon receiving critical shear values needed for Microcystis (0.06 Pa) and bulk

sediment (0.07 Pa) resuspension, hourly animations for the western basin of Lake Erie

from May to October were generated to show only the areas that exceed these shear

values. As shown in Figure 1.5, although the critical shears needed for resuspension

are close in magnitude, there is still great variation in the spatial distribution of areas

exceeding these values. Additionally, although wave bottom stress dominates in the

western basin, current bottom stress can still cause resuspension during peak events;

which is demonstrated by the additional areas in red when comparing the top and

bottom panels.
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Figure 1.5. Calculated wave bottom stress (top panel) and total bottom stress (bottom panel) plotted for
the entire western basin of Lake Erie for May 1st, 2019, at 00 GMT. The left image displays all areas
where the bottom stress exceeds 0.06 Pa, while the right image displays stresses larger than 0.07 Pa.
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Objective 2: Laboratory Experiments

In this study, we perform experiments in the laboratory using sediment core

samples from western basin of Lake Erie to estimate the critical total bottom stress

(TBS, referred to as bottom stress henceforth) at which resuspension of cyanobacteria

(Microcystis) and sediment takes place in the water column. We hypothesized three

potential outcomes: 1) cyanobacteria would resuspend at a lower critical TBS compared

to the sediment, 2) cyanobacteria and sediment would resuspend at the same critical

TBS, and 3) sediment would resuspend at lower critical TBS as compared to

cyanobacteria.

Methods

Sediment Core Collection

We sampled sediment cores from five sites in Lake Erie (Figure 2.1). Samples

were collected on May 30, 2022 (WE2), July 7, 2022 (WE2, WE4, WE12), and July 12,

2022 (WE6, WE8) using an Ekman box corer with a 30 cm by 30 cm cross-sectional

area. We would then hand-core these experimental cores from within the Ekman box

corer and transfer to individual sediment core barrels (Anderson et al., 2021b).
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Figure 2.1. Sites where sediment cores were collected in Lake Erie.

Sediment Core Experiments

Sediment samples were allowed to settle overnight in sediment core barrels

(Figure 2.2). The design of the erosion measurement system (EROMES) used at

CIGLR follows that of Kalnejais et al (2007) and Tolhurst et al (2000). Our EROMES

was designed to work inside the sediment core barrels used at CIGLR (Anderson et al.,

2021b), which have an inside diameter of 14.6 cm. An acrylic baffle was placed inside

the core barrel and on top of the sediment. That baffle has an inside diameter of 132

mm and height of 100 mm. The inside of the baffle had strips of size 15.5mm by 3.35

mm affixed in a radial pattern at 60º increments with respect to the center.

Turbulence was applied to the water inside the baffle using an impeller coupled

to a stepper motor. The impeller was 76.2 mm diameter and made of stainless steel.

The impeller was mounted at the end of a stainless-steel shaft coupled to the stepper

motor. The stepper motor was attached to a vertical track such that the impeller can be
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lowered into position. The experiments and calibration were performed with the bottom

of the impeller 5 cm above the sediment surface.

Figure 2.2. Experimental setup of sediment core used to determine critical shear required for
resuspension.

The velocity of the impeller was increased stepwise every ten minutes starting

from 1 RPM to 125 RPM. We followed the EROMES calibration approach of Kalnejais et

al. (2006) whereby the RPM required to resuspend sand of different sizes is recorded

and converted to bottom stress using the Shields curve or parameterization (Soulsby &

Whitehouse, 1997). An optical backscatter probe (Ocean Insight) and a fluorometer

(BBE Moldaenke Fluoroprobe) were inserted in the water column to detect bulk

sediment and cyanobacterial resuspension. These instruments recorded continuous

observations. The experiment was repeated for all cores collected from sites mentioned

in Table 2.1.
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Table 2.1. Dates and sites of sediment core collection in western basin of Lake Erie.

Date of sample collection Site Replicates

May 30 2022 WE2 4

July 7 2022 WE2 4

July 7 2022 WE4 2

July 7 2022 WE 12 2

July 12 2022 WE 6 3

July 12 2022 WE 8 3

The optical backscatter probe recorded observations for 2048 backscatter

intensities between wavelengths 190 and 1020 nm. To determine resuspension, we

used an average of observations between wavelengths 540-550 nm. The fluorometer

measured continuous observations of concentration of cyanobacteria (μg/L), total

chlorophyll-a (μg/L), and beam transmission (%). We constructed time series plots of

backscatter intensity, transmission, and algal concentration to determine the trend at the

increasing bottom stress.

In order to determine the changepoint in backscatter intensity, transmission

percentage, and algal (cyanobacteria and total chlorophyll-a) concentration in the

cylinder we fit segmented regressions using a bayesian regression. We used the

changepoint in cyanobacterial concentrations to identify critical bottom stress for

Microcystis resuspension and the changepoint in beam transmission percentage to

identify critical shear stress for bulk sediment resuspension. The time at which the

changepoint occurred was mapped to the RPM of the impeller which was then equated

to bottom stress using results from the EROMES calibration experiment. We performed

the changepoint detection analyses in RStudio (4.2.2) using the brms package (Bürkner,

2018) and compiled segmented Bayesian regression models (Anderson et al., 2021)
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that were fit using a Hamiltonian Markov Chain Monte Carlo simulation in ‘stan’ (Stan

Development Team, 2020). Figure 2.3 represents a plot of regression with the fitted

terms.

