
 
 

 

 

 

 

The Fate and Bioavailability of Resuspended 

Phosphorus in Lake Erie’s Western Basin 
 

 

Connor Gluck 

 

 

 

 

 

 

 

 

 

 

 

 

A thesis submitted in partial fulfillment for the degree of Master of Science at the University of 

Michigan, School for Environment and Sustainability 

 

 

 

Thesis Committee:  

Dr. Casey Godwin, Primary Advisor 

Dr. Allen Burton 



 
 



i 
 

Abstract 
 Lake Erie regularly experiences harmful algal blooms (HABs) that occur as a result of 

eutrophication from excess phosphorus (P) inputs. Due to this history of eutrophication, there is a 

large pool of P in the sediment of Lake Erie. Given the lake’s shallow western basin, and large 

fetch, this sediment P is regularly physically mixed into the water column. In other shallow 

lakes, this resuspended P is a source of bioavailable P (BAP) and contributes to primary 

production in the water column. However, the fate and bioavailability of this mechanically 

resuspended sediment P in Lake Erie has not previously been quantified. To investigate this, I 

took sediment cores harvested from Lake Erie’s western basin and increased the shear stress to 

resuspend sediment into the water column. I then took this resuspended water and diluted it with 

overlying lake water to simulate in-lake dilution of suspended sediment. The water was mixed 

for 48 hours in darkness while I took samples for nine functional fractions of P at regular 

intervals. Additionally, I investigated if small changes in pH affect the release of bioavailable P 

from the sediment by artificially lowering the pH of the overlying water prior to adding the 

resuspended water in duplicate units. I found that the majority of resuspended phosphorus is in 

particulate forms, and that a smaller percentage of these forms is bioavailable than in the 

Maumee River. Additionally, I found that total concentrations of P forms were stable over 48 

hours regardless of the sediment resuspension, suggesting that sorption-desorption processes do 

not play a large role in changing the net bioavailability of P. I estimated that a mild resuspension 

event could result in a release of 2.782-8.381 mg/m2 of DRP, which would not be removed from 

the water column by sorption processes. This is larger than the daily release in the western basin 

from diffusive fluxes and represents an estimated 15.21% of DRP in the water column. These 

findings are important for determining how sediment resuspension may affect BAP in the water 

column, and their potential contributions to primary production in the western basin.  



ii 
 

Acknowledgments 
I would like to thank my thesis advisor, Dr. Casey Godwin, for his support and encouragement; 

for the countless hours of his time dedicated to assisting me and this project; and for taking me 

on as a thesis student after I emailed him out of the blue. I would also like to thank Dr. Allen 

Burton for serving on my committee and for his insights and expertise on my project. I would 

also like Kelly McCabe, Biogeochemistry Laboratory Analyst at the Cooperative Institute for 

Great Lakes Research (CIGLR), for all of her work and time spent helping process and measure 

my hundreds of samples. Thank you as well to Christine Kitchens, Research Lab Specialist at 

CIGLR, for her assistance and participation in the resuspension experiment. Finally, thank you to 

my family, fiancé, and friends for all of their support throughout my graduate degree program.  

  



iii 
 

Table of Contents 

Abstract .......................................................................................................................................................... i 

Acknowledgments ......................................................................................................................................... ii 

Table of Contents ......................................................................................................................................... iii 

Acronyms ..................................................................................................................................................... iv 

Introduction ............................................................................................................................................... - 1 - 

Methods .................................................................................................................................................... - 4 - 

Core Collection ..................................................................................................................................... - 4 - 

Resuspension and Mixing Experiment ................................................................................................. - 6 - 

Phosphorus Analysis ............................................................................................................................. - 9 - 

Statistical Analysis .............................................................................................................................. - 11 - 

Results and Discussion ........................................................................................................................... - 12 - 

Magnitude and Proportion of Resuspended Phosphorus .................................................................... - 12 - 

Transformation of Resuspended Phosphorus ...................................................................................... - 16 - 

Effects of Environmental Conditions on P Transformation ................................................................ - 18 - 

Estimated DRP Release and Water Column Contribution .................................................................. - 21 - 

Implications and Further Investigation ............................................................................................... - 22 - 

References ............................................................................................................................................... - 23 - 

 

  



iv 
 

Acronyms 
BAP Bioavailable phosphorus 

DAHP Dissolved acid-hydrolyzable phosphorus 

DAPI 4',6-diamidino-2-phenylindole 

DRP Dissolved reactive phosphorus 

EPC Equilibrium phosphorus concentration 

EPIP Exchangeable particulate inorganic phosphorus 

ER Evidence ratio 

GLWQA Great Lakes Water Quality Agreement 

HAB Harmful algal bloom 

IJC International Joint Commission 

P Phosphorus 

PAHP Particulate acid-hydrolyzable phosphorus 

SRE Sediment resuspension event 

SRP Soluble reactive phosphorus 

TDP Total dissolved phosphorus 

TP Total phosphorus 

TPP Total particulate phosphorus 

TSI Trophic State Index 

TSS Total suspended solids 

VSS Volatile suspended solids 

 

 



- 1 - 
 

Introduction 
Globally, eutrophication is one of the primary stressors on water and habitat quality in 

marine and freshwater systems (Istvanovics 2010; Smith 2003). In phosphorus (P) limited 

systems excessive input of P can lead to eutrophication, hypoxia, and harmful algal blooms 

(HABs) (Istvanovics 2010). In the mid-20th century, Lake Erie experienced frequent HABs due 

to an excessive influx of phosphorus from point and nonpoint sources, severely degrading the 

water quality of the lake (Depinto et al. 1981). The frequent algal blooms and decline in water 

quality led to the passage of the Great Lakes Water Quality Agreement (GLWQA), that set 

targets on the annual total phosphorus load into Lake Erie. However, despite a decrease in algal 

bloom severity and improved water quality following the passage of the GLWQA and other 

changes, HABs have increased in severity since the late 1990s and early 2000s (Watson et al. 

2016). HABs, including those in Lake Erie, are projected to become even more severe due to 

global climate change, which will increase temperatures, increase precipitation and runoff, and 

alter the pH within the Great Lakes (Gobler 2020; Phillips et al. 2015).  

Predicting the intensity or distribution of HABs based on environmental conditions such 

as nutrient availability is a priority for both forecasting and predicting responses to current or 

changing management scenarios. Models predicting HABs based on bioavailable P (BAP) loads 

are better predictors of bloom biomass than those based solely on total phosphorus (TP) loads 

(Stumpf et al. 2016; Bertani et al. 2016). The proportion of BAP is critical in the development of 

HABs because it is more readily accessible by phytoplankton (Logan et al. 1979). The BAP load 

is not always correlated with TP loads across space or time (Baker et al. 2014). In Lake Erie, 

there may be an increased sensitivity to P loads, particularly the bioavailable loads (Bertani et al. 

2016). The importance of BAP has been seen in practice in Lake Erie, as lower DRP loads in 

2019 due to less agricultural application in a watershed led to a smaller than predicted HAB that 

year (Guo et al. 2021). Although monitoring watershed inputs of total and bioavailable P is 

useful for seasonal forecasts and long-term management, there is also a need to understand how 

P is transformed and processed once in the lake.   

