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Abstract

Seasonal hypolimnetic hypoxia has been documented in Lake Erie’s central basin since the
1950s. Ship-based surveys to monitor hypoxia have been conducted since the 1980s, but they
occur at a relatively low frequency and focus on the deeper areas of the central basin. To better
document the seasonal development of stratification and the consequent occurrence of hypoxia,
we deployed eight moorings, in both nearshore-shallow areas and offshore-deep areas of the
central basin, equipped with temperature and oxygen sensors at multiple depths, that recorded
temperature and oxygen concentrations every 10 minutes. Results from 2017-2019 reveal that
hypoxia occurs as early as July in the shallower areas west of, and around the southern perimeter
of the central basin, but does not occur until August or September in the deeper central basin.
Hypoxia is intermittent in the shallower perimeter areas; whereas in the deeper areas, hypoxia
can persist into October, often progressing to anoxia. The intra and interannual differences in the
spatial and temporal extent of hypoxia indicate that an extensive monitoring program will be
necessary to more accurately assess progress toward reducing the extent of hypoxia pursuant to

the lake ecosystem objectives of the 2012 Great Lakes Water Quality Agreement.

Keywords: seasonal hypolimnetic hypoxia, eutrophication, oxygen depletion, stratification, Great

Lakes Water Quality Agreement, phosphorus load targets, lake ecosystem objectives
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Introduction

Seasonal hypolimnetic hypoxia (dissolved oxygen < 2 mg/L) is well-documented in
aquatic ecosystems worldwide (Diaz 2001, Jenny et al 2016, Jane et al 2021). In lakes hypoxia
typically occurs when temperature-induced stratification prevents oxygenated surface water from
mixing throughout the water column, allowing settled organic matter degradation to deplete
dissolved oxygen (DO) below the thermocline. Often hypoxia is a symptom of eutrophication
(Carpenter et al. 1998), as excessive primary production caused by high nutrient inputs produces
decaying organic matter that accumulates in the profundal zone. Depending on the hypoxia
duration and concentration to which DO is depleted, changes in water chemistry and habitat
quality may ensue.

Hypoxia is a long-standing phenomenon in Lake Erie (Figure 1). Early documentation
occurred in 1953 (Britt 1955) in Lake Erie’s western basin, although this basin is relatively
shallow (<10 m) and experiences limited stratification. While oxygen depletion has been
periodically reported in the western basin since then (Carr et al 1965, Britt 1968, Jabbari et al
2019), the main area of concern is the central basin, which is sufficiently deep (>20m) to
experience persistent summer stratification. Paleolimnological evidence suggests periodic central
basin hypoxia may have occurred for thousands of years (Delorme 1982). However, while
surveys in 1929 (Fish 1960) and from 1947-53 (Powers et al 1959, 1960) revealed hypolimnetic
water below DO saturation, hypoxia was not directly observed until the late 1950s (Beeton 1961,
Carr 1962, Beeton 1965) and has been seen in routine surveys since then (Scavia et al 2014),
encompassing an estimated seasonally averaged areal extent of up to ~8.8 x 10° km? (Zhou et al
2015). Central basin hypoxia is driven by deposition of organic matter produced in the photic

zone (Burns and Ross 1972 Project Hypo report), though the importance of organic matter from
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the highly productive western basin versus the central basin remains uncertain (Watson et al
2016, Reavie et al 2016). The spatial extent and duration of hypoxia can vary annually
depending on weather and nutrient inputs (Rowe et al., 2019; Bocaniov et al 2020). Documented
effects of central basin hypoxia include accelerated sediment phosphorus release (Anderson et al
2021a), modified fishery habitat (Vanderploeg et al 2009, Kraus et al 2015), and water quality
impairment at drinking water intakes (Ruberg et al 2008).

The Great Lakes Water Quality Agreement (GLWQA), originally signed in 1972, is a
compact between Canada and the United States to reduce water pollution and related problems
throughout the Laurentian Great Lakes. To reduce eutrophication symptoms, the GLWQA
included total phosphorus load targets for each lake, including an 11,000 metric ton/year goal for
Lake Erie. Management actions taken to meet these targets were initially successful (DePinto et
al 1986); by the 1990s Lake Erie was considered to have largely recovered (Makarewizc and
Bertram 1991, Makarewicz and Bertram 1993), and retrospective analyses suggest that central
basin hypoxia diminished during that time (Burns et al 2005, Zhou et al 2013). However, by the
early 2000s hints of “re-eutrophication” became apparent, including a massive algal bloom in
2011 (Michalak et al. 2013).