Figure 2.3. Segmented Bayesian regression with fitted terms.

We used the posterior distributions to estimate the mean, standard errors, and

95% credible intervals. Four Markov chains and informative priors (Table 2.2) informed

each regression. After an initial period of 1000 warmup iterations, we sampled each

chain for 1000 iterations. We assessed model convergence using the Gelman-Rubin

statistic, R-hat <1.01.
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Table 2.2. Priors used to inform regression for the four response variables used to determine changepoint

Response Variable Intercept

Mean & SD

Slope1 (pre-

resuspension)

Slope 2

(resuspension)

Changepoint

Backscatter Intensity 9000, 3200 0,10 0,10 3000,1500

Cyanobacteria 1,1 0,10 0,10 3000,1500

Total Chlorophyll-a 7,5 0,10 0,10 3000,1500

Beam Transmission 85, 20 0, 1 0,1 3000,1500

SD: Standard Deviation

Often the backscatter probe showed excessive drift, and, in those cases, we

were not able to use the data to produce estimates of bulk sediment erosion. For some

cores with coarse sediment, we did not observe bulk sediment erosion across the range

of bottom stress used for the experiment. In those cases, we did not estimate the point

at which bulk sediment erosion began.

Results

We analyzed data for sediment cores collected across five sites over three

sampling events between May 30, 2022, and July 12, 2022 (Table 2.1). The aim of the

experiment was to identify critical bottom stress at which bulk sediment and

cyanobacterial resuspension takes place in the water column. We achieved this by

assessing the changepoint in beam transmission and cyanobacterial concentration in

the water column when subjected to increasing impeller speed. These changepoint

timing estimates (Table 2.3) were used to identify the corresponding impeller speed at

which it occurred, which was converted to bottom stress based on the EROMES
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calibration (Table 2.4). Figure 2.4 represents the trend of algal concentration and beam

transmission percentage at successive bottom stresses.

Table 2.3 Changepoint estimates identified for the three response variables using Bayesian regression

Date Site Replicate Cyanobacteria

Changepoint

(seconds)

Total Chlorophyll-a

Changepoint

(seconds)

Beam Transmission

Changepoint

(seconds)

May 30 WE2 C 2533 (2469 – 2600)# 2511 (2459 – 2563) 2428 (2396 – 2460)

WE2 D 688 (36 – 1746)* 1745 (1687 – 1797) 1547 (1513 – 1584)

WE2 E 1667 (1627 – 1711) 1653 (1620 – 1690) 1181 (1160 – 1202)

July 7 WE2 E 2406 (2361 – 2449) 2404 (2372 – 2433) 2378 (2368 – 2388)

WE2 F 584 (1 – 2114)* 1760 (479 – 2271)* 2460 (2441 – 2479)#

WE2 H 1568 (1470 – 1666) 2653 (2622 - 2682) 2522 (2504 – 2540)

WE4 B 2412 (2394 – 2433) 2524 (2502 – 2545) 2467 (2454 – 2479)

WE4 D 2297 (2234 – 2358)# 2388 (2325 – 2477)# 2583 (2556 – 2612)

WE12 G 2729 (2669 – 2779)# 2663 (2626 – 2694) 2488 (2472 – 2506)

WE12 H 3094 (3043 – 3149)# 2284 (3 – 3069)*# 2957 (2941 – 2974)

July 12 WE6 Aƚ 678 (645 – 711)* 478 (17 – 701)* 747 (37 – 5121)*

WE6 Cƚ 2881 (2763 – 2986) 2879 (2772 – 2972) 1140 (11 – 3170)*

WE6 Dƚ 2422 (628 – 6012)* 1891 (1409 – 2479) 1553 (76 – 3126)*

WE8 A 1499 (2 – 2355)* 603 (1 – 2359)* 66 (2 – 373)*^

WE8 Bƚ 155 (115 – 204) 124 (79 – 183) 155 (76 – 283)^

WE8 D 2624 (2528 – 2739) 2600 (2504 – 2694) 543 (73 – 1062)*^

Values in brackets represent 95% confidence intervals. * - Large confidence intervals suggesting the
model did not converge. # - Sigma r-hat greater than 1.01. ^ - Bulk sediment resuspension not observed,
changepoint estimate not valid. ƚ - Changepoint estimates not used in calculation of critical shear stress

The changepoint for total chlorophyll-a concentration occurred after beam

transmission (BT) changepoint seven times. For all May 30 samples for site WE2 total

chlorophyll-a (TC-A) changepoint occurred after beam transmission. However, for

samples from July 7 half the sample results suggested that changepoint for total

chlorophyll-a occurred before beam transmission while for the rest beam transmission
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changepoint took place before TC-A and there was no apparent trend across the

different sites.

We observed that seven times cyanobacterial resuspension occurred before bulk

sediment resuspension. Out of the three samples collected in May, two samples had

cyanobacterial resuspension before bulk sediment resuspension. While for samples

collected on July 7 out of seven samples, bulk sediment resuspension occurred before

cyanobacterial resuspension four times. Cyanobacterial resuspension occurred before

bulk sediment resuspension for site WE2 and WE12. For WE4 samples bulk sediment

resuspension was detected first. We did not observe bulk sediment erosion across the

range of shear stress for sample for July 12 and hence not use these samples in final

analysis. Across all the samples, the changepoint estimates for TC-A and BTP occurred

at similar time points while those for cyanobacterial concentration varied between

samples.