In lakes with long histories of P eutrophication, excess P from tributary input of particles 

or from primary producers will settle and create a large pool of nutrients in the sediment 

(Sonzogni et al. 1982; Orihe et al. 2017). This sediment pool of P may contribute to HAB 

formation and reduce the efficacy of external load reductions (Orihe et al. 2017; Welch & Cooke 
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2005; Ho & Michalak 2017). Once in the sediment, P can either be permanently immobilized, or 

recycled into the water column through a set of distinct processes collectively known as internal 

P loading (Søndergaard et al. 2001). Internal P loading consists of all physical, chemical, and 

biological processes which mobilize and transport P from the benthic environment to the 

overlying water column (Orihe et al. 2017). Sediment anoxia can lead to release of sorbed SRP 

to the overlying water (Anderson et al. 2021; Matisoff et al. 2016). There is evidence that 

sediment P meaningfully contributes to P concentrations in the water column in the western 

(Elsbury et al. 2009) and especially central basins of Lake Erie (Anderson et al. 2021; Nürnberg 

et al. 2019). It is unlikely that this internal P loading alone can trigger an algal bloom, but rather 

has potential to intensify or sustain HABs (Ho & Michalak 2017; Matisoff et al. 2016). 

Additionally, this diffusive process requires stable stratification of the water column which is not 

typical of the shallow western basin where HABs typically occur. P can also move from the 

sediment to the water via mechanical resuspension (Søndergaard et al. 2001) which can involve 

sorption-desorption processes and other biogeochemical transformations.  

Sediment resuspension events (SREs) have been shown to result in much larger increases 

in BAP than diffusive fluxes in several small systems (Kristensen et al. 1992; Dapeng et al. 

2011; Niemisto et al. 2011), but the relative bioavailability of that resuspended P has not been 

characterized in Lake Erie. Given the substantial differences between Erie and smaller lakes, 

those published results might not be directly applicable, but demonstrate SRE as a potential 

source for BAP. In Lake Michigan, a recurrent coastal sediment plume is a key driver of spring 

primary productivity in the southern nearshore of the lake (Lohrenz et al. 2004; Johengen et al. 

2008; Vanderploeg et al. 2007). The western basin of Lake Erie is shallow with a large fetch 

which allows for the build-up of more energy to create larger waves and resuspend large 

sediment loads (Kang et al. 1982; Lick et al. 1994). This is substantiated by the estimated 

proportion of suspended matter in the water column that originates from the benthic layer in 

Lake Erie, which ranges from 83-94% in the nearshore and 62-75% in the offshore region, 

indicating a role for resuspended material in the water column (Matisoff and Carson 2014). Still, 

there is a knowledge gap about the potential contribution of physically resuspended P to BAP in 

the water column, which may support primary production. 

Once sediment phosphorus is resuspended, little is known about its fate or how the 

relative bioavailability may change in Lake Erie. The release of BAP from the sediment during 
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SRE is not dependent solely on the shear stress on the sediment, but also on the environmental 

conditions of the water column (Søndergaard et al. 1992). Variation in sediment composition, 

water temperature, redox conditions, and pH all influence the equilibrium P concentration (EPC) 

which influences the release of BAP from sediment during resuspension (Gibbons & Bridgeman 

2020; Koski-Vähälä et al. 2000; Katsev et al. 2006, Mayer & Jarrell 2000). BAP concentrations 

could increase or decrease over time following the initial resuspension depending on the 

conditions in the lake (Niemisto et al. 2011; Wang et al. 2022). King et al 2022 found that less 

suspended sediment in the Maumee River led to an increase in BAP transported to Lake Erie, 

because the lack of sediment provided fewer sorption sites for the BAP. This suggests an 

increase in suspended sediment could be a sink for suspended phosphorus. The concentrations in 

BAP also could increase over time as more P may be released with prolonged exposure to a 

turbulent water column with a different EPC than the sediment. The net effect of these processes 

could vary seasonally within the lake, with SRE being a source or a sink for BAP with changes 

in temperature or other environmental conditions (Huang et al. 2018) 

Changes in pH can have significant influence on the release of P through diffusive flux 

and resuspension (Jacoby et al. 1982; Koski-Vähälä et al. 2000). Freshwater that is more basic 

(>9 pH) and more acidic (<5 pH) both lead to significant increases in the P release from 

sediment during resuspension (Koski-Vähälä et al. 2000). At high pH conditions (which can 

occur in later summer months due to CO2 uptake by algal blooms) the intensified P release is 

believed to be due to an increase in competition between hydroxide and phosphate ions for 

sorption sites (Koski-Vähälä et al. 2000; Niemisto et al. 2011). Under more acidic conditions, 

aluminum and iron bound P, and authigenic calcium P may dissolve and form a more 

bioavailable weakly adsorbed P (Ge et al. 2017). Koski-Vähälä et al investigated how large 

changes in pH affected P release, while Ge al. 2017 demonstrated that smaller changes in pH, 

such as those from climate change induced acidification, can also lead to increases in BAP 

release. It is unclear if the expected drop in pH from acidification for the Great Lakes (0.3-0.4 

pH units, Rowe et al. 2020) is significant enough to impact sorption of P in relation to SRE loads 

in Lake Erie given the differences in sediment characteristics. However, natural and 

anthropogenic drivers other than climate change influence the pH in the lakes, so the relationship 

between BAP flux during SRE and small changes in pH requires study (Geller and Schultze 

2009).  
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In this study I investigate the effects of site, season, and pH on the fractionation and fate 

of physically resuspended BAP. The four primary questions driving this research are:  1) What is 

the release of P from the sediment during sediment resuspension events in the western basin? 2) 

What is the relative bioavailability of P that is resuspended during SRE? 3) Does relative 

bioavailability of resuspended P change over time while in the water column? and 4) how do 

environmental conditions affect the bioavailability and fate of the resuspended P? I hypothesized 

that relative bioavailability of P decreases following resuspension due to sorption of DRP to 

suspended material. Additionally, I hypothesized that decreases in pH will lead to a relative 

increase in DRP concentrations over time. Results from my experiment provide an insight on the 

relative bioavailability of P resuspended in Lake Erie’s western basin and the potential for SRE 

to contribute to HABs in the shallow eutrophic basin.  

Methods 
Core Collection 

Lake Erie’s western basin is the shallowest of the three basins with a mean depth of 7.4 

meters. I collected sediment cores at sites WE2 and WE12 (figure 1) that correspond to long-

term routine monitoring by NOAA GLERL and CIGLR (NCEI, www.ncei.noaa.gov). Two cores 

were harvested and used for each site. Multiple sites were chosen to evaluate variation in 

resuspension from different substrate characteristics and sediment deposition environments. Each 

site had a depth of 6 meters. WE2 is nearer the mouth of the Maumee River and has a soft, 

muddy sediment substrate. WE12 is closer to the shore and has a coarse substrate texture and a 

larger population of Dreissenid mussels on the substrate. Coring was performed on May 31 at 

WE2 and on July 7 at WE2 and WE12. Multiple coring dates were used to account for seasonal 

variation in the P fractionation of the sediment. Coring on May 31 occurred prior to the 

formation of an algal bloom and coring on July 7 occurred while a bloom was already occurring. 
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Figure 1: Map of coring sites for study.  