To address re-eutrophication and other emerging concerns, the GLWQA was updated in
2012 and included the following “lake ecosystem objective” to reduce central basin hypoxia:
“minimize the extent of hypoxic zones in the Waters of the Great Lakes associated with
excessive phosphorus loading, with particular emphasis on Lake Erie”, as well as a charge to
reevaluate the 1978 total phosphorus load targets (Great Lakes Water Quality Agreement 2012).
In response, new objectives aimed at reducing hypoxia were adopted in 2016, which included a

6,000 metric ton/year total phosphorus load target for inputs upstream of the central basin, and a
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goal of achieving an average DO concentration of > 2 mg/L from August to September in the
central basin hypolimnion (Annex 4 Objectives and Targets Task Team Final Report to the
Nutrients Annex Subcommittee 2015). Management activities are currently underway throughout
the Lake Erie drainage basin to reduce phosphorus inputs, and an Adaptive Management strategy
is in development (Stow et al 2020) to evaluate progress toward meeting the updated phosphorus
targets (Rowland et al 2021) and document improvements in the lake.

Tracking and reporting the response of Lake Erie under an adaptive management
program requires accurate measurement of when and where hypoxia occurs so that it can be
quantified with appropriate metrics to assess progress toward meeting established goals. Recent
analyses of hypoxia in the central basin have relied on data from long-term monitoring sites that
are located in the deeper area of the basin (> 20 m) and visited one or two times per month in
August and September (Zhou et al 2013; Scavia et al 2014). Because the hypolimnion is
relatively thin in shallower stratified areas (10-20 m), oxygen depletion takes less time than in
deeper areas (> 20 m) where the hypolimnion is thicker. Thus, in contrast with the conventional
wisdom, modeling results indicate that hypoxia tends to progress from the nearshore to the
offshore (Rowe et al. 2019). While those offshore sites have the longest consistent record, the
locations may not reflect patterns that occur in shallower areas around the periphery of the basin
and the measurement frequency is unlikely to capture short-term and early-season (July) events
(Ruberg 2008). Thus, more detailed observations are required to assess predictive models of
features such as hypoxic upwelling events, which occur regularly at the margins of the
hypolimnion (Rowe et al.2019).

We describe initial observations from a mooring network of moorings deployed

throughout the basin to continuously measure DO and thermal structure during the hypoxia
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season, including nearshore locations along the Ohio shoreline. These observations offer an
improved understanding of hypoxia dynamics in Lake Erie, and will promote future model
upgrades, as well as better assessments of the response of hypoxia to changing nutrient inputs.
Methods

We deployed moorings at eight sites (SI Table 1) around Lake Erie’s central basin
(Figure 1) from approximately May-September in 2017-2019. The sites were chosen to support
development of a hypoxia forecast model to provide an early warning to drinking water
managers along the Ohio coast so that they could prepare to adjust water treatment methods
when it was likely that hypoxic water would be drawn into their intakes (Rowe et al 2019). Each
mooring had sensors at multiple depths throughout the water column that logged temperature and
DO at 10-minute intervals. The number of sensors on each mooring differed somewhat each year
depending on water depth and expectations regarding the depth and thickness of the thermocline
(SI Table 2). Generally, there were more temperature than DO sensors on each mooring.

We recorded temperature using SeaBird Scientific SBE 56 sensors and RBR Ltd Solo
sensors; the accuracy and specifications of these sensors was identical (+0.002°C). Dissolved
oxygen was measured using Precision Measurement Engineering MiniDot Loggers (+/- 5% of
the measurement or +/- 0.3 mg/l, whichever is larger) that included wipers to ensure biofouling
was minimized. The DO sensors included internal temperature sensors for calculating DO,
which we determined to be as accurate as the SBE56 and RBR Solo temperature loggers. We
attached multi-parameter sondes (Y SI EXO) around 2 m in depth to moorings 2 and 9 that
measured DO (accuracy of £0.1 mg/L or 1% of reading) and temperature (£0.01°C). We
outfitted every mooring with two U20L-02 pressure sensors from Onset, Inc, to determine

vertical movement of the sensor line in the water column during deployment.
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The mooring design was a “U” shape (SI Figure 1) to allow attachment of multiple
sensors below a surface spar buoy (Rolyan B961R). The sensors were secured via PVC clamps
to the 4” stainless steel 7 x 16 wound aircraft cable, which was attached to 15ft. of /2” long link
chain anchored to a 68 kg concrete weight. There was a ~100 m groundline (1/2” MFP Floatline,
Samson Ropes) taped at meter intervals to a %4” stainless steel cable as a tensioner to another 68
kg concrete weight. The rest of the sensors were floated above this weight using a sub-surface
float with 18 kg buoyancy. This design facilitated multiple ways of mooring recovery, while
dampening wave action due to the chain and isolating the bottom-most sensors to prevent wave
action damage.