Table 2.4. Bottom Stress values established at different impeller RPM using EROMES calibration.

RPM Bottom Stress (Nm-2)

1 0.000697
10 0.006966
25 0.017415
50 0.034829
75 0.052244
100 0.069658
125 0.087073
150 0.104488

We identified the impeller speed at which these changepoints occurred and

translated the impeller speed to bottom stress using the EROMES calibration

experiment for all samples. Table 2.4 provides values for impeller RPM and the

corresponding bottom stress. The median shear stress value for cyanobacterial
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concentration was 0.060951 N m-2 and for TC-A and BT was found to be 0.069658 N

m-2 (Table 2.5).

Table 2.5. Critical bottom stress values at which resuspension occurred for the response variables.
Date Site Replicate Cyanobacteria

(Nm-2)
Total Chlorophyll-a
(Nm-2)

Beam Transmission
(Nm-2)

May 30 WE2 C 0.069658 0.069658 0.069658

WE2 D 0.017415 0.069658 0.052244

WE2 E 0.069658 0.069658 0.034829

July 7 WE2 E 0.069658 0.069658 0.069658

WE2 F 0.006966 0.034829 0.069658

WE2 H 0.034829 0.069658 0.069658

WE4 B 0.069658 0.069658 0.069658

WE4 D 0.052244 0.069658 0.069658

WE12 G 0.069658 0.069658 0.069658

WE12 H 0.087073 0.052244 0.069658

July 12 WE8 A 0.017415 0.006966 -

WE8 D 0.052244 0.052244 -

Median 0.060951 0.069658 0.069658
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Figure 2.4.Cyanobacteria and total chlorophyll-a concentrations, and beam transmission percentage
observed in water column over a series of increasing shear stress.
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Objective 3: Genomics

Through the use of genomics, objective 3 set out to determine whether the

Microcystis genotypes found in blooms are the same as those found on sediments.

Methods

Sediment Core Experiments

During the summer of 2022, sediment cores were collected from a variety of sites

within the western basin of Lake Erie on May 31st, 2022 and July 7th, 2022. These

sediment cores were assessed using in-lab experiments, described in detail within

Objective 2, where different rates of shear stress were used to observe how the

sediment cores with overlying lake water would show sediment and Microcystis

resuspension. The shear speeds tested included 0.000697 N m-2, 0.006966 N m-2,

0.017415 N m-2, 0.034829 N m-2, 0.052244 N m-2, 0.069658N m-2, 0.087073 N m-2, and

0.104488 N m-2. During the laboratory experiments, overlying water samples were

collected from each sediment core at each shear speed interval. The water was pulled

through clean tubing directly from the top of the sediment core, into a sterile syringe,

and measured out to 50 mL per sample. Using a vacuum manifold, the water was then

filtered through sterile 0.22 µm flat filters that were collected into cryotubes and stored

at -20°C for future DNA extraction.

DNA Extraction and Quantification

The DNA extractions were completed utilizing QIAgen DNeasy kits with

QIAshredder columns added. The standard protocol was modified from the QIAgen
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DNeasy Standard Operating Procedure #001 that was summarized from DNeasy

Handbook 07/2006. Three different phases were completed that included DNA

preparation disruption, capture and purification, and elution. During the preparation

disruption stage, 130 µL of master mix (100 µL Buffer ATL + 30 µL proteinase K) was

added to each sample tube containing a flat filter. Then samples were mixed by

vortexing for 10 seconds before adding 300 µL Buffer AL, then mixed by vortexing for

10 seconds again. Once the samples were well mixed, they were incubated in a shaking

dry bath for 60 minutes at 56°C, with shaking set to 300 RPM. The samples were mixed

every 15 minutes of incubation by quickly vortexing. After, all of the samples were

vortexed at maximum speed for 10 minutes then centrifuged for 30 seconds at 13.3K x

g. The lysate (including filter) was then transferred to a QIAshredder column using a

sterile pipet tip, flipping the filter so that biomass is most accessible. Finally all of the

samples were centrifuged for 30 seconds at 13.3K x g.

The next stage of extraction was for DNA capture and purification. After being

centrifuged, 300 µL of 100% Ethanol was added to the QIAshredder column’s

flowthrough then the sample was mixed by vortexing for 10 seconds. 500 µL of the

flowthrough lysate was then transferred into DNA minispin columns and centrifuged for

30 seconds at 13.3 K x g. Afterwards, the flowthrough was discarded, and then the prior

steps were repeated, until all lysate had passed through the column. The final

flowthrough was discarded along with the collection tube, and the DNA column was put

into a new collection tube. Next, 500 µL of Buffer AW1 was added to the DNA column,

then it centrifuged for 30 seconds at 13.3 K x g, with the flowthrough getting discarded

afterwards. Following that step, 500 µL of Buffer AW2 was added to the DNA spin
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column and centrifuged for 2 minutes at 13.3 K x g. The last part of this stage was

discarding the flowthrough and centrifuging the sample for 1 minute 13.3 K x g.

The final part of the DNA extractions was for DNA elution. First, the DNA spin

column was placed into a sterile 1.5mL centrifuge tube. Then 30 µL of Buffer AE was

added, and the sample was incubated at room temperature for 3 minutes, then

centrifuged for 1 minute at 8 K x g. The prior steps were repeated for a second 30 µL

elution. Finally, the DNA spin column was discarded and the 60 µL of extracted DNA is

kept in the centrifuge tube. After the extractions were completed, the processed

samples were carefully labeled and stored at -20°C. Quality checks were later

performed on the samples to ensure that the DNA extraction had produced enough

DNA concentration to be able to proceed with quantitative polymerase chain reaction.