 

Cores from WE2 were harvested using a gravity box corer to obtain an undisturbed 

benthic sediment and overlying water from the sites. To acquire a sample from locations (WE12) 

that could not be penetrated with the box corer, I used a Ponar grab to collect sediments. The 

Ponar jaws were opened slowly with the bottom of the grab resting on a petri dish with an 

outside diameter equal to the inside diameter of the core barrel (dish height 3 cm). The core 

barrel was then immediately pressed down onto the contents of the Ponar and the dish, then 

sealed as for the regular coring procedure. Given that the sites requiring the Ponar approach had 

more consolidated sediments with larger gravel and mussel shells, this approach satisfactorily 

retained the soft surface sediments and vertical layering of the material. Experimental cores were 

collected using polycarbonate cylindrical cores (length 30.5 cm, internal diameter 14.6 cm). One 

experimental core was collected from each box core. At least two cores were harvested from 

each site during each trip. I also collected overlying water from each site for use as a control and 

for dilution in the experiment. Cores and water were stored in coolers for transport and incubated 

in a darkened controlled climate room at lake temperature for at least 12 hours to allow for 

resettling of any disturbed particles before beginning the experiment.  
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Resuspension and Mixing Experiment 
The resuspension experiment was modified from the technique used by Kalnejais et al 

2007. For each core, a 76.2 mm diameter stainless steel impeller controlled by a stepper motor 

was suspended 5 cm above the surface water interface. The impeller was mounted at the end of a 

stainless-steel shaft coupled to a stepper motor. An acrylic baffle (figure 2) with an internal 

diameter of 13.2 cm and height of 10.0 cm was slowly lowered into the core, which prevented 

the formation of a vortex during the impeller rotation. The inside of the baffle has size strips of 

15.5mm by 3.35 mm affixed in a radial pattern at 60º increments with respect to the center. The 

rotation rate of the impeller was increased at increments of 25 rpm every 8 minutes until bulk 

sediment resuspension was observed (by 150 rpm), where it was held for 8 minutes prior to 

sampling (equivalent to 0.104488 Pa shear stress). A separate calibration was performed to 

convert the rotation rate of the impeller to shear stress using the Shields curve or 

parameterization (Soulsby and Whitehouse 1997; Kalnejais et al. 2007). The water containing 

the resuspended sediment was removed by siphon and immediately sampled or mixed with lake 

water to mimic resuspension in the water column. Water from two experimental cores for each 

site was used for further treatment and sampling. I took samples of the resuspended water for 

total phosphorus (TP), total particulate phosphorus (TPP), and soluble reactive phosphorus 

(SRP). These samples were taken for each individual core and from the combined resuspended 

water from both cores.  
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Figure 2: Example set up of experimental core with baffle and impeller in place.  

 

Resuspended water (500 mL) was added to 7.5 L of overlying water to simulate mixing 

of the resuspended sediment across the entire 6 m deep water column. I then sampled this water 

for all 9 functional P fractions (described below in Phosphorus Analysis). This water was then 

divided into two clear round 4 L Nalgene® bottles used as duplicate experimental units. 

Additionally, 4 L of overlying water from the site containing no resuspended sediment was added 

to a separate 4 L bottle for use as a control. This process was repeated using overlying water with 

the pH artificially lowered by 0.3 pH units. The pH of the site water was measured using a pH 

meter, and then hydrochloric acid was added incrementally to 12 L of site water until the desired 

drop in pH was achieved. This artificially acidified overlying water was then split and used for 

control and experimental units as described above. A breakdown of the experimental units and 

experimental design is shown in figure 3. This process was repeated using two cores from each 

site for each sampling date.  
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Each bottle was inverted 4 times to ensure complete mixing and placed horizontally on 

roller racks rotating the bottles at 4 rpm for a period of 48 hours. The roller racks were kept in 

darkness in a climate-controlled room to minimize the effects of photosynthesis and 

phytoplankton uptake on changes in P bioavailability. Temperature was maintained at 18.5 °C for 

the May experiment and 24.0 °C for the July experiments, corresponding with the temperature of 

the bottom waters at the time of coring. Samples were taken from each experimental unit prior to 

being placed on the roller racks, and then 1, 6, 12, 24, and 48 hours after the start of the 

experiment. Bottles were inverted 4 times at each sampling period to ensure complete mixing. 

Samples were taken from one experimental unit at a time, with the order of experimental unit 

sampling and the order of P fraction sampled for randomized. I collected samples using a 50 mL 

syringe and a syringe filter holder. Samples were processed immediately after collection using 

0.7 um Whatman glass fiber filters. Particulate fractions were collected on the filters, which were 

frozen at -20 °C until analysis. Samples were analyzed within 6 months of collection. Dissolved 

fractions are defined as those that passed through the 0.7 um glass fiber filter. I collected these 

fractions in polypropylene centrifuge tubes which were then also frozen at -20 °C until analysis. 

Following sampling, water in the 4 L experimental unit bottles was not replaced. All materials, 

including the 4 L bottles, syringes, filter holders, and carboys were acid-washed to remove trace 

amounts of P prior to use in the experiment. A new acid-washed syringe was used for each 

experimental unit at each timepoint. 
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Figure 3: Experimental design and treatment breakdown. Resuspended water from each core (1 
L from each) was mixed together before 500 mL of it was mixed with 7.5 L of sitewater that was 
then split into the experimental unit bottles. Each experiment had 6 bottles, 2 controls (one for 
each pH) and 4 which received sediment (2 at each pH). The treatments were the same across all 
experiments for each site and season. 
 

Phosphorus Analysis 
Particulate P fractions measured included total particulate phosphorus (TPP), 

exchangeable particulate inorganic phosphorus (EPIP), and particulate acid-hydrolyzable 

phosphorus (PAHP) (Baker et al. 2014). Dissolved P fractions measured include total dissolved 

phosphorus (TDP), dissolved reactive phosphorus (DRP), and dissolved acid-hydrolyzable 

phosphorus (DAHP). DRP and EPIP are considered the most bioavailable fractions, while PAHP 

and DAHP are less bioavailable, labile forms of P measured (Baker et al. 2014). The remaining 

measured P is considered recalcitrant and not bioavailable. DAHP measured includes DRP 

within the measurement and PAHP measured likely includes much of the EPIP. Measurements 

were also made from particulate filter samples of total suspended solids (TSS), volatile 
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suspended solids (VSS), and two biomolecule fractions of P: polyphosphate and phosphorus 

from RNA and DNA.  

All non-biomolecule fractions of P were measured using the ascorbic acid molybdenum 

method (Hansen and Koroleff 1999) following the digestion steps described in Baker et al and 

Laramie et al (in review). Absorbance was measured at 880 nm using a SEAL® AQ400 discrete 

analyzer. Briefly, TP, TDP, and TPP were measured after digestion with 0.025 M potassium 

persulfate with 0.045 M sulfuric acid at 121 °C for 30 minutes in an autoclave. PAHP and DAHP 

samples were autoclaved at the same temperature and duration with just 0.045 M sulfuric acid 

and no persulfate. For EPIP samples, 0.1 M sodium hydroxide was added to each sample and 

allowed to extract for 16 hours with shaking prior to being neutralized with HCl and centrifuged 

prior to analysis (modified from Cowen and Lee 1976; Williams et al. 1967). DRP samples 

received no digestion treatment prior to the ascorbic acid molybdenum treatment.  I made 

primary standards from a NIST-traceable phosphate solution (Hach Company) and each 

analytical run included method blanks, a QA/QC standard, and two different recovery standards: 

Trace Elements in Spinach (NIST 1570a), and Inorganics in Marine Sediments (NIST 2702). 

Filter blank samples were used where appropriate as well for a blank correction of fluorescence 

caused by filter particles. Measurements below detection limit were reported as 0 for statistical 

analyses.   

I measured RNA and DNA of the seston using an extraction and quantification method 

described in Gorokhova and Kyle 2002 and Phillips et al. 2017. The method uses Ribogreen, a 

fluorophore, which fluoresces when bound to RNA and DNA. In half of the samples, RNA is 

hydrolyzed with RNase while the other half receives no RNase. The fluorescence in the RNase-

treated samples is considered to be exclusively from DNA while the difference between the raw 

and RNase treated samples provides the measure of RNA. Fluorescence was measured in 96-well 

microtiter plates with triplicate technical samples using a Synergy Biotek H2 plate reader with 

excitation at 485 nm and emission at 528 nm. Commercial standards for RNA and DNA were 

obtained from Fisher Scientific.  

