Internal Phosphorus Loading in Lake Erie’s Central Basin:

Characterizing sediment flux rates and timing relative to hypoxic conditions using

sediment cores incubations and in situ hypolimnion monitoring

Hanna Anderson

A thesis submitted
in partial fulfillment of the requirements
for the degree of
Master of Science
Natural Resources and Environment
in the University of Michigan
May 2020

Thesis Committee:
Dr. Thomas H. Johengen, Chair
Dr. Casey M. Godwin






Table of Contents

Table of Contents ii

Abstract iii
Acknowledgements iv
Chapter I 1

Chapter II 22
Chapter Synthesis 42
Appendix I 44
Appendix II 48

Literature Cited 62

ii



Abstract

Internal phosphorus loading from lake sediments is a major contributor to
eutrophication in Lake Erie, but our understanding of this process is more uncertain
than for riverine inputs of phosphorus (P). This research aims to quantify internal
phosphorus loading in Lake Erie’s central basin as a function of location and time of
year. Chapter I focuses on the data produced from 56 controlled and replicated
sediment core experiments to estimate internal phosphorus flux under oxic and
anoxic conditions. Our estimations of anoxic P flux rates are 5.4 - 27.6 mg m-2 day1.

Chapter II focuses on a complementary timeseries experiment performed in the
lake. Continuous in situ nutrient analyzers were deployed at two sites within Lake
Erie’s central basin hypolimnion from July 25 to October 10, 2019 to provide a
timeseries of soluble reactive phosphorus concentrations at a 6-hour

frequency. Positive sediment P flux rates during anoxic conditions ranged from 0.8
mg m2d-!to 106 mg m2d-l At one location, displacement of the anoxic
hypolimnion with normoxic water caused an immediate cessation of positive
phosphorus flux. Following a return of anoxic conditions after 48 hours, positive P
flux rates resumed immediately at higher rates ranging from 15 to 138 mg m d-,
which are indicative of rapid, redox-controlled phosphorus desorption.
Extrapolations of these flux rates over the timing and spatial dimensions of seasonal
hypoxia suggest internal loading rates are comparable to direct annual tributary
loads of P to the central basin.

Comparison of results from the two different approaches shows that release of
phosphorus is negligible while the overlying water is hypoxic and only begins after
the overlying water reaches anoxia. Rapid phosphorus flux from the sediment
begins within 24 hours of overlying water becoming anoxic. Re-oxygenation of the
overlying water immediately stops the flux of P from the sediment, and upon the
return of anoxia the flux rates returned to the same levels as before.
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Chapter I:

Internal sediment phosphorus flux in the hypolimnion of Lake Erie’s Central
Basin as a function of dissolved oxygen, season, and temperature

Abstract

One of the biggest threats to Lake Erie is eutrophication, sped up in recent years by
human activities in the watershed. Internal phosphorus loading from the sediments
is also a major contributor to lake-wide eutrophication, but our understanding of
this process is more uncertain than for riverine inputs of phosphorus. The objective
of this research is to understand and quantify internal phosphorus loading in Lake
Erie’s central basin as a function of depositional environment and time of year. We
used 56 controlled and replicated sediment core experiments to estimate internal
phosphorus flux under oxygenated and anoxic conditions and varying temperature
treatments. Our research showed that release of phosphorus was negligible while
the overlying water is hypoxic (< 2 mg/L dissolved oxygen) and only began after the
overlying water reached anoxia (0 mg/L dissolved oxygen). Rapid phosphorus flux
from the sediment began within 24 hours of overlying water becoming anoxic. Re-
oxygenation of the overlying water immediately stopped the flux of P from the
sediment, and upon the return of anoxia the flux rates returned to the same levels as
before. We found that flux rates did not vary significantly between stations, but
were higher in summer than in fall or spring. Across seasons and stations, we also
found that cores incubated at 14°C were more likely to experience anoxia than cores
incubated at 8°C, but the anoxic phosphorus flux rates of the cores that did
experience anoxia were similar between the two temperature groups. Anoxic flux
rates from incubated core experiments were compared against independently-
derived rates determined from continuous in situ measurement of soluble reactive
phosphorus (SRP) within the hypolimnion. Our estimations of anoxic phosphorus
flux rates from sediment were 5.4 - 27.6 mg m-2? day-l. These numbers bracket
estimates from previous studies reporting rates of 7.6-8 mg m-2 day-! (Nirnberg,
2019). Our study also found that sediment flux did not occur until after anoxia had
been reached, which is important for predicting when internal phosphorus loading
will begin in the lake. The variation we present in rates and timing of sediment
phosphorus fluxes and their comparison to in situ lake fluxes presents a more
complete understanding of the conditions regulating the timing and rates of
sediment nutrient flux and extent of internal loading in Lake Erie.

Introduction

Lake Erie Background

Lake Erie is an important and irreplaceable natural resource for its surrounding
communities. It provides cities with drinking water, contains vital fisheries for the
region, supports the economy, and supplies communities with a source of
recreational activities throughout the year. It is widely acknowledged that non-point
pollution sources, such as nutrient inputs from human activity such as agriculture
and development have contributed to eutrophication and harmful algal blooms
(HABs) in the western basin of Lake Erie. Lake Erie has a history of environmental




degradation, and past industry and wastewater runoff led to eutrophication
throughout the lake (DePinto et al., 1981; Scavia et al., 2014). Harmful algal blooms
(HABs) are a persistent symptom of eutrophication in the western basin of Lake
Erie and seasonal hypoxia occurs in the central basin. Environmental regulations
such as the Clean Water Act and the bi-national Great Lakes Water Quality
Agreement (first signed in 1972) forced the management of point source pollution,
and many of the ecological consequences of pollution abated or were much
diminished for a time (CWA, 1972; GLWQA, 2012). However, despite the recent
management of point source nutrient pollution from Lake Erie’s watershed, both
HABs and hypoxia remain problems for the lake (Scavia et al., 2014). Additionally,
there is uncertainty as to how hypoxia will respond to nutrient load reductions due
to interannual variability in the relationship between watershed loading of P and
hypoxic extent (Scavia et al. 2017). Hypoxia has been shown to have a variety of
impacts on sediment biogeochemical cycling, particularly in driving sediment
phosphorus flux (Foster and Fulweiler, 2018). As seasonal hypoxia threatens lake
fauna and their habitats as well as lake water quality, ecosystem-level research and
management is required to manage these issues (Mohamed, 2019).

While point source additions of nutrients remain low compared to historical levels,
management focus has turned to the role of diffuse sources of nutrients (such as
agriculture). Another possible source of nutrient contribution to eutrophication is
the lake itself through internal phosphorus loading. Settling organic matter and
associated nutrients such as phosphorus accumulate in lake sediment over time and
become a reservoir of nutrients for internal loading (Gerling et al., 2016). These
nutrients flux into the water column under redox conditions that occur when the
overlying hypolimnion becomes hypoxic, and this flux can be an important
component of a lake’s phosphorus budget (Niirnberg, 1984; Niirnberg, 1991).

Hypoxia and Internal Phosphorus Loading

The process by which internal loading impacts hypoxia has been proposed as a
positive-feedback mechanism in a wide variety of water bodies such as the Baltic
Sea (Vahtera, 2007), and many smaller freshwater bodies around the world with
varying catchment phosphorus inputs and stratification regimes (Steinman and
Spears, 2020). Eutrophication and excess phosphorus causes high overall algal
production, which affects lake chemistry by altering dissolved oxygen levels, the
redox state, and nutrient dynamics (Reavie et al.,, 2016). During eutrophication,
there is excess algal biomass growth coupled with algae die-off. This dying organic
matter is remineralized as it sinks down the water column, removing available
oxygen and causing hypoxia and anoxia. This sinking biomass and its high nutrient
content integrates into lake sediment causing a buildup of phosphorus that can be
released back to the water column under anoxic conditions. The presence of fresh
organic material here drives respiration of dissolved oxygen (DO) and, when DO is
gone, metal oxides. Under oxic conditions, iron and manganese oxides (such as Fe III
oxyhydroxides) are powerful sorbents of inorganic phosphorus, and iron in
particular has been shown to be coupled with phosphorus cycling (Beutel et al.,



2007). When DO is absent, microbes respire these oxides and convert them to a
soluble redox state. The soluble iron and manganese species release inorganic
phosphorus into the sediment pore water (Mortimer, 1941; Mortimer, 1971). This
results in internal phosphorus flux as inorganic P diffuses into the water (Steinman
and Spears, 2020).

In this way, decomposing biological material contributes to both the nutrient
content of the sediment and the rate of oxygen consumption in the overlying water.
This effect, known as “accelerated eutrophication”, has been suggested for various
water bodies (Caraco, 2009) and is the reason eutrophication both contributes to
oxygen-poor conditions and nutrient loading from lake sediment. Internal
phosphorus loading can become a self-reinforcing process and a major issue in lake-
wide ecosystem health. This internal biogeochemical cycling of phosphorus has
been cited as a challenge for the long-term removal and management on
phosphorus in water systems (Giles et al., 2015). It has also suggested that hypoxia
and internal loading may correlate to poor drinking water quality along the
northern shore of Lake Erie (Niirnberg et al., 2019).

Lake Erie’s morphology and physical conditions make it especially susceptible to
widespread hypoxia and internal phosphorus loading. The basin’s bathymetry
causes unique dynamics relative to other Great Lakes basins. In the shallow 7 m
deep western basin, the water column remains nearly isothermal and normoxic, and
hence internal nutrient cycling is driven mainly by re-suspension from wind-driven
waves. In the deeper central basin (25 m), thermal stratification occurs and re-
suspension is less common. Seasonal stratification and central basin morphology
yield a warm, thin hypolimnion often only several meters thick and high organic
matter production leads to high oxygen demand and a large supply of nutrients.
These factors are the main physical drivers of hypoxia in the basin. Modeling has
shown that Lake Erie has specific areas that are spatially and temporally vulnerable
to hypoxia, including along the Ohio shore of the central basin (Rowe et al., 2019).

Previous Internal Phosphorus Flux Estimates in Lake Erie

Currently, there are a number of phosphorus flux rate estimates published for Lake
Erie, however few focused on the central basin (Steinman and Spears, 2020). Of the
applicable studies, several have gaps that this study aims to address. Estimates of
lake-wide internal P loading from Niirnberg et al. (2019) use phosphorus flux rates
of 7.6-8 mg m-2? day-!, which were based on in situ P concentration change in the
hypolimnion and total sediment P surface concentrations. They multiplied the
assumed flux rate the number of days an area equivalent to the central basin’s
surface area experiencing hypoxia to estimate total phosphorus loading. Although a
robust estimate, this assumes that phosphorus flux begins when the water becomes
hypoxic (< 2 mg/L dissolved oxygen). It also assumes that phosphorus flux rates do
not vary appreciably during the hypoxic part of the year. Another model from
Matisoff et al. (2016) calculates anaerobic average summer phosphorus fluxes from
anoxic sediment cores taken in multiple western Lake Erie locations to be 6.56 +/-
6.05 mg m-2 day-1. This study corrected for temperature in its final estimates of




internal phosphorus loading, but did not account for seasonality in its flux rate
calculations. A study from Paytan et al. (2017) incubated sediment cores from Lake
Erie’s central basin at 7°C and calculated anoxic phosphorus flux rates at 0.33-0.45
mg m-2 day-1. This temperature does not accurately represent the warmer seasonal
central basin hypolimnion temperature observed in this study during times of
anoxia-associated phosphorus flux. Additionally, estimates of central basin
phosphorus loading presented in that study failed to account for the spatial and
temporal dimensions of hypoxia (i.e. areal extent, onset).