The DNA concentrations were measured using standard protocol for both NanoVue and

Qubit Assay. The plots for analyzing the DNA concentrations were made in Microsoft

Excel.

Quantitative Polymerase Chain Reaction

Quantitative polymerase chain reaction (qPCR) was completed for the DNA

extractions from each sediment core collection site. The qPCR was completed using a

Phytoxigene™ CyanoDTec assay that consists of the 205-0050 Phytoxigene™

CyanoDTec Total Cyanobacteria; (16S rRNA) and Internal Amplification Control (IAC)

target kit, followed by a 205-0051 Phytoxigene™ CyanoDTec Toxin Gene;

microcystin/nodularin, cylindrospermopsin and saxitoxin kit, as well as a QuantStudio™

6 Flex Real-Time PCR System. The qPCR was able to detect and quantify the presence

of Total Cyanobacteria, as well as the presence of toxin producing genes. The Total
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Cyanobacteria 16s rRNA and IAC target assay was run first to ensure cyanobacteria

was detected and to test whether the DNA sample contained any inhibitors that would

have invalidated the qPCR going forward. After the Total Cyanobacteria was run, the

IAC was referenced in order to check for inhibition, with the ideal result being no

inhibition. Any samples that had results suggesting quality issues were rerun or

discarded. At this point, the 16S amplified all cyanobacteria, not just Microcystis, so the

toxin genes kit was used next to confirm whether microcystin was present in each of the

DNA samples.

In order to analyze the toxin genes, the Toxin Gene assay was conducted with

the second kit, which allows for Microcystis to be detected through the mcyE gene that

is associated with the microcystin synthetase gene operon that is responsible for the

potential to produce microcystin (Tillett et al., 2000). Although the Toxin Gene assay is

capable of detecting multiple toxins, we only analyzed the microcystin results because

the focus of our study is specifically on Microcystis. When analyzing the results from the

qPCR data, the total copies of 16S rRNA gene showing either Total Cyanobacteria or

Microcystin (mcyE gene) per mL of water sample were calculated by first taking the

copies per qPCR reaction (the volume from each reaction was 2.5µL) then calculating

how many copies were present per 1 µL. The total copies per 1 µL were then multiplied

by the DNA Extraction sample volume of 60µL. Since the samples came from 50 mL of

filtered lake water that is next taken into account by dividing by 50 mL to provide total

copies per mL of water sample. If a sample had a dilution factor associated with it from

the qPCR for quality control purposes that would next be multiplied to the total copies

per mL. The plots for qPCR data were made using RStudio. After the qPCR process
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was complete, the samples were submitted for metabarcode high throughput

sequencing.

High Throughput 16S rRNA Amplicon Sequencing

Our samples were sequenced, utilizing 16S rRNA so that we could further

confirm that Microcystis was present in the samples and learn more about potential

genetic variation in the samples. The amplicon libraries primers (forward

5’-GTGCCAGCMGCCGCGGTAA-3’ reverse 5’-GGACTACHVGGGTWTCTAAT-3’)

targeted the bacterial 16S V4 hypervariable region and were prepared using the dual

indexed NEXTflex 16S V4 2.0 Illumina compatible barcoded kit. Metabarcoded samples

were sequenced on Illumina’s Miseq using V2 version 500 cycle, 2 X 250 base pair

(bp), paired end reads. High throughput sequencing data obtained from Miseq was

processed using Quantitative Insights Into Microbial Ecology 2 (QIIME2) pipeline

commands, then forward and reverse primers were trimmed from all sequences. Next,

all low quality reads, with a quality score of less than 30 were removed. Forward and

reverse reads were ultimately truncated at 200 bp length because the quality scores

dropped below 30 after 200 bp.

After the trimming was completed, truncated forward and reverse reads were

merged. Merged reads were clustered into amplicon sequence variants (ASVs) based

on their similarity. The quality control, denoising, and merging of the reads was

performed using daad2 denoise paired command. A future table was also created which

included the number of reads per sample and number of unique ASVs. Taxonomy was

assigned to ASVs using a 16S V4 classifier that is generated using the SILVA database

SILVA_138.1_SSURef_NR99. Afterwards, Mitochondria, Chloroplast, Archaea,
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Eukaryota, and ambiguous_taxa were filtered out to keep only the bacteria. From the

future table, Microcystis ASVs and their relative abundance across all samples were

pooled separately. Percent relative abundance of the Microcystis ASVs per individual

sample was calculated using the total bacterial relative abundance of the same sample

and used for comparison between the samples. Additionally, Microcystis ASVs that were

identified in the sediment cores were compared with the Microcystis ASVs detected

within samples from the water column. The sequencing data for water column samples

came from NOAA-GLERL’s 2022 Lake Erie Weekly Field Sampling Data. The plots for

analyzing the sequencing data were made in Microsoft Excel.