I measured polyphosphate using a method modified from Aschar-Sobbi et al. 2008 where 

polyphosphate forms a fluorescent complex with DAPI (4',6-diamidino-2-phenylindole). A 

nuclease is added to each sample to hydrolyze the nucleic acids and prevent their fluorescence 

with DAPI from interfering in the measurement of polyphosphate. Additional interference can 
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occur from the fluorescence of DAPI with the buffer compounds. To account for this, in half of 

the samples the fluorescence from polyphosphate is quenched by the addition of magnesium 

chloride. The difference between the quenched and unquenched fluorescence is considered to be 

solely from polyphosphate. Fluorescence of extracted samples was measured in 96-well 

microtiter plates with 4 technical samples using a Synergy Biotek H2 plate reader with excitation 

at 415 nm and emission at 550 nm. Polyphosphate standards were prepared from sodium 

phosphate glass (Sigma S4379).  

 

Statistical Analysis 
I fitted separate hierarchical models for each phosphorus fraction as a linear relationship 

with time and evaluated the effects of pH treatment and sediment treatment. I additionally fitted 

an intercept based on sediment treatment to estimate the increase in phosphorus concentration for 

those units which received resuspended sediment. Initially, a nested grouping effect of 

experimental unit was included to acknowledge the non-independence of these samples, but this 

did not improve model fit based on a LOO comparison. The final model included fixed effects of 

time, pH treatment, and sediment treatment and a grouping term of combined site and season 

acting on those fixed effects. All models were built using the ‘brms’ package in the statistical 

software R, which compiles code that is then run in stan (Bürkner, 2018). Bayesian Regression 

models were fitted with a Markov Chain Monte Carlo with four chains. Each chain was allowed 

to warmup for 5000 iterations before sampling from 5000 iterations. I used weakly informative 

priors for each model, setting the mean to zero and variance to seven for each slope. I assessed 

convergence of the chains using the r-hat statistic (Gelman et al. 2018), which was found to be 

less than 1.01 for all parameters. I used evidence ratios (ER) to quantify support for select 

hypotheses. Briefly, the evidence ratio is the quotient of the number of posterior draws consistent 

with the hypothesis over the number of posterior draws inconsistent with the hypothesis 

(Johnson 2013). 

The initial concentrations of measured fractions were extracted from the modeled 

intercepts. This incorporates the uncertainty of measurements at the start and throughout the 

experiment into the estimates of the values. I estimated the release of DRP from a sediment 

resuspension event based on the measured DRP values from the pre-dilution resuspended water 

from each sediment core, the overlying water volume for each core, and the area of sediment 
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within the core. The contribution of an SRE to background DRP concentrations was calculated 

assuming it was completely mixed in a 6 m deep water column.  

 

Results and Discussion 
Magnitude and Proportion of Resuspended Phosphorus 
 My first question for this study was regarding the potential release of sedimentary P 

during SRE. Figure 4 shows that for TPP, there was an average increase in concentration of 

31.56% with the inclusion of resuspended sediment. There was strong support for this increase 

for WE2 for both May (ER = 4999) and July (ER = 952) and some support for this increase for 

July WE12 (ER = 50). Additionally, there was strong support that TPP was higher at WE2 than at 

WE12 (ER = 4999) and weaker support for higher concentrations of TPP in July than May (ER = 

129). For PAHP, the change was an average of an 21.39% increase, but there was only weak 

support for this increase (ER =15). For DAHP, there was support for an increase of 20.89% in 

concentration for July WE2 (ER = 144), but only weak and inconsistent support for increases for 

July WE12 or June WE2 (ER = 19).  For the rest of the measured fractions, TDP, DRP, and EPIP, 

the changes between control and sediment treatments were smaller and inconsistent and had no 

support or weak support (ER = 18). There was strong support that DRP concentrations were 

higher at site WE2 than WE12 (ER = 4999) and higher in July than in May at WE2 (ER = 4999). 

There was also strong support that TDP concentrations were greater in July than in May (ER = 

4999) but only weak support for a difference across sites (ER = 78). For EPIP, there was no 

support for a difference in concentrations between sites (ER = 2) or seasons (ER = 14). Given the 

lack of statistical difference between sediment treated units and control units for TDP, DRP, and 

EPIP, these differences between site and season are not necessarily indicative of any spatial or 

temporal variation in the resuspended sediment fractionation.  

 



- 13 - 
 

Figure 4: Comparison of magnitude of each phosphorus fraction. Experimental units which were 
pH-treated are not included. All measurements are in ug/L from the beginning of the experiment 
prior to any mixing. Values are the extracted intercepts from the hierarchical models for each 
fraction and the error bars are the measures of uncertainty for those intercept estimates. 

 

My second question was regarding the relative bioavailability of P that is resuspended. 

Figure 5 shows that the majority of phosphorus in water with resuspended sediment was in 

particulate forms. The highest proportion of TP that was particulate occurred at WE2 in May 

(78.51%) while the lowest proportion was particulate at WE12 in July (56.25%). Following the 

resuspension, the proportion of TP that was particulate increased by an average of 6.01%. The 

largest increase in proportion for TPP was at WE12 in July, where the proportion of TP that was 

particulate increased by 9.12% with the addition of the suspended sediment, while the smallest 

increase was at WE2 in May (1.53%). The change in proportion of TPP with the suspended 

sediment was the largest of any of the fractions. Only a small portion of this TPP is bioavailable. 

On average, 6.71% of the resuspended TPP was comprised of EPIP. The highest portion of TPP 
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was EPIP at WE2 in May and the lowest portion was EPIP in July at WE2. This is a smaller 

proportion of TPP than in the Maumee River which ranged from 20.1-28.0% (Baker et al. 2014). 

This suggests a shift in fraction once sediments reach the lake and settle to the benthos. This shift 

could be due to differences in sorption dynamics in the benthic lake sediment and uptake of the 

desorbed DRP by algae. It is also notable that only a very small portion of the measured TPP was 

found in biomolecules. Less than 1% of the measured TPP was from RNA and DNA and no 

polyphosphate measurements were above the minimum detection level. This is in contrast to 

pelagic areas where a higher percentage of TPP is in the form of biomolecules (Labry et al. 2013; 

Hu et al. 2022). This suggests that not only is most of the resuspended sediment TPP not 

bioavailable, much of it is associated with minerals and not organic matter.  

 The proportion of TP that is bioavailable did not change with the addition of suspended 

sediment. Compared to TPP, a higher portion of the TDP was bioavailable. On average, 43.56% 

of the measured TDP was comprised of DRP. This is again lower than in the Maumee River 

where DRP made up approximately 86.9% of TDP. The highest proportion occurred in May at 

WE2, and the lowest proportion occurred in July at WE12. It is notable that the highest 

proportion of bioavailable P in the sediment in both particulate and dissolved forms occurred in 

May, prior to the formation of the large algal bloom. However, DRP still only comprises a 

smaller portion of the TP in the water column, 14.43% on average. This contrasts with other 

work that has shown or attributed a large increase in DRP following SRE (Søndergaard et al. 

1992; Koski-Vähälä & Hartikainen 2001; Kalnejais et al. 2010; Matisoff et al. 2017; Niemisto et 

al. 2011) One possible explanation for this is that my study methodology was meant to resuspend 

only the topmost layer of sediment, simulating a mild resuspension that occurs more frequently. 