Following mooring retrieval each year we downloaded and examined the temperature and
DO data to discover any sensor failures or other obvious anomalies in the data. The curated data
were archived and are available at NOAA National Centers for Environmental Information

(https://doi.org/10.25921/qd27-bj97). Because ship traffic limited our ability to attach sensors to

measure water surface conditions we used satellite-measurements for surface temperature and
estimated surface DO as the freshwater saturation value corresponding to the satellite surface
temperature (Great Lakes Surface Environmental Analysis [GLSEA];
https://coastwatch.glerl.noaa.gov/).

We defined hypoxia as DO < 2 mg/L and anoxia as DO < 0.15 mg/L (the highest
recorded concentration when the sensors were placed in water made anoxic by potassium
metabisulfite addition). To assess the strength of stratification we calculated the potential energy
anomaly (PEA), a measure of the energy required (J m3) to fully mix the water column
(Simpson and Bowers 1981). PEA is a local measure that is similar to Schmidt stability, which

was developed to indicate water column stability at the whole lake-scale (Schmidt 1928).
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PEA is defined as:
1 (7"
Q= Ef (p —p)gzdz
-h

where p = the vertical density profile over the water column depth, /4, # = the water surface, p=
the depth averaged density, z = the vertical coordinate, and g = the gravitational acceleration. In
freshwater, an isothermal water column has a PEA of zero; higher values indicate increasing
stratification; a PEA of 10 J m- has been used to indicate stratification in coastal marine systems
(Simpson et al 1977; Simpson and Bowers 1984). Operationally, we use a PEA of <2 J m? to
indicate no stratification, a PEA >2 and < 10 J m~ to indicate light stratification, a PEA > 10 and
<20 J m3 to indicate stratification, and a PEA > 20 to indicate strong stratification.

Our main presentation includes plots of temperature and DO vs. time, linearly
interpolated with depth, for each site for all three years (Figures 2 and 3). We included time-
series plots from every sensor, labeled to correspond to the interpolated plots, in the
supplemental information (SI Figures 2 and 3) to view features difficult to discern in the

interpolated plots.

Results
We organized the results by both depth and location within the basin.
Shallow (<20 m), nearshore sites along central basin southern perimeter (Sites 1, 3, 5, and 8)
Site 1
We obtained high-resolution temperature data through the water column in 2017 and
2019 (Figure 2 a,c) as well as near-surface and bottom DO data (Figure 2 m,0). In 2018 surface

sensors were lost; only bottom temperature and DO data were available (Figure 2 b,n).
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Weak vertical temperature gradients were apparent by late May every year, followed by
light stratification through June, intermittent stratification in July and intermittent light
stratification though September (Figure 2 a-c, m-o; Figure 4). When stratification occurred, the
hypolimnion thickness was generally < 3 m.

Periodic hypoxia was evident by mid-July, with the earliest occurrence in 2019 on July
4 (Figure 4). The number of hypoxic days ranged from approximately 21 in 2017 to 40 in 2019;
we note that in 2017 bottom DO had just dipped below 2 mg/L when mooring was retrieved
(Figure 2 m). In addition to hypoxia, Site 1 also experienced periods of anoxia each year (Figure
4); often these occurred as repeated events of short duration when the water column was only
weakly stratified (Table 1, Figure 4). Every year there were periods when the lowest DO was
not at the bottom, particularly in early September, a possible indication of benthic primary
production (SI Figure 2 m,n,0).

Site 3

High-resolution, surface-to-bottom temperature data were available every year (Figure 2
d,e,f) as were near-surface and near-bottom DO measurements; therefore resolution on the
interpolated DO plots is limited across the intermediate depths (Figure 2 p,q,r).

Light stratification was apparent in late May every year (Figure 2 d,e,f; Figure 4)
accompanied by slight DO depletion near the bottom (Figure 2 p, q, r). While a brief hypoxic
episode occurred in late June 2017, hypoxia did not usually occur until early July, even though
stratification was occurring in June (Figure 4). Stratification strength varied and hypoxia was
intermittent throughout deployment in all three years; the number of hypoxic days ranged from

391in 2017 to 51 in 2019 (Table 1); in 2017 the DO was dropping rapidly at the time the mooring
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was retrieved and hypoxia may have reoccurred after removal. Intermittent anoxia also occurred,
ranging from 7 anoxic days in 2017 to 27 in 2019 (Table 1).