Results

DNA Extraction and Quantification

The concentration of DNA from each DNA extraction was measured and

compared. The samples that were analyzed in June 2022 show variation within the

measured DNA concentration between the different cores from site WE02, but the DNA

concentration was relatively low (Figure 3.1). Overall, the NanoVue DNA Concentration

measurements ranged from 0-37 ng/µL, and the Qubit Assay DNA Concentration

measurements ranged from 0-4.46 ng/µL. Only Cores C and D showed reliable

detection of DNA, with Core D having a higher concentration (peaked at 33 ng/µL for

NanoVue during the 5th time interval at 0.052244 N m-2 shear speed and at 4.46 ng/µL

for Qubit Assay during the 8th time interval at 0.104488 N m-2 shear speed), until the

final two shear speed intervals, where Core C showed a spike in concentration (37

ng/µL NanoVue and 2.68 ng/µL Qubit Assay at 0.104488 N m-2 shear speed). Cores E
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and G did not show clear DNA concentration. Since there were only samples collected

from site WE02 during the early stage of the bloom, we were unable to assess the DNA

concentration at the other study sites for that time point.

The samples that were later collected in July 2022 also show variation in DNA

concentration between the different sites and cores (Figure 3.1). Compared to the

earlier samples, there was a greater concentration of DNA consistently found across the

July samples that spanned all 5 study sites. Overall, the NanoVue DNA Concentration

measurements ranged from 3-55.4 ng/µL, and the Qubit Assay DNA Concentration

measurements ranged from 1.19-8.92 ng/µL. While there was only the NanoVue DNA

concentration measured for WE02 Core E and WE06 Core C, the other July cores show

interesting trends between the NanoVue and Qubit Assay measurements of DNA

concentration. While site WE08 showed a relatively similar looking pattern between the

NanoVue and Qubit Assay DNA concentrations, the other cores showed different

patterns (Figure 3.1). Overall, there was enough DNA in most samples across all of the

cores and sites to justify proceeding with qPCR.
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Figure 3.1. DNA Concentrations Across Sediment
Core Samples. These plots show a comparison of the
DNA Concentrations measured for each sediment core
sample both in terms of NanoVue measurements and
Qubit Assay measurements.

Quantitative Polymerase Chain Reaction

From the qPCR, it was found that all sediment core samples tested showed

signals for the presence of cyanobacteria (Figure 3.2). Although there is low biomass

expected towards the start of the bloom, the signals from the cores analyzed in June

2022 show that there is Microystis with some toxins present at that time (Figure 3.3).

When looking at Figure 3.2, there was a range in Total Cyanobacteria of 1-12,502

copies/mL in June 2022 (Figure 3.2). In terms of the mcyE gene that is linked to
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microcystin production, there is a range of 0-4 copies/mL in June 2022 (Figure 3.3).

This means that although the water column had low biomass towards the start of the

bloom, there is still detectable Microcystis in the sediments, but some of the Microcystis

is likely non-toxic.

Later into the bloom, the cores analyzed in July 2022 show that there is an

overall increase in the amount of Total Cyanobacteria detected, along with the amount

of the mcyE gene detected. For the Total Cyanobacteria, July 2022 showed a range of

2449-471,807 copies/mL, which is much higher than the range from June 2022. The

mcyE gene had a detected range of 0-10,036 copies/mL, which also portrays an

increase from the June 2022 samples. However, since the low end of the mcyE is still 0

copies/mL, there are instances where no toxin strains are detected.

When comparing the overall trends between Total Cyanobacteria and the

presence of the mcyE gene, there is a lot more variability shown in the detection of the

mcyE gene over the course of the difference shear speeds from the sediment core

experiments (Figure 3.3). While some cores, such as those collected from site WE08 in

July 2022 show consistent patterns across both Total Cyanobacteria and mcyE gene,

many other cores show differences.
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Figure 3.2. Total Cyanobacteria Measured from 16S rRNA Gene Using qPCR. These plots show Total
Cyanobacteria detected in each sediment core over the different experimental time intervals. Total
Cyanobacteria was measured by taking the number of 16S rRNA gene copies per mL of sample.
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Figure 3.3. Microcystin Measured from mcyE Gene Using qPCR. These plots show the mcyE gene
detected across the sediment core samples over different speeds of shear stress. Microcystin was
measured by taking the amount of mcyE gene copies per mL of sample.
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High Throughput 16S rRNA Amplicon Sequencing

There were 13 unique Microcystis ASVs initially detected from the 16S rRNA

sequencing data associated with the sediment cores, but after the data was quality

checked to limit noise, only 3 were kept as valid ASVs for further analysis. The 3 ASVs

were named based on common nucleotide combinations identified. As seen in Figure

3.4, the 3 ASVs are labeled as ATC, CCG, and CTG+AGC. These ASVs were found to

be very dominant within the sediment, as they could be tracked across the sediment

cores. Most of the different sampling sites only showed 2 of the ASVs, CCG and

CTG+AGC. The third ASV, ATC, could be found in some of the sediment cores, as

shear speed was increased a few steps but was more rare overall.

In addition to variation in the presence of ASVs, there were also variations across

different sites, in the measured relative abundance of 16s rRNA from each individual

sample. The lowest relative abundance was observed during the early bloom samples

at site WE02, with all of the July samples showing higher abundance. However, within

the July samples, there was notable variation specifically between the cores from site

WE08 and the rest of the samples. The cores from site WE08 show much greater 16s

rRNA relative abundance.

After analyzing the sequencing data that came from the sediment cores, the

sequencing data from the water column was also analyzed to check for the same ASVs.

Based on the results from the weekly monitoring shown in Figure 3.5, the water column

shows clear evidence of the same ASVs from the sediment cores also being present in

the water column. Similar to the sediment core data, CCG and CTG+AGC were the

more common ASVs, with ATC occasionally appearing at the different study sites.
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Figure 3.4. Microcystis ASVs Across All Sediment Core Samples. These plots show the distribution of the
3 Microcystis ASVs for each core at each given time interval.