Deeper scouring and erosion from a higher shear stress would expose anoxic layers of the 

sediment which should lead to a large increase in DRP. The small increase in BAP concentrations 

across the water column increases the importance of any transformation of BAP following the 

resuspension for the potential contribution of SRE to water column BAP.  
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Figure 5: Relative proportion of each fraction measured at the starting point prior to any 
mixing. The radius of each chart is proportional to the calculated total phosphorus for that 
treatment (sum of TDP and TPP). Labile PP is the fraction of PAHP that does not include EPIP 
while labile DP is the fraction of DAHP that does not include DRP. NA PP is the non-
bioavailable portion of TPP that does not include PAHP while NA DP is the portion of TDP that 
does not include DAHP. 
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Transformation of Resuspended Phosphorus 
 My third question was regarding how the relative bioavailability of P changed following 

resuspension. I hypothesized that bioavailable P forms would decrease over time following 

resuspension due to sorption to suspended material. DRP concentrations did not decrease over 

time and there was no increase in TPP or EPIP that would be expected if sorption was occurring. 

When considering for all experiments, concentrations of DRP did not increase or decrease over 

time (population level ER = 2). The same held true for individual experiments for July WE12 or 

May WE2 (ER = 5). For the July WE2 experiment there was support for a DRP concentration 

increase by 1.44 µg/L each day (ER = 1818). There is no evidence to support that the inclusion 

of resuspended sediment had any effect on changes in DRP concentration considering all 

experiments (population level ER = 2) or for any individual experiment (ER = 4). This suggests 

that the change in DRP for July WE2 was not related to the sediment resuspension.  Further, 

there is also no support for a change in TPP or EPIP concentrations time for July WE2 (ER = 9) 

with or without sediment (ER = 3) that would be expected with desorption processes related to 

resuspension. TPP and EPIP concentrations did not change with time when considering for all 

experiments (population level ER = 3) or within any experiment individually (ER = 17). The 

inclusion of suspended sediment did not have any impact on the slope for TPP and EPIP 

concentrations over time when considered for all experiments (ER = 3) or within any individual 

experiment (ER = 7). There is no support for any sorption or desorption of P following the 

resuspension and mixing of sediment across the water column. Therefore, there is no support for 

my hypothesis that BAP would decrease over time following resuspension. 
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Figure 6: Population-level model estimates for slope of concentration over time and deviation 
from that slope based on pH treatment, sediment treatment, and the interaction between pH and 
sediment treatments. Values shown are distributions based on the mean and standard deviation of 
the posterior model draws.  

 

These findings are different from those in King et al 2022, which found that P sorption 

dynamics play an important role in reducing BAP concentrations when suspended sediment 

concentrations in the Maumee River increased. King et al 2022 found that sorption increased 

with increasing riverbed sediment and with increases in DRP. The difference in my findings from 

King et al 2022 could be due to several reasons. First, the suspended sediment from runoff in the 

Maumee River during the high flow events may have spent less time in the water than the 

sediments from offshore Lake Erie and may not have been exposed to high phosphate 

concentrations long enough to equilibrate. Therefore, the suspended material has more available 
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sorption sites for phosphate. The benthic sediment in the western basin, especially the uppermost 

layer, is regularly exposed to DRP concentrations typical in the lake, so that any available 

sorption sites are quickly used up, preventing any further sorption during resuspension. 

Secondly, King et al found that most of the sediment in the Maumee River likely reached a 

quasi-equilibrium with P sorption P before it reached Lake Erie. If the sediment is saturated with 

P before it settles in Lake Erie, there may be a smaller exchange during subsequent SRE. As 

discussed earlier, the proportion of TPP that is EPIP in resuspended lake sediment is lower than 

that in the Maumee (Baker et al. 2014). Finally, the dilution of sediment particles in the water 

column could reduce their practical capacity to buffer P. A lower sediment-to-water ratio after the 

dilution lowers the EPC so that sorption and removal of BAP from the water column is less 

likely (Cyr et al. 2009). This is important when considering the dilution of resuspended BAP 

across the entire water column. The lack of change in concentrations indicates that sorption-

desorption processes do not play an important role in altering the bioavailability of resuspended 

P from the sediment. Alternatively, that result could mean that the sorption-desorption processes 

were already at equilibrium between the surface sediment and the overlying water. Additionally, 

this relationship did not change in the spatial or seasonal variation investigated which suggests 

that this equilibrium is consistent across the basin spatially and temporally. 

  

Effects of Environmental Conditions on P Transformation 
 My final question was regarding how environmental conditions would affect any P 

fraction transformation, specifically relating to seasonality and acidity. I hypothesized decreases 

in pH will lead to a relative increase in DRP over time. At the population level for each model, 

there was no support for an increase or decrease in slope based on pH treatment for TPP, DRP or 

EPIP (ER = 4). Additionally, the inclusion of suspended sediment did not have an effect on the 

change of slope with pH for any fraction when considering all experiments (ER = 3) or for any 

individual experiment (ER = 6). For TPP, there is support that a decrease in pH led to an increase 

in TPP concentration over time for May WE2 by 0.26 µg/L/hr (ER = 229), but not for either site 

in July (ER = 2). Similarly, for EPIP there is some support for an increase in EPIP concentrations 

over time by 0.06 µg/L/hr with a decrease in pH for May WE2 (ER = 79), but no support for this 

effect for either site in July (ER = 2). There is additionally weak support for a decrease in DRP 

concentrations over time at the lower pH by 0.05 µg/L/hr for May (ER = 91), but not for either 
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site in July (ER = 9). This difference in pH effect by season may be due to a difference in P 

concentrations, temperature, or initial pH. The inclusion of suspended sediment did not impact 

the effect of pH, indicating that these effects are not specifically related to SRE. There is no 

support for my hypothesis that DRP concentrations would relatively increase at lower pH, but 

some to support a decrease in DRP over time for May WE2. This indicates that the 0.3 drop in 

pH did not have much impact on the sorption desorption dynamics for the resuspended P. While 

pH is an important factor in sedimentary P sorption based on other studies (Koski-Vähälä et al. 

2000; Niemisto et al. 2011), small scale variations in pH that may occur due to SRE or HABs 

were not enough to significantly alter P forms in my samples. This also indicates that any change 

in lake pH due to climate change will likely not be large enough to influence the sorption 

dynamics of resuspended P. Seasonal shifts in pH are larger than the 0.3 pH unit shift 

investigated in this paper. These shifts have been shown to influence P sorption dynamics in 

other systems (Niemisto et al. 2011) but their potential impact in Lake Erie remains uncertain 

and would require further investigation.    
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Figure 7: Change in concentration over time for each represented fraction broken down by 
experiment. The solid lines represent those which received sediment treatment while dashed lines 
are the control units which received no sediment. The blue lines represent the units which did not 
receive the HCl pH modification while red lines are those with the artificially lowered pH. 
 

It is also important to discuss the lack of change in P sorption equilibrium across seasons. 

Huang et al. 2018 found that lake sediment could change from sources to sinks for P based on 

seasonal changes in temperature and relating to the lake’s trophic status. They found that for the 

moderately eutrophic Gonghu Bay of Lake Taihu (Trophic state index: 64.8) sediments acted as a 

source for P for summer through desorption and a sink during spring, winter, and fall. While for 

the lightly eutrophic East Dongting Lake (Trophic state index: 52.6) sediment acted as a source 

in spring and winter and a sink in fall and summer. Based on a calculation of Carlson’s trophic 

state index (TSI) from TP the investigated sites each had a TSI score between the scores of 

Gonghu Bay and East Dongting (Carlson 1977). However, there was no sorption or desorption 
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for either season in this study. One explanation for the lack of a similar seasonal trend is the 

variation in environmental conditions between the lakes. Huang et al. primarily investigated the 

influence of temperature on seasonal sorption kinetics, while other factors discussed earlier such 

as sediment composition and pH will also influence these sorption kinetics for sedimentary P and 

could vary significantly between the lakes (Cyr et al. 2009; Huang et al. 2018). Secondly, there 

was little temperature variation between the two sampling dates in this study. While the P 

concentrations in the water column meaningfully varied between sampling dates, the temperature 

did not vary by more than 5 ºC. Temperature can play a key role in potential P transformation 

processes and a more robust analysis of variation in temperature and how it affects sorption 

kinetics for resuspended sediments could reveal different seasonal trends for Lake Erie’s western 

basin. 