The development of anoxia in Lake Erie is seasonal and can be transient in location
(Zhou et al. 2013). Advection and upwelling processes can disrupt the hypolimnion,
causing abrupt changes in the redox condition at the sediment-water interface.
Existing models of P cycling in the lake assume that P flux continues throughout
anoxia (Nurnberg et al., 2019) and the impact of these interruptions remains
unclear. Detailed continuous monitoring in Green Bay, Lake Michigan by Zorn et al.,
(2018) showed that turnover events and the periods of calm that follow had mixed
effects on phosphorus concentration and DO consumption during organic matter
remineralization, however the effects of advection on flux rate were not fully
characterized. A study from Debroux, et al. (2012) using sediment core chamber
incubations for Lake Bard, CA found that re-oxygenation of core water depressed
release of soluble reactive phosphorus, ammonia, manganese, and sulfide, but that
study did not compare rates or timing between the first and successive anoxic
events. Our study attempts to address this gap by performing sediment core
incubation experiments that mimic oxygenation events in order to determine how
internal P loading may respond to disruption of the hypolimnion.

Given these knowledge gaps in our understanding of the effects of seasonality,
hypolimnion disruption, temperature, and dissolved oxygen thresholds, this study
used a series of controlled sediment core incubations to more precisely constrain
and understand the conditions that trigger phosphorus flux. These conditions are
important factors that we believe will affect the rates and timing of flux as a function
of the overlying water redox state.

Study Goals and Experimental Design

Management decisions to address eutrophication require improving our
understanding of nutrient recycling, specifically lake responses to phosphorus
speciation and seasonality (Mohamed, 2019). Internal phosphorus flux is widely
believed to be an important component in Lake Erie’s phosphorus budget (Steinman
and Spears, 2020). The magnitude and temporal pattern of phosphorus flux as a
function of the overlying water redox state in Lake Erie remains uncertain. This
study addresses a gap in the phosphorus flux rates estimates previously published
in the literature.

The overarching aim of this work was to quantify: 1) the oxygen conditions required
for the onset of internal phosphorus loading and 2) the rates and timing of
phosphorus flux with respect to location, temperature, and season at three sampling



locations in Lake Erie’s central basin. Here we present the results of a study to
estimate flux rates and timing in response to season (spring, summer, and fall),
location (nearshore, offshore, and deep offshore), temperature (8 and 14 °C), and
dissolved oxygen conditions. The incubations included an initial phase as well as a
re-aeration following several days of anoxia.

Materials and Methods

Sediment Core Collection and Incubation Set-Up

We performed our sediment core experiments at three locations in Lake Erie’s
central basin in order to represent differing depositional environments in the
central basin. The experiments were replicated during spring, summer, and fall of
2019. Sediment cores were taken from the three sites within the central basin,
CHRP2, CHRP4, and CHRP5 (Figure 1), on each of the three trips (Table 1).
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Figure 1: A map of Lake Erie including the three central basin coring sites, labeled as
CHRP2, 4 and 5 and referred to throughout as central basin (CB) 2, 4, and 5. The three
depth contour lines represent water column depths of 10, 15, and 20m.

An Ekman box corer (30 x 30 cm) was used to retrieve large undisturbed sediment
cores, between 0.7 - 1.0 m deep, from each site. Sub-cores were taken from the
surface of the box core in polycarbonate core containers with a total length of 30.5
cm and diameter of 146 mm. The cores contained an average of 1,723 mL of
overlying water volume. Each core had approximately 2,130 cubic cm of sediment,
although there was some variation between cores. On average, the cores contained
55% sediment and 45% overlying water.

Within each season, cores were collected over a span of 2-3 days, with all cores from
a single station collected at the same time. During each sampling event, 100L of
hypolimnion water was collected using a submersible pump coupled to a portable
water quality sonde (YSI EXO2 Multiparameter Sonde) that was used to define the
hypolimnion based on the thermal profile. The lake was not strongly stratified for
the June collection, so we collected water from 4-5 m off the bottom. We took



caution to avoid the areas where the hypolimnion was disturbed by sediment
coring. Table 1 lists ambient lake water temperature and dissolved oxygen at the
time of each sampling.

Table 1: Record of coring dates by station for all 2019 coring trips. Includes contextual
data from the multiparameter water quality sonde.

Date Water Bottom Bottom

Cored Sampling Temperature | Dissolved
Depth (m) (°C) Oxygen (mg L1)

Spring | CB2 June 4 15 12.54 10.3
2019 | CB4 June 5 20.5 8.05 9.51
CB5 June 5 21.6 8.26 9.79
Summer | CB2 | July 25 20.8 12.4 5.4
2019 | CB4 | July 24 23.6 8.5 6.34
CB5 | July 24 22.8 10.4 6.56
Fall | CB2 | Sep.19 16.6 12.27 0.07
2019 | CB4 | Sep.18 23.8 10.95 0.02
CB5 | Sep.18 21.1 12.02 0.02

After field collection, sediment cores and water samples were transported from
ports in Cleveland, OH or Monroe, MI to the Great Lakes Environmental Research
Laboratory (GLERL) in Ann Arbor, MI. The average time from collection to delivery
at the laboratory was approximately 8 hours.

Sediment cores were transported under sealed conditions and fully aerated
overlying water. The sediment core chambers were designed to collect the cores and
to be part of a closed circulation system for incubation (Figure 2). Core chambers
had two jet inputs and one central output valve for water circulation. The closed
circulation systems consisted of 1/8 “ polypropylene semi-clear tubing (Cole-
Parmer Masterflex # 5392K11) connecting the sediment core, an incubation
reservoir, and a dissolved oxygen sensor (PME MiniDO2T cat # 7392) to a peristaltic
pump (see Figure 2). All incubation systems were contained entirely within the 8
and 14°C incubators. Airtight fittings and compression screws were used to connect
the tubing to the incubation components to minimize gas exchange. Tubing input
and output ports were included in each core setup so that water could be sampled
throughout the incubation period. The design, structure, and hydraulics of the cores
used for these experiments have been shown to be realistic incubators for observing
exchange processes across the sediment-water interface (Arega and Lee, 2005; Lee
etal., 2000).
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Figure 2: Diagram of the core incubation system used for all core experiments.
Components include core chamber, peristaltic pump, reservoir, dissolved oxygen
sensor, and connective tubing with sampling ports. Arrows indicate direction of water

flow.

Upon arrival at the lab, all sediment cores were placed in the incubators at the target
temperature and allowed to settle for 30 minutes. Two incubators at different
temperatures, 14°C and 8°C, were used to house the cores during each experiment.
Each incubator contained 9 cores, three from each coring site. During this initial set-
up, the stainless steel jets that allow circulating water to enter the sediment core
chamber adjusted so the outlets were fixed approximately 3-4 cm above the
sediment and pointing in opposite direction to create well-mixed conditions with
velocities that approximated natural bottom water current velocities (Lee et al.,
2000; Arega and Lee, 2005) during pumped circulation.

After settling, the cores were flushed with hypolimnion water to remove the original
overlying water from the system and minimize the effects of any disturbed sediment
from transport and start with fully oxygenated conditions. Flushing began by



connecting the sediment core input jets of each core to a MiniDO2T submersible
dissolved oxygen and temperature sensor. These sensors were placed in
equilibrated site water baths and recorded dissolved oxygen concentrations once
every minute for the duration of the experiment. Site water was pumped through
the sensor and into the sediment core, replacing the original overlying water that
was flushed out through the exit port at the top of the core chamber and into a
waste container. The peristaltic pumps operated at 125 mL min-! for the duration of
the 60-minute flushing process.

Once the cores were flushed for an hour, we started a period of open circulation
during which the overlying water was re-circulated through a bath that was open to
the atmosphere inside the incubator. The open circulation period was intended to
ensure that all three replicates were saturated with DO and that any disturbance
from handling the cores had time to disperse prior to collecting the initial samples.
The peristaltic pump operated this process at 125 mL min-! for at least 8 hours.

Closed circulation began when the reservoir output tube was attached to the input
of the underwater DO sensor and the MiniDO2T sensor was removed from the bath.
Cores, MiniDO2T flow cells, and reservoirs were checked for air bubbles or pockets.
To displace any headspace remaining in the components, site water was added via
the input port. Circulation rates during the experiment were set so as not to disturb
the sediment-water interface and mimic published accounts of lake bottom
conditions (Snodgrass et al., 1987). During the first 24 hours of closed circulation,
when DO was >4 mg L1, peristaltic pump speeds were varied every few hours
between 50, 125, and 250 mL min-! as an experimental variable to examine flow
rate effect on sediment oxygen demand rates (SOD) which are summarized
separately (Godwin et al,, in prep). Following this initial period, pump speeds were
maintained at a fixed rate of 125 mL min-! during the remainder of the experiment
and the transition to anoxia. Dissolved oxygen and temperature readings were taken
every 60 seconds during incubation by the MiniDO2T sensor.

Data Collection: Core Water Sampling for Dissolved Inorganic Nutrients

During incubation, water samples for dissolved inorganic nutrients (DINS) were
taken at various time points over the entire range of dissolved oxygen
concentrations. Time point core water samples were collected using 60 mL syringes
via the port system. 45 mL of water was removed through one port while an equal
amount of temperature-equilibrated site water was added back via the second port
from another syringe. The removal and injection ports were physically separated
within the flow system to prevent short-circuit uptake in the withdrawn sample.
Site water was stored at 4°C until needed for sampling, and then equilibrated in 1 L
bottles in the respective incubator. The withdraw-replace sampling approach
preserved the total amount of water within the incubation system and minimized
introduction of air bubbles to the closed system. Water samples were filtered into
test tubes using 25 mm membrane filters with a 0.2 pm pore size. Samples were
frozen until they were ready to be analyzed for DINS concentrations.




MiniDO2T sensors collected a reading of dissolved oxygen every minute during the
core incubation period. Water samples were collected at least once every 24 hours
during slower oxygen consumption rates, and more frequently when core water was
approaching hypoxic conditions (2 mg L-1 DO).

Re-aeration of Cores

After the cores incubated at 14°C reached anoxia for several days, we performed a
re-aeration experiment using a subset of 2 of the 3 cores from each sampling
location. One non-re-aerated core at each location was maintained in order to
observe the differences in behavior between the subsets of cores. This experiment
was done in order to observe how sediment nutrient fluxes respond to conditions
where local anoxic water is suddenly replaced with normoxic water. These sudden
replacements of overlying water have been observed in Lake Erie (Ruberg et al,,
2008) and this experiment observed and recorded DINS responses to an equivalent
phenomenon under experimental conditions. This re-aeration experiment was
repeated in the spring, summer, and fall.

For the re-aeration experiments, the reservoir water from two of the core
incubation systems from each of the three sites was replaced quickly with
oxygenated hypolimnion water from each respective site. Representative dissolved
oxygen and SRP data from a core collected in spring 2019 are shown in Figure 3,
separated for both the initial and re-aerated experimental phases. This figure shows
the dissolved oxygen content of the overlying core water and the accumulated SRP
over time. [t shows the dissolved oxygen trend after re-aeration (represented by the
black vertical line) as well as a breakpoint where phosphorus flux begins in the
initial experimental phase (represented by the blue vertical line).
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Figure 3: Dissolved oxygen and SRP accumulation over time for spring 2019 core
CBZM. Re-aeration time is represented by the black vertical line, which separates the
experimental phases. The blue vertical line represents the phosphorus flux breakpoint
in the initial experimental phase.