Site 5

High-resolution, surface-to-bottom temperature data were recorded in 2017 and 2019
(Figure 2 g, 1). DO data were recorded at three near-bottom depths in 2017 and 2019, and at the
one meter depth in 2019 (Figure 2 s, u). No mid-depth DO data were recorded in either year. In
2018, the mooring became detached during a storm and, though it was recovered, contained no
salvageable data.

Light stratification occurred by late May in both 2017 and 2019 (Figure 2 g, i; Figure 4)
accompanied by rapid DO depletion near the bottom, though hypoxia did not occur until mid-
July in 2017 and early August in 2019 (Figure 2 s, u; Figure 4). In 2017, the water column had
become nearly isothermal by the end of June and bottom DO had returned to near saturation
(Figure 2 g, s; Figure 4). From July-August 2017 stratification strength varied, with the
hypolimnion thickness ranging from ~ 1.5 to 9 m, accompanied by rapid DO depletion and
hypoxia (Figure 2 s; Figure 4).

In contrast to 2017, stratification was stronger and more persistent in 2019, with a
progressive deepening of the thermocline into early August and intermittent stratification near
the bottom into mid-September (Figure 2 i; Figure 4). DO depletion occurred through July,
however hypoxia did not begin until early August and was nearly continuous into late September
(Figure 2 u; Figure 4). Although the patterns over the season differed, Site 5 experienced 40
hypoxic days in both 2017 and 2019 (Table 1). Periods of anoxia also occurred with 12 anoxic
days in 2017 and 23 in 2019.

Site 8

10
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We obtained medium-high-resolution temperature data throughout water column each
year (Figure 2 j, k, ) and near-surface and bottom DO data (Figure 2 v, w, x).

Site 8 was lightly stratified by late May every year, with extended, intermittent, strong
stratification from July-August in 2018 and 2019 (Figure 2 j, k, 1; Figure 4). Although DO
depletion usually accompanied stratification, hypoxia was rare, occurring at an intermediate
depth (11 m) in 2018 while the bottom sensor did not report hypoxia (SI Figure 2 w). During
2019, Site 8 experienced two brief hypoxic periods at the bottom sensor, but only one of those
lasted longer than 24 hours (SI Figure 2 x; Figure 4). DO was periodically higher at the bottom
than several meters off the bottom, possible evidence of benthic primary production (SI Figure v,
w, X). The number of hypoxic days at Site 8 was the least of all the moorings, with only 2 days
recorded in 2019 (Table 1). No anoxia was detected at this site (Table 1).

Deeper, offshore sites (Sites 2, 4, 7, and 9)

Site 2

In 2017 we obtained temperature and DO data only at mid-depths; in particular no bottom
DO data were obtained in 2017 limiting our assessment of hypoxia and anoxia (Table 1, Figure
4). In 2018 we obtained temperature and DO measurements near the surface until September and
at mid-bottom depths for the duration of deployment, and in 2019 high-resolution temperature
data spanning the water column were available for most of the season (Figure 3 a, b, ¢, m, n, 0).

Stratification was established by the time of deployment in early June in 2017 and 2018;
an earlier deployment in 2019 revealed stratification had developed in late May (Figure 3 a, b, c;
Figure 4). By July each year strong stratification was well-established with a hypolimnion
thickness of ~ 4 m. Every year the thermocline became deeper by late July with a hypolimnion

thickness of < 3 m by August. Based on the bottom-most sensor, hypoxia was intermittent in

11
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July every year; in 2017 the apparent absence of hypoxia for most of August may have been an
artifact of not having a bottom sensor (Figure 3 m). In 2018 and 2019 hypoxia was present
through most of August and much of September, (Figure 3 n, o; Figure 4) though the number of
hypoxic days was much greater in 2019 than 2018, 67 vs. 37 (Table 1). There were periods every
year (July and August 2018, briefly in July 2019) when the bottom DO was greater than some
other sensors higher in the water column, a possible indication of benthic primary production (SI
Figure 3 m, n, 0). Anoxia was also recorded at Site 2 with an extended period from late July into
October in 2019 (Figure 3 o; Figure 4)

Site 4

Site 4 was in the deepest region of the central basin. Due to its proximity to shipping
lanes this mooring had no surface expression; the top sensors were at 8 m depth. Additionally,
the location differed slightly after 2017 to avoid conflicts with vessel traffic (Figure 1). High-
resolution temperature data were available every year from 8 m depth to bottom (Figure 3 d, e,
f), DO sensors extended over the same depth range, but with lower resolution (Figure 3 p, q, 1).