 

Table 1: DRP release and contribution to background concentrations calculated from the 
concentrations of resuspended material prior to dilution for the experiment. Mean and standard 
deviation of fluxes from Matisoff et al. 2016 are based on mean of all cores within 10 km of 
experiment sites.  

 

Estimated DRP Release and Water Column Contribution 
Table 1 shows a complete breakdown of the release and contribution to water column 

estimated for a single SRE event. The estimated summertime oxic flux of DRP from the 

sediment for the western basin ranged from 0.95-1.79 mg/m2/day (Matisoff et al. 2016). 

Site/Season DRP 

Release 

(mg/m2) 

Contribution to 

Background 

DRP 

Concentration 

from Release 

(µg/L) 

Water 

Column DRP 

from 

Experiment 

(µg/L) 

Oxic Flux 

(mg/m2/day) 

(Matisoff et 

al. 2016) 

Anoxic Flux 

(mg/m2/day) 

(Matisoff et 

al. 2016) 

May WE2 2.782 ± 

0.892 

0.464 ± 0.149 4.627 ± 

0.30052 

0.426 ± 0.305 8.285 ± 

7.282 

July WE2 8.381 ± 

2.198 

1.397 ± 0.366 

7.209 ± 0.360 

0.426 ± 0.305 8.285 ± 

7.282 

July WE12 4.106 ± 

0.020 

0.684 ± 0.003 

4.215 ± 0.364 

0.71 11.757 ± 

13.463 
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Assuming a single SRE event occurs within a single day, the release of DRP is larger than the 

oxic flux for both sites and seasons. This is consistent with other published findings where the 

flux of DRP is greater from resuspension than diffusive mechanisms (Søndergaard et al. 1992). 

Once diluted across the water column a mild or minor SRE can contribute a background 

concentration of DRP that is 3.09-9.31% of the IJC target concentration of 15 µg/L for the 

western basin and an average of 15.21% of average DRP concentration based on the experiment. 

This is lower than the year-round background contribution of oxic diffusive fluxes from the 

sediment (Matisoff et al. 2016), but only represents a single, minor SRE. Multiple SREs over 

short timescales could lead to larger contributions of DRP depending on their timing and 

frequency. The pool of DRP in the sediment may need to be replenished in between 

resuspensions (Søndergaard et al. 1992). A replenishment period between May and August was 

necessary for a similar flux during SRE in Lake Arresø, though this period would likely vary 

between systems based on the intensity of nutrient loading and of the resuspension.  

 

Implications and Further Investigation 
Generally, internal loading in the western basin is not considered a major source of BAP 

due to its well mixed nature preventing the larger anaerobic fluxes of DRP from the sediment, 

while not considering mechanical loading mechanisms (Matisoff et al. 2016; Wang et al. 2021). 

However, my findings suggest that internal loading via mechanical resuspension from wind and 

waves represents an additional source for BAP in western Lake Erie. The lack of sorption to 

suspended sediment indicates that dissolved resuspended BAP will likely remain in the water 

column and be available for uptake by phytoplankton. Multiple SREs per year or larger more 

intense resuspensions could provide a frequent source of BAP to contribute to HABs. The 

invasion of the Great Lakes by the Dreissenid mussels has generally increased the importance of 

benthic-sourced P on the environment (Hecky et al. 2014; Caraco 2009; Li et al. 2021). This only 

further contributes to the importance of internal sources of P in Lake Erie, including both 

diffusive and mechanical fluxes. A more robust analysis of the frequency and intensity of 

sediment resuspension would provide more detail on their overall contributions to BAP in the 

water column. A more intensive investigation into the EPC at the sediment water interface would 

reveal more on the sorption dynamics of DRP and EPIP in the topmost layer of the sediment, and 

how this could vary in the future with continued eutrophication.  



- 23 - 
 

References 
Anderson, H. S., Johengen, T. H., Miller, R., & Godwin, C. M. (2021). Accelerated sediment 

phosphorus release in Lake Erie’s central basin during seasonal anoxia. Limnology and 

Oceanography, 66(9), 3582–3595. https://doi.org/10.1002/lno.11900 

Aschar-Sobbi, R., A. Y. Abramov, C. Diao, M. E. Kargacin, G. J. Kargacin, R. J. French, and E. 

Pavlov. 2008. High sensitivity, quantitative measurements of polyphosphate using a new 

dapi-based approach. Journal of Fluorescence 18: 859-866. 

Baker, D. B., Confesor, R., Ewing, D. E., Johnson, L. T., Kramer, J. W., & Merryfield, B. J. 

(2014). Phosphorus loading to Lake Erie from the Maumee, Sandusky and Cuyahoga 

rivers: The importance of bioavailability. Journal of Great Lakes Research, 40(3), 502–

517. https://doi.org/10.1016/j.jglr.2014.05.001 

Bertani, I., Obenour, D. R., Steger, C. E., Stow, C. A., Gronewold, A. D., & Scavia, D. (2016). 

Probabilistically assessing the role of nutrient loading in harmful algal bloom formation in 

western Lake Erie. Journal of Great Lakes Research, 42(6), 1184–1192. 

https://doi.org/10.1016/j.jglr.2016.04.002 

Bürkner, P.-C. 2017. brms: An R package for Bayesian multilevel models using Stan. Journal of 

statistical software 80:1-28. 

Caraco, N. (2009). History of P Research and Basic Chemical Properties of P. Encyclopedia of 

Inland Waters, 73–78. 

Carlson, R. H. (1977). A trophic state index for lakes. Limnology and Oceanography, 22(2), 

361–369. https://doi.org/10.4319/lo.1977.22.2.0361 

Cowen, William F., and Lee, G. Fred. (1979). Algal Nutrient Availability and Limitation in Lake 

Ontario during IFYGL. U.S. Environmental Protection Agency, Environmental Research 

Laboratory-Duluth; available through National Technical Information Service, 1976. 

Cyr, H., McCabe, S. K., & Nürnberg, G. K. (2009). Phosphorus sorption experiments and the 

potential for internal phosphorus loading in littoral areas of a stratified lake. Water 

Research, 43(6), 1654–1666. https://doi.org/10.1016/j.watres.2008.12.050 

Dapeng, L., Yong, H., Chengxin, F., & Yan, Y. (2011). Contributions of phosphorus on 

sedimentary phosphorus bioavailability under sediment resuspension conditions. 

Chemical Engineering Journal, 168(3), 1049–1054. 

https://doi.org/10.1016/j.cej.2011.01.082 



- 24 - 
 

DePinto, J. V., Young, T. C., & Martin, S. C. (1981). Algal-Available Phosphorus in Suspended 

Sediments from Lower Great Lakes Tributaries. Journal of Great Lakes Research, 7(3), 

311–325. https://doi.org/10.1016/S0380-1330(81)72059-8 

Elsbury, Katy E., Paytan, Adina, Ostrom, Nathaniel E., Kendall, Carol, Young, Megan B., 

McLaughlin, Karen, Rollog, Mark E., and Watson, Sue. (2009). Using Oxygen Isotopes 

of Phosphate to Trace Phosphorus Sources and Cycling in Lake Erie. Environmental 

Science & Technology, 43 (9), 3108-3114 DOI: 10.1021/es8034126. 