Sample Analysis

Samples were analyzed for the dissolved inorganic nutrients nitrate, ammonia, and
soluble reactive phosphorus using a Seal AA3 XY-2 auto-analyzer. DINS data was
obtained for sediment core incubation samples as well as from samples taken at
surface and bottom depths at each coring site at the time of each coring.

Nitrate and nitrite were quantified with the Seal AA3 XY-2 auto-analyzer (Seal AA3
AutoAnalyzer Manual). This was done for nitrate following reduction via a copper-
cadmium column and reaction with sulfanilamide and N-1-naphthylethylene
diamine dihydrochloride (Seal Multitest MT 19, Method No. G-172-96 Rev. 17).
Ammonia was measured via the Berthelot reaction with phenate chemistry (No. G-
171-96 Rev. 15 Multitest MT 19). Inorganic phosphate was measured using the
molybdate blue reaction (Method No. G-297-03 Rev. 5 Multitest MT 19). Phosphate
standard was a NIST-traceable stock (Hach Company), and nitrate and ammonium
standards were made from analytical-grade chemical stocks. Preliminary
experiments revealed that anoxic water could cause matrix effects with these three
analytical methods, so we diluted the samples with deionized water at multiple
concentrations and used the most dilute result that was within the analytical
detection window.

DINS concentration data was collected and stepwise change in SRP between time
points was calculated using Equation 1. The SRP concentration data was used to
calculate breakpoints in accumulation rates and the SRP accumulation data was
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used to calculate flux rates of SRP from the sediment during normoxic and anoxic
conditions.

Flux Rate Calculation

Stepwise change in total mass of SRP in the incubated cores between each time
point was calculated to track the increases in SRP in the water column over time.
Additionally, sampling effects had to be accounted for in the SRP calculations.
During sampling, about 45 mL of site water was added via the sampling port system
in order to replace sampled water. This addition of low-SRP site water, on average
1.2% of the total overlying volume, caused a dilution of SRP in the overlying water
when it replaced an equivalent volume of higher concentration. To account for this,
an SRP accumulation equation with concentration correction terms was applied
(Equation 1).

Viotal=Vremoved removed

|4
+ corw X
Vtotal Vtotal

Equation 1: m,, = my,_; + v¢prar(cn — (€1 X
Where m,, and m,,_, are accumulated masses of SRP, c, and c,-1 are original
concentrations of SRP from the sampled water, coLw is the concentration of SRP in
the hypolimnion water that was added to the incubators when samples are
removed, Viotal is the total water volume in the incubation system, and Vremoved is the
volume of water removed from the system at each sampling time point.

The accumulated mass of SRP was used in the linear analysis of accumulated SRP
versus time in order to calculate phosphorus flux rates. Analysis was done in R
(Version 1.1.463) using the function “Im” to construct linear models of accumulated
SRP over time across the initial experimental phase. The package “segmented” and
its functions “segmented” and “slope” were used to locate the breakpoints within
these linear functions and specify the slope and standard error on the left and right
sides of these breakpoints. Breakpoints represent inflection points at which
sediment phosphorus flux rates increase significantly. Any breakpoint with
standard errors greater than +/- 20 hours was removed due to low support. The
only 14°C incubated core to be affected and not reported was summer CB4 in the re-
aerated phase. The slopes and their standard errors represent the flux rates before
and after each breakpoint. Flux rates and standard errors were normalized for
sediment core surface area (0.01676 m?) and overlying water volume to give flux
rates in mg m-2 day-1.

Phosphorus Flux Lag

The lag time between the onset of hypoxia and anoxia and increased phosphorus
flux rates was calculated using conventional definitions of hypoxia and anoxia. For
the purposes of this study, hypoxia is defined as dissolved oxygen (DO) <2 mg Lt as
is conventionally accepted. Anoxia is generally defined as a nominal zero DO
concentration, however in this study sensor readings of 0.13 mg L-! were used as
the indication of anoxia onset based on minimum DO sensor readings during
incubation. We further checked this upper limit by incubating all of the sensors in a
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tank dosed with potassium meta-bisulfite where we confirmed anoxia with Winkler
titrations.

In order to characterize the timing of accelerated phosphorus flux due to changing
redox conditions, a breakpoint analysis using a linear regression of SRP
concentration was run for each core. For cores that were re-aerated, separate
breakpoint analyses were performed for the experimental phases before and after
the re-aeration process. These breakpoints represent the point at which the slope of
SRP concentration changes most abruptly. The timing of these breakpoints relative
to dissolved oxygen conditions characterizes how long overlying water must
experience anoxia prior to the occurrence of lake sediment phosphorus flux.
Breakpoint analysis was performed using the same methodology as was used to find
breakpoints for flux rates, except that the response variable was SRP concentration
instead of accumulated SRP.

Lag hours were measured by the difference between the time of the last dissolved
oxygen measurement above 0.13 mg L' and the time of the breakpoint in each
initial experimental phase to produce the lag time between hypoxic conditions and
phosphorus flux. Not every sediment core experienced low enough DO conditions to
produce a significant enough change in flux rate to calculate a breakpoint. The
model was able to produce a breakpoint for cores that did experience anoxia,
including all of the cores incubated at 14°C experienced anoxia and roughly half of
the cores incubated at 8°C across the three seasonal experiments.

Statistical Analysis

Phosphorus flux rates and timing under anoxia were analyzed using mixed effects
models with fixed effects of station, season, and temperature. We started with the
full model including all interaction terms, then removed terms that did not
significantly improve the Akiake Information Criterion. Three linear models were
used, one for each sampling site, in order to remove for the confounding site
variable. Models were used to find the significant differences in both flux rates and
flux timing between seasons, stations, temperature incubations, and experimental
phase.

Results

Dissolved Oxygen and SRP Release

Figures 4, 5, and 6 show depletion of dissolved oxygen and release of SRP during the
initial and re-aeration phases for all cores incubated at 14°C across central basin
stations and seasons. During the initial experimental phase, SRP concentration was
uniformly low until the onset of anoxia, when it began fluxing out of the sediment.
During the re-aeration phase, SRP concentration dropped as the overlying water
was removed and replaced with oxygenated (and low-SRP) water. After the DO
introduced during re-aeration was depleted, positive phosphorus flux out of the
sediment resumed. These figures visually display the relationship between hypoxia
and sediment phosphorus flux.
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Figure 4: Plots of sediment cores from spring 2019 incubated at 14°C showing elapsed
experiment hours versus dissolved oxygen concentration and SRP concentration. Blue
vertical lines indicate phosphorus flux breakpoints in the initial experimental phase.
Cores that were re-aerated include a black vertical line indicating the re-aeration time
point, separating the experimental phases. Cores in the left-hand column were not re-
aerated and only have an initial experimental phase. Charts for 8°C cores are shown in
Appendix 1.
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Figure 5: Plots of sediment cores from summer 2019 incubated at 14°C showing
elapsed experiment hours versus dissolved oxygen concentration and mean SRP
concentration. Blue vertical lines indicate phosphorus flux breakpoints in the initial
experimental phase. Cores that were re-aerated include a black vertical line indicating
the re-aeration time point, separating the experimental phases. Cores in the left-hand
column were not re-aerated and only have an initial experimental phase. Charts for
8°C cores are shown in Appendix 1.
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Figure 6: Plots of sediment cores from fall 2019 incubated at 14°C showing elapsed
experiment hours versus dissolved oxygen concentration and mean SRP concentration.
Blue vertical lines indicate phosphorus flux breakpoints in the initial experimental
phase. Cores that were re-aerated include a black vertical line indicating the re-
aeration time point, separating the experimental phases. Cores in the left-hand column
were not re-aerated and only have an initial experimental phase. Charts for 8°C cores
are shown in Appendix 1.

Timing of Phosphorus Flux by Season, Station, and Experimental Phase

Average lag hours for the initial and re-aerated incubation phases for each season
are displayed in Table 2. In almost every paired case, lag hours were shorter in the
re-aeration phase than in the initial phase. The exceptions occurred in the fall
experiments, when lag during both the initial and re-aerated phases was low. In
Table 2, negative numbers indicate that phosphorus flux started before the
overlying water reached anoxia. Average lag hours for cores incubated at 8°C were
not displayed because those cores did not consistently reach anoxia. Lack of anoxic
conditions indicates that the lag hours for these cores were not informative, and in
many cases these cores produced negative lag hours. These normoxic 82C cores did
produce some phosphorus flux but at low concentrations relative to the incubated
cores that experienced anoxia (Appendix 1).
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For most cores, the onset of positive phosphorus flux occurred within 36 hours of
the onset of anoxia. The longest lag time to anaerobic phosphorus flux during re-
aeration was only 9.5 hours, and nearly half of the re-aeration lag times were
slightly negative, meaning phosphorus flux occurred before or just as anoxic
conditions returned.

Table 2: Lag hours between hypoxia and phosphorus flux breakpoints for sets of 2019
sediment cores by incubation temperature, central basin (CB) sampling site, and
season. Data in each cell are the mean of 3 (initial phase) or 2 cores (re-aerated
phase).

Lag Hours for Cores Incubated at 14°C
Initial Experimental Re-aerated
Phase Experimental Phase
CB2 | Spring 28.59 -12.39
Summer 15.30 4.32
Fall -0.07 4.29
CB4 | Spring 10.66 1.92
Summer 9.62 6.61
Fall 1.10 4.30
CB5 | Spring 13.60 -4.18
Summer 23.82 5.09
Fall -1.74 0.24

For all but two cores, the onset of initial positive phosphorus flux occurred within
36 hours of the onset of anoxia (outliers were spring CB2] at 42.76 hours and spring
CB5Q at 37.51 hours). The mean lag time for the initial experimental phase in the
fall across all stations was -0.24 hours, as compared with 16.25 hours in the summer
and 17.62 hours in the spring. The mean lag time for the re-aerated experimental
phase in the fall across all stations was 2.94 hours, as compared with 5.34 hours for
the summer and -4.88 hours in the spring. According to linear modeling, average lag
times were significantly different based on coring season and the experimental
phase (p >0.05, ANOVA test). There was no significant different between stations
according to the statistical model, however there were some differences within
stations in how seasonal and experimental phase variables related.

At station CB2, lag times in the spring and summer were similar but lag times in the
fall were significantly lower by an average of -28.7 hours (p >0.01). At stations CB4
and CB5, lag times were similar across all seasons (p >0.05). At station CB2, lag time
was significantly lower during the re-aerated experimental phase than in the initial
phase during spring (by an average of -40.98 hours, p >0.01), summer (by an
average of -24.28 hours, p >0.01), and fall (by an average of -24.3, p >0.01). Lag time
to anoxic flux was not significantly different across experimental phases at stations
CB4 and CB5.
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Phosphorus Flux Rates by Season, Station, and Experimental Phase

Average anoxic flux rates are reported in Table 3. In general, phosphorus flux rates
were higher in the summer compared to the fall and spring and the differences in
flux rate between the initial and re-aerated experimental phases are small. Flux
rates were significantly higher at station CB2 for summer than fall and spring (p >
0.05). Flux rates were not higher at station CB4 for summer than fall and spring, but
this was not significant (p > 0.1). Flux rates were not significantly different between
seasons for station CB5. Re-aerated phase flux rates were not significantly different
from initial phase flux rates for any season at CB2, CB4, or CB5.