Figure 3.5. Microcystis ASVs from the Water Column over Time. This plot shows the presence of the
three identified ASVs across water column samples that were collected as a part of NOAA-GLERL’s
weekly Lake Erie HABS monitoring between May 2022 - October 2022.
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Objective 4: Statistical Modeling

In objective 4, we utilized statistical models to make predictions about

concentrations of cyanobacterial and algal biomass at various monitoring sites located

in western Lake Erie. Initially, we performed change point analysis on extracted

chlorophyll and dissolved microcystin to identify potential relationships between them

and environmental variables. Next, we implemented generalized linear models with

stepwise model selection to determine relevant environmental variables by analyzing

observational data. These variables included nutrient concentrations, river discharge,

surface water temperature, and wind speed. In the future, we plan to evaluate the

impact of sediment resuspension by comparing the performance of models that do and

do not include an index of resuspension (calculated from output from Objectives 1 and

2).

Methods

Data

For this objective, we used generalized linear models to predict cyanobacterial

and algal biomass concentrations by environmental variables. To accomplish this, we

collected several datasets, including physical, chemical, and biological water quality

monitoring data (NCEI, 2019), nutrient concentration data from the Maumee river

(National Center for Water Quality Research), Thro1h station buoy data (National Data

Buoy Center, 2021), Maumee river discharge data (USGS, 2022), and sediment

resuspension data from objective 1.



45

The physical, chemical, and biological water quality monitoring data were

collected each week or every other week from May to October since 2017 from nine

stations in West Lake Erie: WE2, WE4, WE6, WE8, WE12, WE13, WE15, and WE16.

This dataset includes important variables that measure the biomass of algae, such as

extracted chlorophyll, dissolved microcystin, and particulate microcystin.

The nutrient concentration data contains nutrient data of Maumee river such as

total phosphorus, soluble reactive phosphorus, nitrate, and nitrogen, and is collected

daily. The Thro1h station buoy data contains physical variables like wind speed, wind

direction, air temperature, and air pressure data of station Thro1h, and is collected

every six minutes. Finally, the Maumee river discharge data is collected every 30

minutes.

Change point analysis

Change point analysis is a statistical technique employed to detect changes in

the underlying characteristics of a given dataset. In this study, we conducted change

point analyses with varying time lags to determine the timing of bloom events and their

relationship with recent environmental conditions. We employed extracted chlorophyll

and dissolved microcystin as observational variables and identified the change points of

the concentration of these two variables from the sampling data. Subsequently, we

visualized the change points alongside the environmental variables. This allowed us to

investigate potential relationships between sudden changes in bloom events and other

environmental variables.
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Statistical modeling

Harmful algal blooms (HABs) are influenced by various environmental factors

such as sunlight, temperature, nutrients, salinity, wind and water currents (NOAA,

2019). High concentrations of nutrients, including nitrogen and phosphorus, can lead to

the overgrowth of algae and contribute to the development of HABs. Sources of these

nutrients can include agricultural runoff, sewage treatment plants, and stormwater runoff

(Paerl & Otten, 2013). Algae thrive in warm water, so warmer temperatures can also

promote the growth of HABs (Stumpf et al., 2012). High levels of light are required for

photosynthesis, which is why sunlight can also promote the growth of HABs. However,

strong water currents can help disperse algae and prevent the development of HABs

(Anderson et al., 2002).

To evaluate the role of sediment resuspension, we constructed generalized linear

models using stepwise model selection to identify relevant environmental variables from

available observational data. We included extracted chlorophyll and dissolved

microcystin as observational variables and tried various combinations of environmental

variables to minimize the AIC value of our models and determine statistically significant

variables. The environmental variables include total phosphorus, soluble reactive

phosphorus, Maumee river discharge, air temperature, air pressure, wind speed, etc.

It is worth noting that there can be time lags between the increase in nutrient

concentration and the occurrence of HABs (Urban et al., 2006). To account for these

potential time lags in the impact of environmental variables on our observational

variables, we introduced time lags ranging from day 0 to day 8 and applied smoothing

techniques to our model.
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Results

Change point analysis

We conducted change point analysis on the extracted chlorophyll and dissolved

microcystin data from 2017 to 2021 using binary segmentation. The observational

variables were averaged using the sampling data of WE2, WE4, WE6, WE8, and WE12.

Our analysis showed that the time of change points had a strong seasonal pattern.

Specifically, the concentration of extracted chlorophyll increased around Julian date 220

(early August), while the decrease occurred around Julian date 250 (early September).

This pattern was similar to the activity of the Maumee river, which also had similar

increases and decreases in the summer season.

Figure 4.1. Change point analysis of year 2017.

To identify potential relationships between the change points and environmental

variables, we plotted changepoints and environmental variables. Figure 4.2 is an

example of our visualizations. In the figure, the green lines represent the increase in

extracted chlorophyll, while the red lines represent the decrease. The y-axis represents

soluble reactive phosphorus, and the x-axis represents Julian date. The plot shows that
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the change points occur around Julian date 230 to 250, which coincides with a peak in

the concentration of soluble reactive phosphorus, albeit with time lags. This plot

suggests a potential relationship between soluble reactive phosphorus and the change

points of extracted chlorophyll.