Ge, C., Chai, Y., Wang, H., & Kan, M. (2017). Ocean acidification: One potential driver of 

phosphorus eutrophication. Marine Pollution Bulletin, 115(1–2), 149–153. 

https://doi.org/10.1016/j.marpolbul.2016.12.016 

Geller, W., & Schultze, M. (2009). Acidification. Encyclopedia of Inland Waters, 557–568. 

Gelman, A., J. B. Carlin, H. S. Stern, D. B. Dunson, A. Vehtari, and D. B. Rubin. 2013. Bayesian 

18 data analysis. CRC press. 

Gibbons, K. J., & Bridgeman, T. B. (2020). Effect of temperature on phosphorus flux from 

anoxic western Lake Erie sediments. Water Research, 182, 116022. 

https://doi.org/10.1016/j.watres.2020.116022 

Gobler, C. J. (2020). Climate Change and Harmful Algal Blooms: Insights and perspective. 

Harmful Algae, 91(December 2019), 101731. https://doi.org/10.1016/j.hal.2019.101731 

Gorokhova, E., and Kyle, M. (2002). Analysis of nucleic acids in Daphnia: development of 

methods and ontogenetic variations in RNA-DNA content. Journal of Plankton Research 

24(5), 511-522. 

Guo, T., Johnson, L. T., LaBarge, G. A., Penn, C. J., Stumpf, R. P., & Baker, D. B. (2021). Less 

Agricultural Phosphorus Applied in 2019 Led to Less Dissolved Phosphorus Transported to 

Lake Erie. Environmental Science & Technology, 55, 283–291. 

https://doi.org/10.1021/acs.est.0c03495 

Hansen, H. P., & Koroleff, F. (2007). Determination of nutrients. Wiley-VCH Verlag GmbH 

EBooks, 159–228. https://doi.org/10.1002/9783527613984.ch10 

Hecky, R. E., Smith, R. E. H., Barton, D. R., Guildford, S. J., Taylor, W. D., Charlton, M. N., & 

Howell, T. (2004). PERSPECTIVE / PERSPECTIVE The nearshore phosphorus shunt: a 

consequence of ecosystem engineering by dreissenids in the Laurentian Great Lakes. 



- 25 - 
 

Canadian Journal of Fisheries and Aquatic Sciences, 1293, 1285–1293. 

https://doi.org/10.1139/F04-065 

Ho, J. C., & Michalak, A. M. (2017). Phytoplankton blooms in Lake Erie impacted by both long-

term and springtime phosphorus loading. Journal of Great Lakes Research, 43(3), 221–

228. https://doi.org/10.1016/j.jglr.2017.04.0014 

Hu, Y.-Y., J Irwin, A., & V Finkel, Z. (2022). Improving quantification of particulate 

phosphorus. Limnology and Oceanography, 20(11), 729–740. 

https://doi.org/10.1002/lom3.10517 

Huang, W., Chen, X., Wang, K., & Jiang, X. (2018). Seasonal characteristics of phosphorus 

sorption by sediments from plain lakes with different trophic statuses. Royal Society Open 

Science, 5(8). https://doi.org/10.1098/rsos.172237 

Istvánovics, V. "Eutrophication of lakes and reservoirs." Lake Ecosystem Ecology; Elsevier: San 

Diego, CA, USA (2010): 47-55. 

Jacoby, J. M., Lynch, D. D., Welch, E. B., & Perkins, M. A. (1982). Internal phosphorus loading 

in a shallow eutrophic lake. Water Research, 16(6), 911–919. 

https://doi.org/10.1016/0043-1354(82)90022-7 

Johengen, T. H., Biddanda, B. A., &amp; Cotner, J. B. (2008). Stimulation of Lake Michigan 

plankton metabolism by sediment resuspension and river runoff. Journal of Great Lakes 

Research, 34(2), 213–227. https://doi.org/10.3394/0380-

1330(2008)34[213:solmpm]2.0.co;2 

Johnson, V. E. (2013). Revised standards for statistical evidence. Proceedings of the National 

Academy of Sciences of the United States of America, 110(48), 19313–

19317. https://doi.org/10.1073/pnas.1313476110 

Katsev, S., Tsandev, I., L’Heureux, I., & Rancourt, D. G. (2006). Factors controlling long-term 

phosphorus efflux from lake sediments: Exploratory reactive-transport modeling. 

Chemical Geology, 234(1–2), 127–147. https://doi.org/10.1016/j.chemgeo.2006.05.001 

Kalnejais, L. H., Martin, W., & Bothner, M. H. (2010). The release of dissolved nutrients and 

metals from coastal sediments due to resuspension. Marine Chemistry, 121(1–4), 224–

235. https://doi.org/10.1016/j.marchem.2010.05.002 



- 26 - 
 

Kalnejais, L. H., W. R. Martin, R. P. Signell, and M. H. Bothner. 2007. Role of sediment 

resuspension in the remobilization of particulate-phase metals from coastal sediments. 

Environmental Science & Technology 41:2282-2288.  

Kang, S.W., Sheng, Y.P., Lick, W., Wave Action and Bottom Shear Stresses in Lake Erie, Journal 

of Great Lakes Research, Volume 8, Issue 3, 1982, Pages 482-494, ISSN 0380-1330, 

https://doi.org/10.1016/S0380-1330(82)71987-2. 

King, W. M., Curless, S. E., & Hood, J. M. (2022). River phosphorus cycling during high flow 

may constrain Lake Erie cyanobacteria blooms. Water Research, 222(July), 118845. 

https://doi.org/10.1016/j.watres.2022.118845 

Koski-Vähälä, J., Hartikainen, H., & Tallberg, P. (2000). Phosphorus Mobilization from Various 

Sediment Pools in Response to Increased pH and Silicate Concentration. Journal of 

Environmental Quality, 30(2), 546–552. 

Koski-Vähälä, J., & Hartikainen, H. (2001). Assessment of the Risk of Phosphorus Loading Due 

to Resuspended Sediment. Journal of Environmental Quality, 30(3), 960–966. 

https://doi.org/10.2134/jeq2001.303960x 

Kristensen, P., Søndergaard, M., & Jeppesen, E. (1992). Resuspension in a shallow eutrophic 

lake. Hydrobiologia, 228(1), 101–109. https://doi.org/10.1007/BF00006481 

Labry, C., Youenou, A., Delmas, D., & Michelon, P. (2013). Addressing the measurement of 

particulate organic and inorganic phosphorus in estuarine and coastal waters. Continental 

Shelf Research, 60, 28–37. https://doi.org/10.1016/j.csr.2013.04.019 

Li, J., Ianaiev, V., Huff, A., Zalusky, J., Ozersky, T., & Katsev, S. (2021). Benthic invaders 

control the phosphorus cycle in the world’s largest freshwater ecosystem. Proceedings of 

the National Academy of Sciences of the United States of America, 118(6). 

https://doi.org/10.1073/pnas.2008223118 

Lick, W., Lick, J., & Ziegler, C. K. (1994). The resuspension and transport of fine-grained 

sediments in Lake Erie. Journal of Great Lakes Research, 20(4), 599–612. 

https://doi.org/10.1016/s0380-1330(94)71181-3  

Logan, T. J., Oloya, T. O., & Yaksich, S. M. (1979). PHOSPHATE CHARACTERISTICS AND 

BIOAVAILABILITY. Journal of Great Lakes Research, 5(2), 112–123. 

https://doi.org/10.1016/S0380-1330(79)72136-8 



- 27 - 
 

Lohrenz, S. E. (2004). Spring phytoplankton photosynthesis, growth, and primary production 

and relationships to a recurrent coastal sediment plume and river inputs in southeastern 

Lake Michigan. Journal of Geophysical Research, 109(C10). 

https://doi.org/10.1029/2004jc002383 

Matisoff, G., & Carson, M. lou. (2014). Sediment resuspension in the Lake Erie nearshore. 