Table 3: Anoxic P flux rates (mg m-? day-!) for initial and re-aerated cores incubated at
14°C. Each flux rate represents the average flux rate of three cores at every season,
station, and temperature combination.

Incubated at 14°C

Initial Re-aerated

Experimental | Experimental

Phase Phase
CB2 | Spring 10.27 6.69
Summer 20.70 17.12
Fall 11.98 8.40
CB4 | Spring 20.19 15.31
Summer 7.45 41.05
Fall 17.33 14.88
CB5 | Spring 9.58 10.19
Summer 11.93 12.54
Fall 10.77 11.39

Figure 7 shows phosphorus flux rates for 14°C incubated cores for station, season,
and experimental phase. For most cores, anoxic flux rates in the initial experimental
phase ranged from 5.4 - 27.6 mg m-2 day-1. High outliers were core G from spring
CB4 with an initial anoxic flux rate of 39.6 mg m? day-! and low outliers were
summer cores CB4M and CB40 with rates of 2.6 and 2.9 mg m? day-!, respectively. In
the re-aerated experimental phase, most cores had flux rates between 9.1-22.4 mg
m-2 day-!, with an outlier at core O from CB4 summer at 65.2 mg m-2 day-1. Re-
aerated rate from core CB5 S summer was not reported in Figure 7 as the flux rate
calculated was -14.2 mg m-2 day-L. This negative rate was due to the swiftness of
SRP release after re-aeration, and the inability of our breakpoint function to call a
positive flux rate over this shortened period of increase. Experimental methods
were not able to capture this flux with enough precision to produce an accurate
breakpoint and resulting slope, therefore the data was not meaningful to include in
the chart. Several of the cores have significant error bars associated with their flux
rates. Large error bars here indicate uncertainty in the position of the breakpoint
from which the slopes, or flux rates, are derived. One flux rate with standard errors
greater than +/- 20 (from summer core CB4 O, initial phase) was removed as this
value is not considered accurate enough to reliably represent phosphorus flux. The
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8°C incubated cores were not included here as half did not experience anoxia and
therefore did not produce a meaningful anaerobic phosphorus flux. In the 8°C
incubated cores that did reach anoxia, their anoxic flux rates were not found to be
significantly different than the anoxic flux rates from the 14°C cores (p >0.05).

PO4 Flux Rates after Breakpoints for 2019 14 Degree Cores
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Figure 7: Anoxic sediment phosphorus flux rates for stations CB2, CB4, and CB5. Re-
aerated rate from core CB5 S summer was not reported as the flux rate calculated was
negative.

Ammonia and nitrate data were also measured and examined. The general trends
for ammonia and nitrate were uniform across season, station, and incubation
temperature. Ammonia built up in the overlying water over the duration of the
experiment, while nitrate was consumed over time. Elapsed experiment hours
versus mean NHs and mean NOs3 plots are shown in Appendix 2 for all cores.

Discussion

This study aimed to characterize the process that occurs once Lake Erie’s central
basin hypolimnion becomes anoxic and phosphorus begins to flux from the
sediment into the water column. The experiment was designed to more accurately
describe and quantify flux rates and their timing as a function of water redox
conditions. Overall, flux rates were very dependent on DO concentration as
phosphorus flux uniformly increased when overlying water became anoxic. The
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following discussion focuses on the results in terms of flux onset and timing, flux
rates, effects of re-aeration, and implications for Lake Erie.

Phosphorus Flux Timing Significance

One of the most significant differences in phosphorus flux observed was the
difference in lag time between experimental phases across all seasons and stations.
Table 2 shows that in almost every paired case of initial and re-aerated
experimental phases, lag hours were shorter in the re-aeration phase than in the
initial phase. The only exceptions were the cores sampled in the fall, where at every
station lag hours were slightly longer in the re-aeration but were still low relative to
the initial lag times for the other seasons. It is important to note that after anoxic
hypolimnion water was replaced with normoxic hypolimnion water, DO was
consumed quickly as evidenced by the steep DO curves in Figures 4, 5, and 6 and
phosphorus flux began immediately, often before anoxia was reached. This may be
due to metal oxides in the sediment re-absorbing inorganic phosphorus under the
new normoxic conditions and then re-releasing it for flux once anoxic conditions
return.

Phosphorus flux lag time was significantly shorter in the fall than in the spring and
summer at station CB2. This difference may have occurred due to apparent higher
rates of DO consumption in the overlying water and sediment cores sampled during
fall 2019. The median lag time before anoxic flux for the initial experimental phase
in the fall across all stations was -0.24 hours, as compared with 16.25 hours for the
summer and 17.62 hours in the spring. This comparison shows that lag was
shortest towards the end of the season, when lake sediment had been exposed to
anoxia the longest. This seasonal pattern matches the effect we see of repeated
anoxia in the re-aeration experiment. This study reported that phosphorus flux lag
times were significantly shorter during the re-aerated experiment than during the
initial experiment at station CB2. It is possible that this means lake water mixing
over the course of the year can compound and cause phosphorus flux to occur faster
after successive lake re-aeration events. Previous studies such as Niirnberg et al.
(2019) and Paytan et al. (2017) reported phosphorus flux rates and internal loading
estimates without considering the effects of lag time from hypoxia to the onset of
phosphorus flux. Lag time is shown to be an important factor, signaling that there is
a significant amount of time after hypoxia and before anoxia when phosphorus flux
is not occurring at substantial rates. This finding should be incorporated into
calculations for total basin-wide internal phosphorus loading.

One possible source of error in this study is in the form of sampling rate bias.
Sampling frequency around the re-aeration phase was increased in order to capture
DO consumption and phosphorus flux that were expected to occur faster based on
past experiments.

Phosphorus Flux Rate Findings
Overall anoxic phosphorus flux rates in the initial experimental phase ranged from
5.4 - 27.6 mg m-? day'! with an average rate of 10.56 mg m-2 day-!. In the re-aerated
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experimental phase, most cores had flux rates between 9.07-22.39 mg m-2 day!
while the average rate was 15.52 mg m-2 day-1. Previously reported anoxic sediment
flux rates of 7.6-8 mg m-2 day-! (Niirnberg et al., 2019) and 0.33-0.45 mg m-2 day!
(Paytan et al., 2017) are on the lower end of our estimate ranges. These previous
estimates were derived from in situ P concentration changes, total sediment P
surface concentrations, or sediment core incubations at low temperature ranges.
These estimates do not consider the seasonal dissolved oxygen and temperature
conditions seen in the lake environment the way this study does through incubating
and monitoring cores at representative temperatures over the progression of DO
consumption.

In terms of phosphorus flux rates, this study found that higher incubating
temperature was not a significant factor for flux rates. Half of the colder 8°C
incubated cores did not reach anoxia after 10 days of incubation and were not able
to produce valid anaerobic flux rates, compared with every core incubated at 14°C
which did reach anoxia during this time and therefore produced a reportable rate.
This difference was likely due to the relationship between lower temperature and
slower dissolved oxygen consumption. In the 8°C incubated cores that did reach
anoxia, their anoxic flux rates were not found to be significantly different than the
anoxic flux rates from the 14°C cores. This showed that although the cores
incubated at 8°C were less likely to reach anoxia during the incubation experiment,
the cores that did eventually reach anoxia behaved similarly to the cores incubated
at 14°C.

This study found that flux rates did not differ significantly between sediment core
sampling stations, meaning internal phosphorus loading rates are likely not
different at the lake locations and depositional environments tested. Seasonality
was significant for phosphorus flux rates, though. At coring sites CB2 and CB4,
phosphorus flux rates were significantly faster during the summer compared to the
other two seasons. This could be due to the extent of hypoxia in the summer as
compared to the spring sampling. It could also mean that rates are lower in the fall
due to a higher SRP concentration in the hypolimnion caused by near-anoxic lake
conditions (Table 1), which would decrease the concentration gradient between
pore water and overlying water, which would lower the flux rate. Initial
concentrations from hypolimnion samples taken at the time of coring from each
station support this trend, as sample concentrations were high at across all three
stations (347 pug L-1 at CB2, 443 pg L1 at CB4, and 625 pg L1 at CB5).

Phosphorus flux rates did not differ significantly between the initial and re-aerated
experimental phases. SRP dropped quickly after re-aeration, and recovered quickly
once DO was consumed, often to higher concentrations than during the initial
experimental phase (Figures 4, 5, and 6). It is likely that this was partially due to
phosphorus in the overlying water being recaptured by sediment metal oxides when
re-exposed to oxygen, and then quickly released upon the return to anoxic
conditions. This means that the repeated disturbances to hypolimnion stratification
that re-aeration mimics may not alter phosphorus flux rates, but may encourage
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either more phosphorus to flux out of the sediment overall or a release over time of
captured phosphorus that had fluxed out under the previous anoxic conditions. This
finding is especially interesting when you consider that although flux rates do not
change between phases, lag hours decrease significantly. It is possible that this
decreased lag time in phosphorus flux rates contributed to SRP concentrations
becoming even higher post re-aeration than during the peak in the initial phase. It is
also possible that this release of SRP is due to an accumulation of SRP at the
sediment-water interface, ready to be released.

Implications for Lake Erie Management

The implications of this research include a rethinking of the long-term effects of
nutrient runoff in Lake Erie to reflect benthic nutrient cycling and sediment storage.
Results from this study suggest that recommended changes in nutrient loading from
watershed management should also consider the contribution coming from internal
phosphorus loading. Load reductions for tributary inputs have already been
officially recommended through the Great Lakes Water Quality Agreement (GLWQA,
2012). Anoxia sediment phosphorus flux and timing calculated in this research
should be incorporated into hypoxia models that characterize spatial and temporal
extent to create estimates of a phosphorus budget and load reduction needs for
improved eutrophic conditions.

This research also has implications for estimating the role of internal loading of
phosphorus within the lake’s budget. Average phosphorus flux rates can be applied
seasonally to hypoxic lake areas to create internal loading values that should be
considered in Lake Erie’s eutrophication management. Models that are capable of
representing spatial and temporal patterns in anoxia could provide estimates of
interannual variation in internal loading of P. Modeling combined with this study’s
findings on lag time and phosphorus flux rate under hypoxia would further
characterize where and for how long sediment phosphorus flux occurs throughout
Lake Erie’s central basin.