Figure 4.2. Change points and soluble reactive phosphorus of year 2018.

Statistical modeling

Models for extracted chlorophyll

Aftering identifying the potential relationships between the change points and

environmental variables, we constructed generalized linear models to predict extracted

chlorophyll and dissolved microcystin, using stepwise model selection. The potential

variables we included in our models were suspended solids, Maumee river discharge,

Maumee river total phosphorus, soluble reactive phosphorus, total nitrogen, wind

direction, wind speed, gust speed, air temperature, and dew point temperature. To

improve the models' predictive capabilities, we created new smoothed variables and

implemented time lags of up to eight days to capture the time lags between the

variables and algae biomass.
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Our main objective was to find models that can accurately predict our

observational variables while also minimizing the Akaike Information Criterion (AIC). We

found six models that outperformed the others in our study. These models are detailed

in the appendix.

Model 1 (Figure A1) consisted of four variables: total phosphorus with a 1-day

time lag, smoothed air temperature with an 8-day time lag, gust speed with a 4-day time

lag, and wind direction with a 1-day time lag. Wind direction is a categorical variable

indicating whether the wind is west wind. The coefficients of these variables varied, with

total phosphorus and gust speed having positive coefficients, while wind direction and

air temperature had negative coefficients. Most of the variables were statistically

significant except gust speed, and the model had an AIC value of 2149.3.

Model 2 (Figure A2) used the same variables as Model 1 but replaced gust

speed with wind speed with a 4-day time lag, resulting in a slightly lower AIC value of

2149.2. Model 3 (Figure A3) introduced air pressure with a 4-day time lag based on

Model 1, with a positive coefficient and a slightly reduced AIC value of 2142.2. Model 4

(Figure A4) replaced total phosphorus of Model 1 with Maumee river discharge with a

1-day time lag, achieving the lowest AIC value of 2128.4.

Models for dissolved microcystin

Similar to models for extracted chlorophyll, after testing various models, we

selected five that showed superior performance compared to others. In Model 1 (Figure

A7), we achieved an impressive AIC value of -1291.2 by incorporating wind speed with

5-day time lags, air temperature with 7-day time lags, total kjeldahl nitrogen with 1-day



50

time lag, nitrate concentration with 7-day time lags, sulfate concentration with 7-day

time lags, total phosphorus with 6-day time lags, and air pressure with 1-day time lag.

Model 2 (Figure A8) includes gust speed with 5-day time lags, dew point

temperature with 7-day time lags, nitrate concentration with 7-day time lags, sulfate

concentration with 7-day time lags, total kjeldahl nitrogen with 3-day time lags, and total

phosphorus with 6-day time lags. Similarly, Model 3, 4, and 5 also exhibit comparable

AIC values by substituting some environmental variables of Model 1 and 2.

Discussion

The work conducted in objective 1 provided a total bottom stress output that can

be used as a predictor variable in future Bayesian hierarchical modeling to better

forecast HAB events. Additionally, the temporal and spatial variation of bottom stress

was further explained in the western basin of Lake Erie. These high bottom stress

values, and therefore resuspension events, tend to occur in areas of 5 meters or less in

depth. These areas are not only highly recreated, but are also near public water intake

sites that provide potable water to hundreds of thousands of residents.

Dredging takes place annually in the western basin to maintain access for deep

draft commercial navigation in designating shipping lanes. This requires the removal of

sediment to provide adequate depth (~28 feet) for the passage of container ships which

may affect sediment resuspension and turbidity observations. Although this objective

only calculated values of total bottom stress where sediment resuspension would most

likely occur, future work should take into consideration the effect of dredging on

sediment resuspension observations.
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Based on the EROMES calibration approach (Kalnejais et al. (2006) we identified

critical total bottom stress values (hereon referred to as bottom stress) required for

resuspension of cyanobacteria (Microcystis) in sediment core samples collected from

five sites in Lake Erie in May and July 2022. As mentioned earlier we proposed three

possible scenarios: 1) Cyanobacteria (Microcystis) in the sediment core would

resuspend at a lower TBS than the sediment. This would imply that cyanobacteria are

present in the upper layers of sediment and would readily resuspend when bottom

stress on the lakebed crosses the threshold value. 2) cyanobacteria and sediment at the

same critical total bottom stress, suggesting that cyanobacteria and sediment are

homogenized on the lakebed. 3) Sediment from the lakebed would resuspend at a lower

bottom stress compared to the cyanobacteria, indicating the cyanobacteria are present

beneath the sediment and can only resuspend after the initial erosion of the top

sediment layer.

Even though the five sampling sites represent a range of depths, different

substrate types, and depositional environments we did not observe a clear trend in the

changepoint estimates for both cyanobacteria and sediment across the sediment cores.

We collected sediment cores in late May and early July and did not see a clear trend in

change point estimates for samples collected at different sampling occasions. It is likely

that lakebed conditions during these periods are similar and sediment cores

representing different time points could give a better understanding of resuspension

trends.

We found that the median bottom stress required for resuspension of

cyanobacteria was 0.060951 N m-2 while resuspension of sediment was 0.069658 N m-2.
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This indicates that cyanobacteria possibly resuspend into the water column at a slightly

lower bottom stress as compared to the sediment. However, we did not quantify if this

difference in critical bottom stress value required for resuspension was significant.

Furthermore, we mapped changepoint estimates which were continuous onto discrete

intervals when the corresponding bottom stress was exerted, which would have resulted

in potential loss of information.