Journal of Great Lakes Research, 40(3), 532–540. 

https://doi.org/10.1016/j.jglr.2014.02.001 

Matisoff, G., Kaltenberg, E. M., Steely, R. L., Hummel, S. K., Seo, J., Gibbons, K. J., 

Bridgeman, T. B., Seo, Y., Behbahani, M., James, W. F., Johnson, L. T., Doan, P., Dittrich, 

M., Evans, M. A., & Chaffin, J. D. (2016). Internal loading of phosphorus in western 

Lake Erie. Journal of Great Lakes Research, 42(4), 775–788. 

https://doi.org/10.1016/j.jglr.2016.04.004 

Matisoff, G., Watson, S. B., Guo, J., Duewiger, A., & Steely, R. (2017). Sediment and nutrient 

distribution and resuspension in Lake Winnipeg. Science of the Total Environment, 575, 

173–186. https://doi.org/10.1016/j.scitotenv.2016.09.227 

Mayer, T. D., & Jarrell, W. M. (2000). Phosphorus sorption during iron (II) oxidation in the 

presence of dissolved silica. Water Research, 34(16), 3949–3956. 

https://doi.org/10.1016/S0043-1354(00)00158-5 

Niemisto, J., Holmroos, H., & Horppila, J. (2011). Water pH and sediment resuspension 

regulating internal phosphorus loading in a shallow lake - Field experiment on diurnal 

variation. Journal of Limnology, 70(1), 3–10. https://doi.org/10.3274/JL11-70-1-02 

Nürnberg, G. K., Howell, T., & Palmer, M. (2019). Long-term impact of Central Basin hypoxia 

and internal phosphorus loading on north shore water quality in Lake Erie. Inland Waters, 

9(3), 362–373. 

Orihe, D. M., Baulch, H. M., Casson, N. J., North, R. L., Parsons, C. T., Seckar, D. C. M., & 

Venkiteswaran, J. J. (2017). Internal phosphorus loading in Canadian fresh waters: A 

critical review and data analysis. Canadian Journal of Fisheries and Aquatic Sciences, 

74(12), 2005–2029. https://doi.org/10.1139/cjfas-2016-0500 

Phillips, J. C., McKinley, G. A., Bennington, V., Bootsma, H. A., Pilcher, D. J., Sterner, R. W., & 

Urban, N. R. (2015). The potential for CO2-induced acidification in freshwater: A great 



- 28 - 
 

lakes case study. Oceanography, 28(2), 136–145. 

https://doi.org/10.5670/oceanog.2015.37 

Phillips, K.N., Godwin, C.M., and Cotner, J.B. (2017). The effects of nutrient imbalances and 

temperature on the biomass stoichiometry of freshwater bacteria. Frontiers in 

Microbiology 8. doi: 10.3389/fmicb.2017.01692. 

Rowe, M. D., Errera, R., Rutherford, E., Elgin, A., Pilcher, D., Day, J., & Guo, T. (2020). Great 

Lakes Region Acidification Research. National Oceanic and Atmospheric Administration 

Ocean, Coastal, and Great Lakes Acidification Research Plan: 2020-2029. 

Smith, V.H. Eutrophication of freshwater and coastal marine ecosystems a global 

problem. Environ Sci & Pollut Res 10, 126–139 (2003). 

https://doi.org/10.1065/espr2002.12.142 

Søndergaard, M., Jensen, P. J., & Jeppesen, E. (2001). Retention and internal loading of 

phosphorus in shallow, eutrophic lakes. The Scientific World Journal, 1, 427–442. 

https://doi.org/10.1100/tsw.2001.72 

Søndergaard, M., Kristensen, P., & Jeppesen, E. (1992). Phosphorus release from resuspended 

sediment in the shallow and wind-exposed Lake Arresø, Denmark. Hydrobiologia, 

228(1), 91–99. https://doi.org/10.1007/BF00006480 

Soulsby, R., and R. Whitehouse. 1997. Threshold of sediment motion in coastal environments. 

Pages 145-150 in Pacific Coasts and Ports' 97: Proceedings of the 13th Australasian 

Coastal and Ocean Engineering Conference and the 6th Australasian Port and Harbour 

Conference; Volume 1. Centre for Advanced Engineering, University of Canterbury 

Christchurch, NZ. 

Stumpf, R. P., Johnson, L. T., Wynne, T. T., & Baker, D. B. (2016). Forecasting annual 

cyanobacterial bloom biomass to inform management decisions in Lake Erie. Journal of 

Great Lakes Research, 42(6), 1174–1183. 

Tsukasaki, A., Suzumura, M., Lichtschlag, A., Stahl, H., & James, R. H. (2015). Phosphorus 

behavior in sediments during a sub-seabed CO2 controlled release experiment. 

International Journal of Greenhouse Gas Control, 38, 102–109. 

https://doi.org/10.1016/j.ijggc.2014.12.023 

Vanderploeg, H. A., Johengen, T. H., Lavrentyev, P. J., Chen, C., Lang, G. A., Agy, M. A., 

Bundy, M. H., Cavaletto, J. F., Eadie, B. J., Liebig, J. R., Miller, G. S., Ruberg, S. A., 



- 29 - 
 

&amp; McCormick, M. J. (2007). Anatomy of the recurrent coastal sediment plume in 

Lake Michigan and its impacts on light climate, nutrients, and plankton. Journal of 

Geophysical Research, 112(C3). https://doi.org/10.1029/2004jc002379 

Wang, Y. T., Zhang, T. Q., Zhao, Y. C., Ciborowski, J. H. H., Zhao, Y. M., O’Halloran, I. P., Qi, 

Z. M., & Tan, C. S. (2021). Characterization of sedimentary phosphorus in Lake Erie and 

on-site quantification of internal phosphorus loading. Water Research, 188. 

https://doi.org/10.1016/j.watres.2020.116525 

Wang, S., Vogt, R. D., Carstensen, J., Lin, Y., Feng, J., & Lu, X. (2022). Riverine flux of 

dissolved phosphorus to the coastal sea may be overestimated, especially in estuaries of 

gated rivers: Implications of phosphorus adsorption/desorption on suspended sediments. 

Chemosphere, 287(P3), 132206. https://doi.org/10.1016/j.chemosphere.2021.132206 

Watson, S. B., Miller, C., Arhonditsis, G., Boyer, G. L., Carmichael, W., Charlton, M. N., 

Confesor, R., Depew, D. C., Höök, T. O., Ludsin, S. A., Matisoff, G., McElmurry, S. P., 

Murray, M. W., Peter Richards, R., Rao, Y. R., Steffen, M. M., & Wilhelm, S. W. (2016). 

The re-eutrophication of Lake Erie: Harmful algal blooms and hypoxia. Harmful Algae, 

56, 44–66. https://doi.org/10.1016/j.hal.2016.04.010 

Welch, E. B., & Cooke, G. D. (2005). Internal phosphorus loading in shallow lakes: Importance 

and control. Lake and Reservoir Management, 21(2), 209–217. 

https://doi.org/10.1080/07438140509354430 

Williams JDH et al (1967) Fractionation of soil inorganic phosphate by a modification of Chang 

and Jackson's procedure. Soil Sci Soc Amer Proc 31: 736–739 

 

 