Chapter II:

Quantifying the onset and rate of sediment phosphorus fluxes during seasonal
anoxia in Lake Erie’s central basin using continuous in situ nutrient analyzers

Abstract

Lake Erie’s central basin is seasonally exposed to hypoxia and anoxia, contributing
to internal phosphorus loading and potentially exacerbating lake eutrophication.
This study aims to parameterize internal loading in terms of timing and flux rates in
order to understand how the system responds to the current state of eutrophication
as well as the role it plays in promoting further systemic eutrophication. Continuous
in situ nutrient analyzers (WetLABS HydroCycle PO4) were deployed at two sites
within Lake Erie’s central basin hypolimnion from July 25 to October 10, 2019 to
provide a timeseries of soluble reactive phosphorus concentrations (SRP) at a 6-
hour frequency. At each site, a nearby water column mooring provided continuous
temperature and dissolved oxygen measurements every 10 minutes with a vertical
resolution of approximately one meter across the thermocline. Water column
depths were 20.5 and 24 m, respectively, at sites CB2 and CB4, and the HydroCycles
were moored 0.5 m from the sediment surface. During the study period, thermal
stratification initially formed in early July and deepened until mid-August when a
stable hypolimnion was established that varied between 2 and 4 m in thickness,
with temperatures between 11- 14°C. The combination of a thin hypolimnion,
organic-rich sediments, and warm temperatures caused a rapid consumption of DO
and the hypolimnion first went anoxic on Aug 24 and Sept 9 at sites CB2 and CB4,
respectively. SRP concentrations remained low during the entire normoxic and
hypoxic phases but began to increase abruptly within hours of anoxia onset. Flux
rate estimates varied substantially throughout the approximate 6 weeks of anoxia,
in part due to continuous advection of bottom water and rapidly changing
hypolimnion depth. Flux rates were calculated by regression of SRP concentrations
versus time over 24-hour moving windows and estimates of mean hypolimnion
thickness within each time period. Positive sediment phosphorus flux rates during
anoxic conditions ranged from 1.3 to 106 mg m2 d-! at CB2 and from 0.8 to 40 mg m-
2d-1at CB4. A displacement of the anoxic hypolimnion at CB2 with normoxic water
advected from nearshore caused an immediate cessation of positive phosphorus
flux. Following a return of anoxic conditions after 48 hours, positive phosphorus
flux rates resumed immediately at higher rates ranging from 15 to 138 mg m2 d-1
which suggested a rapid, redox-controlled phosphorus desorption response as
opposed to remineralization of P. The normoxic hypolimnion exchange did not
occur at CB4 and no abrupt changes in flux rates were observed over the same time
interval. Extrapolations of the in situ measured flux rates over the duration and
spatial dimensions of seasonal hypoxia suggest internal loading rates are
comparable to direct annual tributary loads of P to the central basin.

22
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Introduction

Lake Erie Background

Lake Erie is an important and irreplaceable natural resource for its surrounding
communities. It provides cities with drinking water, contains vital fisheries for the
region, supports the economy, and supplies communities with a source of
recreational activities throughout the year. Lake Erie has a history of environmental
degradation, and past industry and wastewater runoff initially led to the
eutrophication throughout the lake (DePinto et al., 1981; Scavia et al.,, 2014).
Persistent symptoms of eutrophication include harmful algal blooms (HABs) in the
western basin of Lake Erie and seasonal hypoxia in the central basin. Environmental
regulations such as the Clean Water Act and the binational Great Lakes Water
Quality Agreement (first signed in 1972) forced the management of point source
pollution, and for a time the ecological consequences of pollution abated or were
much diminished (CWA, 1972; GLWQA, 2012). However despite the management of
point source nutrient pollution from Lake Erie’s watershed, both HABs and hypoxia
have re-emerged as problems since the 1990s (Scavia et al., 2014). More recently,
attention has been directed at non-point source pollution, such as nutrient inputs
from human activity including agriculture and land-development that continue to
contribute to eutrophication and these identified water quality impairments. In
addition to the role of diffuse sources of nutrients (such as agriculture), another
source of non-point nutrient loading is the lake itself through internal phosphorus
loading. Nutrients associated with settling organic matter accumulate in lake
sediment over time and become a reservoir of nutrients for internal loading (Gerling
etal,, 2016) and potentially represent an important component of a water body’s
phosphorus budget (Niirnberg, 1984; Niirnberg, 1991). One of the main drivers for
whether this internal loading plays a significant role in a lake’s phosphorus budget
is the development of hypoxia and the impacts of redox conditions on sediment
biogeochemical processes (Foster and Fulweiler, 2018). Phosphorus fluxes into the
water column under redox conditions that occur when the overlying hypolimnion
becomes anoxic. While literature suggests that internal loading of P due to hypoxia
contributes to eutrophication and HABs in Lake Erie (Nurnberg et al 2019), there
remains a need to understand the biogeochemical conditions that lead to the onset
of phosphorus flux from the sediment, controls on the rate of that flux, and how
factors like hypolimnion thickness and hydrodynamic movement affect the flux. As
seasonal hypoxia continues to threaten lake fauna and their habitats as well as lake
water quality, ecosystem-level research and management is required to manage
these issues (Mohamed, 2019).

Hypoxia and Internal Phosphorus Loading

The process by which internal phosphorus loading impacts hypoxia through
eutrophication has been proposed as a positive-feedback mechanism in a wide
variety of water bodies from the Baltic Sea (Vahtera, 2007) to smaller freshwater
water bodies around the world with varying legacy catchment phosphorus inputs
and stratification regimes (Steinman and Spears, 2020). During eutrophication there
is excess growth of algal biomass, which is remineralized as it sinks down the water
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column, removing available oxygen in the hypolimnion and causing hypoxia and
anoxia. Organic matter oxidation in offshore hypoxia regions of Lake Erie has been
estimated to contribute as much as 33% of hypolimnion oxygen depletion
(Lashaway et al., 2010). This sinking biomass and its high nutrient content
integrates into lake sediment, causing a buildup of phosphorus that can be released
back to the water column under anoxic conditions. Low DO is a driver for the
process that releases inorganic phosphorus from the sediment. The presence of
fresh organic material at the sediment-water interface drives respiration of
dissolved oxygen (DO) and metal oxides. Under oxic conditions, iron oxides (such as
Fe III oxyhydroxides) are powerful sorbents of inorganic phosphorus (Beutel et al.,
2007). When DO and nitrate are absent, microbes respire these oxides and convert
them to a soluble redox state (i.e. Fe(II)), which no longer sorbs inorganic
phosphorus (Mortimer, 1941; Mortimer, 1971). This biogeochemical process results
in internal phosphorus flux, which then comes out of the sediments according to
Fickian diffusion principles (Steinman and Spears, 2020).

This decomposing biological material therefore contributes to both the nutrient
content of the sediment and the rate of oxygen consumption in the overlying water.
This feedback mechanism, known as “accelerated eutrophication”, has been
suggested for various water bodies (Caraco, 2009) and is the reason eutrophication
both contributes to oxygen-poor conditions and nutrient loading from the lake
sediment. Internal phosphorus loading as a self-reinforcing process can be a major
issue in lake-wide ecosystem health. This is a major reason that internal
biogeochemical cycling of phosphorus has been cited as a challenge for the long-
term removal and management on phosphorus in water systems (Giles et al., 2015).
It has also been suggested that hypoxia and internal loading may correlate to poor
drinking water quality in northern Lake Erie, specifically through the further
promotion of HABS, (Niirnberg et al,, 2019).

The physical dimensions of Lake Erie make it especially susceptible to widespread
hypoxia and internal phosphorus loading. The central basin has a maximum depth
of 25 meters, while the western basin is much shallower, only about 7 meters deep.
In the shallower western basin, internal nutrient cycling is driven mainly by re-
suspension from wind-driven waves. In the deeper central basin, thermal
stratification occurs and re-suspension is less common. Seasonal stratification
within the central basin morphology produces a warm and thin hypolimnion. High
rates of oxygen consumption within this warm, thin layer result in the seasonal
development of anoxia, which in turn contributes to internal phosphorus loading.
This seasonal stratification process causes nutrient cycling to be driven by anoxic
flux from lake sediments rather than by physical re-suspension or sediment
disruption. Lake Erie also has high organic matter production that leads to high
oxygen demand and a large supply of nutrients. These unique attributes of Lake
Erie’s central basin are the main physical drivers of hypoxia. Modeling has shown
that Lake Erie has specific areas that are spatially and temporally vulnerable to
hypoxia, including nearshore Ohio in the central basin (Rowe et al., 2019). These
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conditions make Lake Erie vulnerable to internal loading and an optimal place to
study and characterize the biogeochemical controls of the process.

Hypolimnetic hypoxia and anoxia are known to be transient in Lake Erie, and any
given patch of central basin sediment will experience repeated transitions between
hypoxia and normoxia in a given hypoxic season (Ruberg et al.,, 2008). It is therefore
important to be able to characterize phosphorus flux and the timing of this flux
relative to the exposure of sediment to hypoxia and anoxia.

Previous Studies on Phosphorus Flux Rates and In situ Monitoring

Previous studies using sediment core incubation and pore water concentrations
have estimated average flux rates around 6-8 mg m-2 day-! (Matisoff et al. 2016;
Niirnberg et al., 2019). These studies did not characterize flux rates in terms of
seasonality, address the impact of advection events on hypolimnion DO, or consider
the timing of phosphorus flux rates relative to DO condition. This study addresses
these gaps using a novel high-resolution in situ timeseries of SRP concentration
collected at the sediment-water interface combined with well-characterized
temperature and DO water column conditions. The ability to directly measure
internal phosphorus flux and timing at sub-daily temporal resolution improves our
understanding of internal phosphorus flux from lake sediment in terms of rates and
timing relative to dissolved oxygen concentration and temperature in the overlying
bottom water. Hypoxia is commonly defined as a water column with < 2 mg L-1 DO.
This paper uses this common definition of hypoxia and refers to anoxic conditions
as DO =0mgL-L

A previous in situ monitoring study from Zorn et al. (2018) deployed a dissolved
phosphate sensor in Green Bay, Lake Michigan and proved the efficacy of this
approach for measuring phosphorus release. They were able to observe
hypolimnion dissolved oxygen and phosphorus concentration behavior during and
between stratification turnover events. Our study emulates these sensing
techniques and their emphasis on environmental and physical factors, and
quantifies phosphorus flux rates and timing throughout a complete seasonal
stratification cycle and hypolimnion formation in the central basin of Lake Erie. It
also included an advection event (similar to Zorn et al,, 2018) at CB2 where brief
mixing occurred when normoxic water replaced anoxic hypolimnion water.

Using continuous in situ nutrient monitoring within the hypolimnion provided a
novel method for characterizing in situ phosphorus flux at the sediment-water
interface in Lake Erie. Once phosphate diffuses into the water column, it can be
assimilated biologically, adsorbed abiotically, and diffused across the thermocline.
The offshore central basin hypolimnetic waters are strongly stratified, and are not
likely affected by high sediment inputs or frequent re-suspension events, which
would help to minimize these loss terms. Furthermore light levels below 20 m are
near aphotic conditions and autotrophic assimilation should be minimal.
Estimations of flux derived from the concentration timeseries will therefore
represent a net flux with small loss terms.
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Study Goals and Experimental Design

The focus of this study was to characterize rates and timing of sediment phosphorus
flux in Lake Erie’s central basin relative to seasonal dissolved oxygen conditions
using continuous in situ monitoring. This study complements and compares results
with seasonal sediment core incubation experiments (Chapter I) in order to further
characterize environmental conditions required for sediment phosphorus flux in
Lake Erie’s central basin.

Our study builds upon previous continuous water quality monitoring approaches
such as Ruberg et al. (2008). This study described a buoy system deployed in Lake
Erie’s central basin to resolve real-time water column measurements of
temperature and DO as a way to detect hypoxic conditions. In this study full water-
column mooring data was used to inform sediment P flux estimations using a high-
resolution timeseries of in situ measured phosphorus concentrations. The study
approach used sensing techniques, analytical protocols, and laboratory testing as
outlined in Grand et al. (2017). Timeseries data were collected and analyzed
alongside data from existing water-column moorings to evaluate the soluble
reactive phosphorus (SRP) concentration, flux rates, and timing trends relative to
the hypolimnion thickness, dissolved oxygen (DO) content, and bottom temperature
over time.