Light stratification was established by deployment in late May each year, with
stratification to strong stratification occurring by mid-June (Figure 3 d, e, f; Figure 4). Generally,
the thermocline became progressively deeper from July into August though the pattern and
timing differed every year. Hypolimnion thickness was approximately 9 m in early July, but
decreased to 2-4 m by August. In all three years, prior to the onset of hypoxia, there were periods
when the DO near the bottom exceeded the DO at shallower depths (SI Figure 3 p, q, r); this
phenomenon was particularly pronounced from mid-July — mid-August in 2019 (SI Figure 3 1).
Site 4 became hypoxic later than the shallower sites and Site 2; the earliest onset of hypoxia was

in 2017 on August 1, the latest in 2018 on September 9 (Figure 4, Table 1). In contrast to the

12
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shallower, nearshore locations, once hypoxia was established it was generally sustained and
progressed to anoxia. In 2017 and 2018 anoxia occurred until the moorings were removed; in
2019 mooring retrieval was somewhat later revealing anoxia persisted into October, ending just
before the mooring was retrieved on October 10. At the time the moorings were retrieved the
number of hypoxic days, up to that time, ranged from 26 in 2018 to 55 in 2017 (Table 1). The
number of anoxic days, up until mooring retrieval, ranged from 23 in 2018 to 37 in 2017 (Table
1).

Site 7

The available measurements differed each year; in 2017 we obtained medium-resolution
temperature and DO data from 8-19.6 m, in 2018 high-resolution temperature data were
available from 1-19.6 m and medium-resolution DO data were available from 1-17.1 m as the
bottom DO sensor was faulty. We obtained high resolution temperature data from 2-16 m in
2019 (Figure 3 g, h, i) with near-surface DO data (1 m) and medium-resolution data from §-14.1
m; no bottom DO data were collected in 2019 (Figure 3 s, t, u).

Stratification occurred by mid-June and was often strong into late August - early
September (Figure 3 g, h, i; Figure 4) every year. The thermocline depth varied over periods of
days-weeks and was generally deepest in July; becoming shallower through August when the
hypolimnion sometimes exceeded a 10 m thickness. Though the absence of bottom DO data in
2018 and 2019 limits our ability to make strong inference, the available information suggests that
there was a steady, progressive DO decline from early June into August each year while hypoxia
became established by early-late August and became intermittent by early September (Figure 3 s,
t, u; Figure 4). In 2017 we recorded 31 hypoxic days and 14 anoxic days, although anoxia was

still present when the mooring was retrieved (Figure 3 s; Figure 4). Because there were no

13



293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

bottom DO sensors in 2018 and 2019 the number of hypoxic days could not be reliably
estimated, however the deepest sensor indicated at least 18 days in 2018 at 17.1 m and 9 days at
14.1 min 2019.

Site 9

In 2017 and 2018 we obtained near-surface temperature data (the surface sensor
malfunctioned in late August 2017) and medium-resolution temperature data near the bottom
(Figure 3 j, k). In 2019 high-resolution temperature data were available from near-surface to
bottom (Figure 3 1). The available DO data were similar every year, with medium-resolution data
from mid-depth to bottom (Figure 3 v, w, x).

Light stratification was established by late May in 2017 and 2019, and stratification was
already occurring when the mooring was deployed on May 23rd in 2018 (Figure 3 j, k, 1; Figure
4). In 2017, the thermocline was about 17 m deep by early July with a hypolimnion thickness of
approximately 2 m. In 2018 and 2019, the thermocline was only about 10 m deep by early July
and became progressively deeper into August. In 2017, hypoxia was apparent by early August
but not until early September in 2018 and 2019 (Figure 3 v, w, x; Figure 4). The number of
hypoxic days ranged from 30 in 2017 to 33 in 2019, although hypoxia was still occurring when
the mooring was retrieved in late September in 2017 and early October in 2019 (Table 1; Figure
4). Periodic anoxia was also present ranging from least 8 anoxic days in 2017 to 20 in 2019.
Weather events

Regional weather events strongly influenced stratification and DO dynamics across sites
in all three years. All sites experienced a nearly-simultaneous pre-destratification cooling event
in late August- early September each year (SI Table 3, SI Figure 4), associated with air

temperature becoming cooler than surface water temperature, and increased wind speed in some
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years. This cool air, and in some cases increased wind, mixed and cooled the surface water,
usually deepening the thermocline.