Using these critical bottom stress values and outputs of total bottom stress from

WW3 and FVCOM, it would be informative to identify how many times these thresholds

are crossed and further investigate if blooms of toxic Microcystis align with the total

bottom stress exceeding thresholds in Lake Erie.

The genomics work in this study allowed for ASVs unique to Microcystis to be

identified in both the sediments and the water column of Lake Erie, early-on and

midway through the algal bloom. Due to the variation in the presence of the ASVs, it

seems that different strains of Microcystis may appear in the water column as the shear

speed is increased. This is especially supported by the ATC ASV only appearing after

certain thresholds of shear speed were met (Figure 3.4). Since the shear speed seems

capable of potentially controlling which species of Microcystis would be resuspended,

sediment resuspension across the lake likely has an important impact on which

Microcystis genotypes are present.

Although our sediment core sampling was limited, the water column data from

NOAA-GLERL was collected for a majority of the bloom’s duration, which allowed for

the ASVs to be tracked over the rise, peak, and decline of the 2022 HAB. The water

column data from May and early June barely picked up any detectable Microcystis
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ASVs, but the results from our sediment core ASVs from that time suggest that

Microcystis found within the sediments was likely coming up into the water column later

into the summer season (Figure 3.2 and 3.3).

When looking at the cores from each site, the samples from site WE08 are

particularly interesting, as they seem to provide the most clear trends, compared to the

other sampling sites. Since the cores from WE08 were much higher in measured

relative abundance of the 16S rRNA gene for Total Cyanobacteria and the mcyE gene,

shown within the qPCR data, it seems to suggest that at that site in particular, the

Microcystis from the sediments is likely coming up in the water column. There seems to

still be similar trends at the other sites, but they are more challenging to confirm due to

lower concentrations of biomass detected.

In terms of taking toxicity of the bloom into account, the results from the qPCR

analysis allowed for the presence of microcystin to be detected across multiple

samples, which helped to confirm that there are some toxic strains of Microcystis in both

the sediments and the water column. Due to some qPCR results showing 0 copies/mL

even when Total Cyanobacteria and Microcystis ASVs were detected, there also is

potential evidence of non-toxic strains also being present (Figure 3.3). However, we

have not fully isolated the ASVs, so we are unable to pinpoint which are linked to toxic

strains compared to non-toxic strains, since the 16S rRNA data alone does not provide

that level of detail. Future work may help to further investigate this.

Overall there may be multiple reasons that there is variation between the

genomics data collected from different sites and cores. Irregular patterns could be

related to the fact that the different sites had sand grains of different sizes. There is also
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the potential for matchiness in the data. This is because if there were Microcystis

colonies significantly smaller or larger compared to others in the sample, the data could

be skewed.

In this study, we also utilized statistical models to predict the concentrations of

cyanobacterial and algal biomass at various monitoring sites in western Lake Erie.

Firstly, we conducted a change point analysis on chlorophyll and dissolved microcystin

data to identify potential relationships between these variables and environmental

factors. We found that there was a strong seasonal pattern in the change points, with

increases in extracted chlorophyll occurring around early August and decreases

occurring in early September.

To determine the relevant environmental variables, we used generalized linear

models with stepwise model selection. We built two series of generalized linear models

to predict extracted chlorophyll and dissolved microcystin, which had high model

performance. In the models, we identified environmental variables that were significant

predictors of cyanobacterial and algal biomass concentrations in our study sites.

In the future, to assess the impact of sediment resuspension and Microcystis

sediment populations on harmful algal blooms (HABs) in Lake Erie, we will incorporate

the resuspension index obtained from objectives 1 and 2 into our models, and compare

the performance of models with and without an index of resuspension.



55

Conclusion

Overall, this study provides further knowledge towards the effects that

Microcystis resuspension has on Lake Erie HABs. The hydrodynamic modeling

completed in Objective 1 provided spatial and temporal measurements of total bottom

stress that relates to sediment resuspension. This knowledge is especially important

when Microcystis has been shown to overwinter in the sediment layer and therefore,

may better predict future HAB events. From Objective 2’s laboratory experiments, we

determined critical bottom stress values at which cyanobacteria and sediment

resuspended in the water column and found that cyanobacteria resuspend at a slightly

lower bottom stress compared to the sediment. The genomics work completed in

Objective 3 supports that Microcystis found in the sediments is consistent with the

Microcystis later found within the water column during blooms. Statistical modeling from

objective 4 identifies the environmental variables that affect the concentrations of

cyanobacterial and algal biomass in Lake Erie. Additionally, the models will include the

resuspension index to investigate the impact of Microcystis resuspension on HABs in

the lake in the future.
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Appendix

Figure A1 Model 1 for extracted chlorophyll

Figure A2 Model 2 for extracted chlorophyll
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Figure A3 Model 3 for extracted chlorophyll

Figure A4 Model 4 for extracted chlorophyll
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Figure A5 Model 5 for extracted chlorophyll

Figure A6 Model 6 for extracted chlorophyll



59

Figure A7 Model 1 for dissolved microcystin

Figure A8 Model 2 for dissolved microcystin
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Figure A9 Model 3 for dissolved microcystin

Figure A10 Model 4 for dissolved microcystin
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Figure A11 Model 5 for dissolved microcystin
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Figure A12. Changepoint estimates for cyanobacteria, total chlorophyll-a, and beam transmission in
sediment cores across the five sampling sites collected in May and July 2022
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