Methods

This in situ experiment involved placing Two WETLab HydroCycle PO4’s (SeaBird
Scientific, #SAS-541861) in Lake Erie’s central basin near existing instrumented
moorings located near stations CB4 on July 24, 2019 and CB2 on July 25, 2019 (Fig.
1) with water column depths of 20.5 and 24 m, respectively. These instruments
monitored SRP concentrations 0.5 m above the sediment-water interface every 6
hours until their retrieval on October 10, 2019 and collected 300 measurements
each over the deployment. These study site locations were chosen for HydroCycle
placement due to their proximity to established full water-column moorings, as well
as their known hypolimnion development of seasonal anoxia. The existing moorings
set up at stations CB2 and CB4 (Figure 2) provided continuous temperature and
dissolved oxygen measurements every 10 minutes with a vertical resolution
throughout the water column.
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Figure 1: Map of Lake Erie showing mooring sites CB2 and CB4 in Lake Erie’s central
basin, labeled as CHRP 2 and CHRP 4. The three depth contour lines represent water
column depths of 10, 15, and 20m.

The moorings at stations CB2 and CB4 (Figure 2) contained Precision Measurement
Engineering MiniDO2T dissolved oxygen (DO) loggers (PME MiniDO2T cat # 7392)
and SBE temperature loggers. Hypolimnion thickness was calculated using
temperature and depth data from these moorings. Timeseries of temperature and
MiniDO2T data were used to produce thermal water column profiles and estimate
the depths of the top and bottom of the metalimnion. The hypolimnion thickness
was calculated as the difference between the estimated bottom of the metalimnion
and the lake bottom. Metalimnion depth was determined by maximum temperature
difference within sequential 1 m depth intervals, and lake bottom depth was
determined by pressure sensor attached to the bottom of the mooring weight. The
placement of the lowest temperature sensor at both CB2 and CB4 is 0.5 m above the
lake bottom as seen in Figure 2. Therefore, the minimum possible hypolimnion
thickness is the difference between the bottommost sensor and the lake bottom, or
0.5 m. When the water column was fully mixed, hypolimnion thickness was assumed
to be less than 0.5 m. To account for this phenomenon, surface and bottom
temperature differences were taken into account. If the temperature difference was
less than 0.5 °C, then the water column was considered fully mixed and hypolimnion
thickness was reported as 0 m.
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Figure 2: Mooring diagram of the CB2 station mooring with dissolved oxygen (DO) and
temperature sensors and a near-surface YSI EXO multiparameter sonde. The CB4
station mooring contained similar sensor placement in a deeper 24 m water column.
Separate bottom weights were used for the surface float, sub-surface float, and
separate HydroCycle mooring.

Phosphorus flux rates were calculated using timeseries of SRP concentrations and
estimated hypolimnion thickness. The “Im” function in R (Version 1.1.463) was used
to create a linear model of SRP with respect to time, which was applied using a
moving time window of 24 hours with the “lapply” function. Thus, each estimate of
flux was derived from 5 sequential SRP measurements and the mean hypolimnion
thickness. Slopes and standard errors were reported at the middle point of each
window. SRP concentration change and errors were used to compute flux rates
using the mean hypolimnion thickness over the same moving window time period
and normalized per square meter to generate rates of mg m-2 day-1. When the
estimated SRP concentration change was negative or the confidence interval
included zero, no flux rate was reported. Based on observations of hypolimnion
thickness and temperature change, these intervals most likely represented large
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advective events that brought in hypolimnetic water with different nutrient
conditions, rather than an actual reversal in the direction of the sediment-P fluxes.
For one instance at CB2, a high phosphorus flux rate of > 200 mg m-2 day-! was
estimated but was not believed to have accurately resulted from rapid change in the
SRP concentrations. We decided that this measurement was unlikely representative
an instantaneous sediment P flux rate, particularly since negative flux rates were
observed immediately before and after the sequence as the hypolimnion was
undergoing rapid changes.

Lag time, or the time difference between specified DO conditions and the onset of
phosphorus flux, was also calculated. Lag time was calculated between phosphorus
flux and the onset of both hypoxia and anoxia using a detection limit method in R.
Starting with the second measurement for SRP, the cumulative mean and standard
deviation of SRP concentration was calculated. Onset of phosphorus flux was
identified as the point where two consecutive concentration measurements
transgressed the mean and three times the standard deviation of the previous SRP
measurements. The date of these onsets was subtracted from the date of hypoxia
and anoxia onsets to produce the respective lag times.

Due to DO sensor detection limits, this study used a non-zero numeric output to
define anoxia based on the confirmed reading of the sensors in a zero-oxygen bath
prepared with potassium metabisulfite and confirmed by flat-line minimal DO
readings in situ. The sensor readings used to denote anoxia were 0.03 mg L-1 and
0.13 mg L1 for CB2 and CB4, respectively. These definitions of hypoxia and anoxia
were used to define the timing of DO threshold conditions in calculating phosphorus
flux lag times.

Prior to and following deployment, the response accuracy and linearity of the
HydroCycles (units #490 and 492) were analyzed by submerging them in a drum of
approximately 180 liters of deionized water. The instruments were purged of
bubbles, and programmed to sample every 20 minutes. The instruments were run
for a few hours allowing them to equilibrate and then concentration of PO4 in the
drum was increased by additions of KH2PO4 standard to the DI water over a
concentration range of 0 to 40 pg L1 at intervals of 0, 5, 10, 20, 40 pg L-1. Ateach
concentration level, the instruments sampled three times, and corresponding
reference samples were taken at each sampling timepoint. The linear best fit for
both HydroCycle instruments showed an under-prediction of sample concentration
relative to the auto-analyzer reference sample measurements. The equations for the
lines of best fit were y=0.64x + 0.66 and y=0.68x + 0.66 and the R? values are 0.996
and 0.999 for HydroCycle units #490 and 492, respectively. There was no significant
difference in the slopes between the two HydroCycles instruments (p <0.05).

This calibration check was done to check the functionality of the instruments to
ensure they would respond in the linear range to increasing SRP concentrations. All
reported in situ SRP concentrations were not corrected to the pre-deployment
calibration; rather they were taken from the HydroCycle factory-set absorbance
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ratios using the output denoted as uncorrected PO4. We did not correct for this
difference in absorbtivity between the instrument and the reference samples since
the matrix effect of lakewater on absorbance was unresolved. Thus, negative
concentrations reported by the instrument reflect the difference in absorbtivity and
not a systematic error.

The HydroCycle measures SRP using a modified version of the ascorbic acid
molybdenum blue reaction, detailed in Zorn et al. (2018). Reference samples were
analyzed with a Seal AA3 XY-2 auto-analyzer (Seal AA3 AutoAnalyzer Manual).
Sample processing for phosphate was done using Method No. G-297-03 Rev. 5
(Multitest MT 19). This detection method was based on orthophosphate reacting
with molybdate and antimony ions and being reduced by ascorbic acid to form a
blue phosphor-molybdenum complex for colorimetric detection. Standards for this
method were generated from a NIST-traceable phosphate standard (Hach
Company).

Results

The development and progression of thermal stratification at study sites CB2 and
CB4 from May to October 2019 is displayed in Figure 3. The study interval includes
the HydroCycle monitoring period of July 24th through October 10t. These thermal
patterns show the seasonal development of the hypolimnion in Lake Erie’s central
basin. In 2019, the hypolimnion began forming in late July and the lake remained
thermally stratified for the duration of the monitoring period with an exception of
one excursion event at station CB2. Beginning on October 3, 2019 advective currents
replaced colder, hypoxic hypolimnion water in this location with warmer,
oxygenated water. This mixing event can be visualized in the top panel of Figure 3
where the warmer temperature reaches the bottom of the lake.
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Figure 3: Heatmap of temperature by depth and date for CB2 and CB4, May to October

2019. Chart was vertically interpolated using depth and temperature data from
station moorings.

Figure 4 shows data from the moorings at site CB2 describing bottom layer
temperature, dissolved oxygen content, hypolimnion thickness, SRP concentration,
and phosphorus flux. Figure 4 Panel D also includes ambient bottom water SRP data
from sampling cruises at site CB2. These samples were included to show that
HydroCycle data was reported in the expected range of SRP concentration. The
advection event at CB2 during October 2019 is highlighted in blue for clarity.
Hypolimnion conditions responded to this event as visualized in Figure 4. Around
October 3-8, bottom water temperature and DO concentration (panels A and B,
respectively) both experienced a sharp positive bell curve. At the same time,
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hypolimnion thickness (panel C) values fell. SRP concentration and phosphorus flux
(panels D and E, respectively) also experienced sharp declines before increasing
towards the end of this advection period. Based on the dissolved oxygen and
temperature data, the full deployment period could be characterized into four
phases visualized in Figure 4 and separated by the vertical lines. During the first
phase, which lasted until August 4t, the lake was stratified and the hypolimnion
conditions were stable and normoxic above 2 mg L-1, defined by the first vertical
blue line indicating hypoxia onset. The second phase is defined by conditions when
DO fell below 2 mg L1 until anoxia occurred at August 234, indicated by the second
vertical blue line. SRP concentrations remained low until phosphorus flux onset at
the end of the third phase, on August 24t when we first observed positive flux from
the sediments, shown by the vertical green line. During the fourth phase, flux
continued until the advection event on October 34 when hypolimnion water was
replaced with normoxic water, and then phosphorus flux resumed again once DO
was consumed.
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Figure 4: Site CB2 readings of bottom temperature in panel A, bottom dissolved
oxygen (mg L1) in panel B, hypolimnion thickness (m) in panel C, SRP (mg L-1) in panel
D, and phosphorus flux (mg m~2 day!) in panel E for the duration of the HydroCycle
monitoring period. Panel D includes SRP data from cruise sampling at CB2, visualized
as blue triangles.
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SRP concentration and flux data were derived from HydroCycle sensors, while
hypolimnion temperature, dissolved oxygen concentrations and hypolimnion
thickness estimates were derived from station moorings. Comparable bottom layer
temperature, dissolved oxygen content, hypolimnion thickness, SRP concentration,
and phosphorus flux data for site CB4 are represented in Figure 5. Figure 5 Panel D
also includes ambient bottom water SRP data from sampling cruises from site CB4.
These samples were included to show that HydroCycle data was reporting in the
expected range of SRP concentration.

Phases based on dissolved oxygen and temperature data are also visible for CB4
(Figure 5). The first phase, when the lake was stratified and the hypolimnion
conditions were stable and normoxic above 2 mg L1 continued until August 28t,
2019, indicated by the first vertical blue line. The second phase describes the
interval between when DO fell below 2 mg L1 until anoxia occurred on September
15th located at the second vertical blue line. SRP concentrations remained low
during this third phase until phosphorus flux onset on September 16t when we first
observed positive flux from the sediments and the fourth phase began, denoted at
the vertical green line. No advection event occurred at CB4.
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Figure 5: Site CB4 readings of bottom temperature in panel A, bottom dissolved oxygen
(mg L1) in panel B, hypolimnion thickness (m) in panel C, SRP (mg L-1) in panel D, and
phosphorus flux (mg m- day) in panel E for the duration of the HydroCycle
monitoring period. Panel D includes SRP data from cruise sampling at CB4, visualized

as blue triangles.

Figure 6 shows a more detailed look at the advection event depicted in Figure 4
during October 3-9, 2019. This is an example of extreme lake conditions affecting
SRP concentration and flux. During this event, anoxic water was replaced with DO-
rich normoxic water at site CB2. When this new plug of water arrived, temperature
and dissolved oxygen levels increased to levels indicative of a completely mixed
water column. In response, phosphorus flux rates dropped rapidly to un-reportable
levels before increasing significantly and peaking around October 6t. SRP
concentration fell because the old water containing built-up SRP from the sediment
was replaced with normoxic water. Phosphorus flux rates also fell at the start of this
advection period while normoxic was present at the monitoring site. After several
days, SRP levels and phosphorus flux rates recovered, and SRP concentrations
reached higher levels than before the water replacement. The return of normoxic
water allowed the sediment to trap any SRP diffusing out and perhaps bind some
from the overlying water. When anoxic conditions returned, the trapped and
recently bound SRP was released. There was likely a slight build up of SRP at the
sediment water interface, which yielded high initial flux rates. As the release
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continued it started to return to a normal equilibrium with diffusion from the
sediment pools.

Interestingly, phosphorus flux rates decreased again following their peak after
advection (Figure 6). This is likely due to concentration dependence- as SRP
concentrations in the hypolimnion increased rapidly, the concentration gradient
between pore water and the lake would become smaller, which decreases the flux
rate. In addition to taking a closer look at captured advection events, it is important
to consider the timing conditions of hypoxia necessary to phosphorus flux.
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Figure 6: Plot of phosphorus flux during CB2 overlying water advection event. The CB2
re-aeration event is defined as the water advection event occurring after October 3rd
and through October 8th, 2019.

Table 1 shows SRP lag time at stations CB2 and CB4, representing the duration
between when the hypolimnion first became hypoxic (DO < 2 mg L-1) or anoxic and
the time when phosphorus flux began to increase significantly. The water column
depth was greater at site CB4 and both hypoxia and anoxia occurred at a later date
than site CB2, and subsequently had a later onset. Despite the staggered DO
progression between the sites, elapsed SRP lag times were similar for both hypoxia
and anoxia lag across sites. This lag time means that accurate estimates of internal
loading of SRP are critically dependent upon knowing the onset of full anoxia. The
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advection event at CB2 caused DO levels to rise above 2 mg L1 briefly, beginning on
October 4t and lasting a few days. This advection event was not considered in the
general lag time calculations in Table 1.

Table 1: SRP lag times for stations CBZ and CB4. Lag times represent the difference
between time at which hypoxia occurred and the time at which phosphorus flux began.

Station Time at Time at Time of SRP SRP Flux Lag SRP Flux Lag
Hypoxia Anoxia flux Time from Time from
(DO <2mg (DO =0.00 breakpoint Hypoxia Anoxia
L1) mg L1)
CB2 8-04-2019 8-23-2019 8-24-2019 23.5+/-.25 0.5+/-0.25
14:05 14:05 02:05 days days
CB4 8-28-2019 9-15-2019 9-17-2019 18.25 +/- 0.25 1.75 +/- 0.25
14:05 20:05 14:05 days days

In Table 2, normoxic conditions include hypoxia and were defined as dissolved
oxygen greater than 0.03 and 0.13 mg L-! for CB2 and CB4, respectively, based on
the flatline response of the sensors. The HydroCycles reported some SRP
concentration data as negative values, but positive flux rates were still calculated
due to a consistent measureable increase over time as concentration became less
negative. The CB2 re-aeration event is defined as the water advection event
occurring after October 3rd and through October 8th, 2019. The average normoxic
flux rates at CB2 and CB4 were 1.51 and 1.04 mg m2 day!, respectively. These rates
were 17x and 11x lower than the respective average anoxic flux rates at each station
(25.67 and 11.42 mg m-2 day'! at CB2 and CB4). The average rate during the re-
aeration period, 83.38 mg m-2 day-!, was 3x the average anoxic flux rate of CB2 and
7x the average anoxic flux rate from CB4.

Table 2: Phosphorus flux rates and standard errors for stations CB2 and CB4 during
normoxic and anoxic dissolved oxygen conditions. Flux rates and standard errors for
the CBZ re-aeration event are also reported. Flux rate minimums, maximums, and
averages for each dissolved oxygen conditions are displayed.

Station | Dissolved Flux rate Flux rate min Flux rate max
Oxygen average (mg m- | (mg m2 day1) (mg m2day1)
condition 2 day1)
CB2 Normoxic | 1.512 +/-0.59 0.404 +-0.26 4915 +/-1.41
Anoxic 25.67 +/-5.48 | 1.334+/-0.43 | 105.97 +/-10.96
Re-aeration | 83.382 +/-8.17 | 15.027 +/-3.13 | 137.836 +/-21.48
CB4 Normoxic | 1.042 +/-0.53 | 0.416 +/-0.08 3.15 +/-1.09
Anoxic 11.42 +/-2.548 | 0.794 +/-0.64 40.075 +/-6.24
Discussion

This study described continuous in situ monitoring of internal loading within the
hypolimnion of Lake Erie’s central basin. The two SRP concentration timeseries
presented in this study were evaluated in the context of seasonal thermal
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stratification and hypolimnion thickness to provide an improved understanding of
processes regulating the timing and rates of sediment P flux. The results of these
analyses showed that ambient lake conditions, such as temperature and
stratification, have important effects on phosphorus flux timing and rates. The
research outlined in this paper supported the findings from laboratory incubations
of sediment core collected from these same sites (Chapter [; Anderson et al, in prep).
Estimations of anoxic sediment phosphorus flux rates in that study ranged of 5.4 -
27.6 mg m-2 day-1l. That study also mimicked a hypolimnion re-aeration event, and
reported similar trends in phosphorus flux related to these DO conditions. The
sediment core experiments also showed comparable results for the onset of
phosphorus flux, which was shown not to occur until anoxia.

Temperature Effects

Temperature had an important impact on the timing of phosphorus flux from Lake
Erie sediments. The temperature and depth profiles in Figure 3 show that site CB4
stratified later than site CB2. The significance of this later stratification extended to
phosphorus flux lag times, which were also staggered (Table 1). Temperature effects
were evaluated in parallel run laboratory sediment core experiments, and it was
observed that cores incubated at the lower temperature (8°C) were much slower to
approach anoxia than the cores incubated at the higher temperature (14°C), if they
experienced anoxia at all. Additionally, CB4 anoxic flux rates were generally lower
than CB2 anoxic flux rates (Table 2), which may in part be due to observed
temperature differences. CB4’s bottom water temperature was on average 10.9°C
while CB2’s bottom water temperature was higher, 12.4°C on average.

As the effects of climate change increase and global temperatures rise, it is expected
that lake temperatures will remain higher for longer (Mason et al. 2016), leading to
increasingly longer periods of stratification. Warmer temperatures may speed the
progression of internal loading as DO is consumed faster in the water column and
seasonal stratification occurs earlier in the year. This will lead to longer periods of
hypolimnion anoxia, increasing the total time for phosphorus to flux out of the
sediment and the overall internal phosphorus load in the central basin.

Stratification Effects

Thermal warming and water column stratification also play a large role in
regulating the timing and rates of sediment P flux. Stratification prevents the water
layers from mixing and establishes a fixed hypolimnion, which has no way to replace
oxygen being consumed at the sediment interface. However, vertical mixing and
advection events have the potential to disrupt hypolimnion thickness and even
remove the hypolimnion layer altogether, as seen in CB2’s water advection event.

The laboratory sediment core incubation experiment imitated hypolimnion-mixing
event observed at CB2 by replacing sediment core incubation water with normoxic
water. This advection event caused a rapid loss of SRP concentration until DO in the
new normoxic water was consumed, and phosphorus flux could begin again. The
core re-aeration experiment showed the same results as the in situ normoxic water
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advection at CB2, with phosphorus flux reduced or absent until anoxic conditions
returned to the system and rapid re-start of phosphorus flux once anoxia returned.
The sediment core re-aeration showed that although phosphorus flux rates were
similar under anoxia in the initial and re-aerated phases of the experiment, SRP
concentrations increased to levels higher than were seen before the re-aeration
event. One potential explanation for this discrepancy between the in situ flux rates
and the core flux rates following re-aeration is that the SRP concentration in the
replacement water during the core re-aeration was higher than that in the normoxic
lake water and thus the core flux rates could have been limited by the concentration
gradient while the in situ fluxes were not. A similar trend is seen in Figure 4 panel D,
where SRP concentration increases to levels higher than previously seen before
water advection disturbed the hypolimnion. This is important because it shows that
the behavior seen in the sediment core experiments are accurate to the behavior of
phosphorus flux under advection in the lake environment. It means that advection
events in the lake could briefly disrupt phosphorus flux, but once DO is consumed
phosphorus flux continues as before.

Phosphorus Flux Lag Findings

The lag times reported for hypoxia and anoxia quantify the extent of low DO
exposure necessary for phosphorus flux to move from its baseline normoxic flux
rates of 1.04-1.51 mg m-2 day! (Table 1) to more substantial anoxic flux rates. Lag
times were staggered in terms of date between the two stations, but elapsed lag
times from hypoxia and anoxia until phosphorus flux onset were similar between
stations. Elapsed lag time from hypoxia to the onset of anoxic flux (23.5 days at CB2,
18.5 days at CB4) was significantly slower than lag time from anoxia to anoxic flux
(0.5 days at CB2 and 1.75 days at CB4). The long hypoxic lag times represent long
periods in which DO levels were dropping slowly and phosphorus flux was
relatively stable. Both hypoxia lag times for the in situ study were significantly
longer than lag times in the corresponding sediment core experiment, where the
median lag times for the initial experimental phase across all stations were -0.19
hours in the fall, 19.73 hours in the summer, and 16.8 hours in the spring. The
anoxic lag time at CB2 of 12 hours fell within the range of the lag times from the
sediment core experiments, and the anoxic lag time at CB4 of 1.75 days fell slightly
outside of this estimate. The overall longer hypoxic lag times reported in this study
are likely due to the volume of water in situ. As the sediment cores had a finite
volume of water and DO to consume, hypoxia and anoxia occurred faster and DO
levels dropped more readily, causing shorter lag times. The in situ experiment dealt
with the entirety of the local hypolimnion layer, so local DO consumption occurred
at a slower rate overall even after thresholds of hypoxia were hit. In terms of a
water volume to sediment area ratio, this is a comparison of an average of 0.0017
m3 of overlying water volume and 0.01676 m? of surface area in the sediment core
incubation experiments versus the water volume of the average hypolimnion depth,
3 m, over the area of 1 m? of sediment surface area. This is a ratio of 0.1:3. These
findings teach us about the importance of understanding the location and timing of
hypoxic dead zones in Lake Erie as they contribute directly to internal phosphorus
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loading at the sediment-water interface. Our findings indicate that flux does not
begin during hypoxia, but instead requires anoxia.

Phosphorus Flux Rate Findings

The flux rates reported here for anoxic conditions are significant relative to the
baseline normoxic flux rates at both study sites (Table 2). The average positive
anoxic flux rate of 25.67 +/-5.48 mg m2 day-! at CB2 was considerably higher than
11.42 +/-2.548 mg m day-! at CB4. In the adjoining sediment core study, cores
collected in fall 2019 from both CB2 and CB4 averaged anoxic phosphorus flux rates
of about 14 mg m2 day-L. In situ flux rate measurements from both stations include
this rate in the range of reported rates (Table 2), however the mean in situ
phosphorus flux rate at CB2 is significantly higher. Previous studies reported central
basin anoxic phosphorus flux rates of 7.6-8 mg m-2 day-! (Niirnberg et al., 2019) and
0.33-0.45 mg m-2 day! (Paytan et al., 2017). Both the estimates from this in situ
monitoring experiment and from the sediment core experiment bracket and exceed
these previous estimates.

It is also interesting that the CB2 re-aerated anoxic flux rates are significantly higher
(average of 83.38, range of 15.03-137.84 mg m2 day-1) than either anoxic flux rate
found earlier in the experiment (average of 25.67 at CB2 and 11.42 mg m2 day-1).
This reflects the findings in the sediment core experiment, where flux rates in the
initial and re-aerated experimental phases were not statistically different from each
other, but the re-aerated rates had a wider range than the initial anoxic flux rates.

In order to confirm that the elevated in situ flux rates following the advection event
were due to increased phosphorus flux and were not a result of advection from a
higher SRP concentrated area of the hypolimnion, a calculation was performed to
find the amount of SRP that would have built up during the advective period when
no recorded flux occurred. The average pre-advection anoxic flux rate was 25.67 mg
m-2 dayL. The interval over which no flux occurred was about 5 days, and the
following interval with very high flux rates was about 3 days with an average anoxic
flux rate of 83.38 mg m2 day-1. Multiplying these rates by the extent of these periods
shows the amount of phosphorus that would have fluxed out over these intervals. If
flux had continued as normal over the advective period, there would have been a
flux of about 128 mg m-2 over that time period. The high flux period following this
interval sent around 250 mg m-2 phosphorus into the hypolimnion. If anoxic flux had
continued as normal throughout this entire 8-day period, about 205 mg m-
phosphorus would have fluxed into the sediment in total. The high flux period
phosphorus estimate and the estimate of phosphorus at normal flux rates if the
advection event had not occurred are reasonably close considering the assumptions
of this calculation. It is therefore reasonable to assume that a buildup of phosphorus
at the sediment-water interface would have occurred during the advection period
where sediment phosphorus flux was not observed and that this buildup
contributed to the elevated flux rates following the advection event. It is unlikely
that the elevated flux rates following re-aeration represented solely the advection of
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high-SRP hypolimnion water into the monitoring area rather than a return to
equilibrium across the sediment-water interface.

Limitations to the Empirical Approach

This experiment required assumptions based of the efficacy of our in situ sensing
techniques. SRP concentrations were recorded with the assumption that
HydroCycles placed 0.5 m above the sediment will collect and process an accurate
timeseries of SRP concentrations that could be used to accurately estimate the flux
rate. As SRP leaves the sediment and enters the hypolimnion, there are multiple
processes, such as biological consumption or dispersal, that are not accounted for in
terms of where the SRP goes in the water column after it leaves the sediment.
Dispersal of SRP would cause under-reporting of fluxes and could affect our
estimates of the onset of phosphorus flux.

There were also some limitations and uncertainties associated with our flux
calculation results. Flux rate calculations had to consider lake conditions such as
water movement and how they affected SRP data. Using the moving window
function, some negative fluxes and errors were found but are not reported in
Figures 4, 5, and 6. These negative fluxes could be due to advection of water away
from the mooring, loss of SRP due to formation of metal oxides sinking to the
sediment, or a combination of the two mechanisms. This may result in under or
overestimations of flux at times of water advection or hypolimnion thickness
uncertainty during the monitoring period.

Conclusion

This study was able to confirm the findings from the adjoining sediment core
incubation experiment, as well as produce a meaningful estimate of central basin
internal phosphorus loading. This study also produced the significant finding that
the onset of positive sediment phosphorus flux does not occur until anoxia. Previous
studies have assumed that phosphorus flux occurs at the time of hypoxia (Niirnberg
et al, 2019; Paytan et al., 2017; Matisoff et al., 2016). This study showed that there is
a portion of time where flux does not occur when it was previously assumed to. This
has implications for calculations of internal loading. This study also showed that
phosphorus flux rates increased significantly after an advection event disturbs the
hypolimnion. This may also be due to advection or the re-capture and subsequent
release of SRP by metal oxides under rapidly changing DO conditions as the
overlying water transitions from anoxic to oxic, and back to anoxic with advection
and DO consumption.

This approach this study used of continuous in situ hypolimnion monitoring was
important because it allows the observation of a timeseries of SRP concentration
data at a scale and sensitivity that other experimental methods do not offer.
Discerning the timing of phosphorus flux in the lake and the variability of flux rates
throughout different stages of dissolved oxygen conditions would be difficult to
quantify from discrete samples collected aboard vessels. Another particular
advantage of the in situ approach over sediment cores (Chapter I) is that the in situ
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approach does not have an accelerated timeframe. Owing to the lower ratio of water
volume to sediment area in the cores, the core experiments progress from normoxic
to anoxic conditions more quickly than the lake. This could result in decoupling of
DO concentration in the water and redox conditions in the surface sediment layer.
However, the two approaches gave similar results for timing, suggesting that this
decoupling is minimal.

Sensor placement should continue in order to further characterize the behavior of
phosphorus flux in the sediment with respect to season, location, and hypoxia.
Additional sensor placement for future monitoring experiments should include
more sensor moorings placed to capture turbidity, pH, and conductivity for the
water column to improve understanding and tracing of advection events. Rate of
sediment and water oxygen demand (SOD and WOD) would also be excellent
supplemental data for similar future studies. Future timeseries should also include
routine data checks, sampling nearby bottom water similar to the inclusion of
ambient SRP sampling cruise data in this study.

The conclusions of this study regarding timing of sediment phosphorus flux
acceleration are important for extrapolating phosphorus flux estimates. The
findings from this study should be used to update models of phosphorus cycling in
Lake Erie. Beyond validating flux rate estimates for anoxia, this study shows
conclusively that the onset of phosphorus flux occurs only after DO reaches zero and
that hydrodynamic mixing events can temporarily interrupt the flux. Future work
could build upon these findings by including a full extrapolation of phosphorus flux
rates and timing over spatially and temporally resolved DO models that would
estimate hypolimnion anoxia throughout the entire central basin. Models
referencing this work would more accurately quantify internal phosphorus loading
and serve as a predictor for the likelihood of internal phosphorus loading based on
the extent and duration of hypoxia.



Chapter Synthesis

As described in chapters [ and II, two divergent methods were used to examine the
timing and rates of sediment phosphorus flux from the hypolimnion of Lake Erie’s
central basin. The flux rate and lag time findings from the full-season in situ
monitoring study validate the findings from the short-term lab incubation
experiment. Positive sediment phosphorus flux rates during anoxic conditions found
from in situ timeseries observations ranged from 1.3 to 106 mg m-2 d-! at CB2 and
0.8 to 40 mg m2 d-! at CB4. Estimations of anoxic sediment phosphorus flux rates in
the sediment core study ranged from 5.4 - 27.6 mg m-2 day-! across CB2, 4, and 5.
Congruence between these two approaches improves confidence in applying the
experimentally derived flux rates for estimating internal loading in the central basin
during seasonal hypoxia.

Internal Phosphorus Loading Estimates

The in situ measured flux rates presented here were paired with estimated timing
and spatial dimensions of seasonal hypoxia to suggest that internal loading rates are
comparable to direct annual tributary loads of P to the central basin, marking the
importance of internal phosphorus loading as a contributor to eutrophication.
Previous studies, such as Paytan et al. (2017) have extrapolated from their lower
anoxic phosphorus flux rates to estimate yearly internal loading at 1,800-2,400
metric tons. Extrapolating from our in situ observations of turnover dates, lag times,
and flux rate ranges, annual internal phosphorus load can be calculated by
multiplying hypoxic surface area by phosphorus flux rates and the number of days
with an anoxic hypolimnion. Using a hypoxic surface area of 9,000 km? (Zhou et al,,
2013), average anoxic flux rates from both stations (11.42 and 25.67 mg m-2 day1),
and anoxic hypolimnion exposure timing (30 and 50 days), low and high estimates
of internal loading were calculated. These estimates are 3,083 - 11,551 metric tons
(MT) and represent a range of possible annual phosphorus input in Lake Erie’s
central basin due to internal loading. The high end of this range equals the
approximate external loading input from rivers and tributaries, about 10,000-
11,000 MT annually (Paytan et al., 2017).

This calculation is in need of refinement in terms of a more accurate assessment of
true hypoxic extent. [t assumes a permanent hypolimnion with non-transient spatial
and temporal hypoxic extent over the period of hypolimnion anoxia. In order to
correct for this assumption, flux rates and timing findings should be plugged into
hypoxia models. Estimates of internal phosphorus loading need to consider hypoxic
extent, timing, and seasonality in order to further refine total central basin internal
loading estimates. Documenting the spatial and temporal dimensions of anoxia is
challenging in the large central basin, but refining flux rates based on seasonality
and timing as this study has done will help future efforts to estimate the impact of
internal loading.

Despite the recognized limitation of assuming a uniform anoxic surface area, these

loading calculations indicate that internal phosphorus flux could equal external
tributary inputs in Lake Erie. Moreover, 100% of the P input from sediment fluxes
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would be in a form that is biologically available compared to tributary load
estimates for total phosphorus of which only a small fraction would be biologically
available. This study highlights the importance of internal phosphorus loading in

Lake Erie’s phosphorus budget and the need to further quantify, study, and manage
this process.



Appendix I

Appendix I contains elapsed experiment hours versus mean SRP and DO content for
all cores for included in Chapter 1, including cores incubated during fall 2018 and
cores incubated at 8°C during every seasonal experiment in 2019. SRP data were
measured and examined as mentioned in Chapter I for all incubated cores.
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Figure 1: Elapsed experiment hours versus dissolved oxygen content and mean SRP
concentration for fall 2018 cores from CB2.
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Figure 2: Elapsed experiment hours versus dissolved oxygen content and mean SRP
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Figure 3: Elapsed experiment hours versus dissolved oxygen content and mean SRP
concentration for spring 2019 cores incubated at 8°C.
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Appendix II

Ammonia and nitrate data were measured and examined as mentioned in Chapter L.
The general trends for ammonia and nitrate were uniform across season, station,
and incubation temperature. Ammonia built up in the overlying water over the
duration of the experiment, while nitrate was consumed over time. Elapsed
experiment hours versus DO content and mean NH4 or mean NO3, are shown in
Appendix 2 for all cores incubated in fall 2018 and spring, summer, and fall 2019.
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Figure 1: Elapsed experiment hours versus dissolved oxygen content and mean NHy
concentration for fall 2018 CBZ2 cores.
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Figure 2: Elapsed experiment hours versus dissolved oxygen content and mean NH4
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Figure 10: Elapsed experiment hours versus dissolved oxygen content and mean NO3
concentration for fall 2018 CB4 cores.
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Figure 11: Elapsed experiment hours versus dissolved oxygen content and mean NO3
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Figure 12: Elapsed experiment hours versus dissolved oxygen content and mean NO3
concentration for spring 2019 cores incubated at 14°C.