In 2017, this cooling was followed by an unusually warm period from September 16-27.
In Cleveland, OH the air temperature peaked at 34.4 °C on September 25, approximately 7.6 °C
above average (https://www.weather.gov/wrh/Climate?wfo=cle). This warm period induced an
approximately 3°C temperature gradient over the top 10-15 m of water at most sites,
accompanied by rapid oxygen depletion at the bottom.

Shallow, nearshore sites

At Site 1, the shallowest mooring, the annual cooling events resulted in nearly isothermal
conditions (Figure 2 a, b, ¢) and the cessation of hypoxia (Figure 2 m, n, 0). However, the mid-
September 2017 warm, calm period produced a temperature gradient (Figure 2 a) sufficient to
cause DO depletion at the bottom, which was approaching hypoxia at the time the mooring was
retrieved in late September (SI Figure 2 m).

At Site 3 the temperature dynamics following the cooling event differed among years; in
2017 and 2018 surface to bottom mixing resulted with nearly isothermal conditions and a
cessation of hypoxia followed (Figure 2 d, e; Figure 2 p, q) while in 2019 both stratification and
hypoxia persisted (Figure 2 f; Figure 2 r). The September 2017 warm, calm period caused
restratification accompanied by rapid DO depletion at the bottom, however conditions had not
become hypoxic by the time the mooring was removed (Figure 2 d; Figure 2 p).

Site 5 exhibited dynamics similar to Site 1 in 2017, the cooling event produced nearly
isothermal conditions (Figure 2 g) with a cessation of hypoxia (Figure 2 s) and the subsequent
warm period corresponded to reestablishment of a temperature gradient accompanied by rapid

hypolimnetic DO depletion and a brief period of hypoxia. While no Site 5 data were available for
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2018, in 2019 dynamics following the cooling event were similar to those at Site 3 with the
persistence of both stratification and hypoxia (Figure 2 1; Figure 2 u).

Site 8 temperature dynamics were similar to Sites 3, and 5 with nearly isothermal
conditions following the cooling events in 2017 and 2018 and intermittent stratification
persisting in 2019 (Figure 2 J, k, 1 ). While hypoxia was never recorded in 2017 at this site,
bottom DO dropped quickly during the September restratification, reaching a concentration of
approximately 2.2 mg/L, the lowest bottom DO conditions recorded that year, just before the
mooring was removed (SI Figure 2 v).

Deeper, offshore sites

The late August-early September cooling event (SI Table 3) was also evident at Site 2.
While temperature and oxygen dynamics in 2017 were unclear due to the lack of both surface
and bottom sensors (Figure 3a) the responses differed in 2018 vs. 2019. In 2018 complete
surface to bottom mixing resulted in isothermal conditions (Figure 3b), while only a slight
deepening of the thermocline occurred in 2019 (Figure 3 c). Despite essentially isothermal
conditions a brief reoccurrence of hypolimnetic hypoxia occurred in 2018 (Figure 3 n) while in
2019 hypoxia persisted until the mooring was removed (Figure 3 o).

At Site 4, stratification persisted following the cooling events; in 2017 and 2018 the
thermocline actually became shallower following the events (Figure 3 d, ¢), while in 2019 it
became slightly deeper (Figure 3 f). In 2017 and 2019 hypoxia and anoxia persisted following
the cooling (Figure 3 p, 1); in 2018 the onset of hypoxia was approximately concurrent with the
sudden cooling (Figure 3 q; Figure 4). The 2017 warm, calm period induced a temperature

gradient in approximately the top 11 m of water (Figure 3 d), however because there was still a
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361  pronounced thermocline at approximately 20 m there was no obvious effect on hypolimnion DO,
362  which remained anoxic (Figure 3 p).

363 While Site 7 also experienced these cooling events every year, the absence of a surface
364  temperature sensor in 2017 (Figure 3 g) and bottom DO sensors in 2018 and 2019 (Figure 3 t, u)
365 make the changes upon cooling less clear than at other sites. However, there were periods of
366  hypolimnetic DO depletion following these events in all three years (Figure 3 s, t, u) and hypoxia
367 reoccurred in 2017, associated with the late September warming. Additionally, a brief hypoxic
368  period was recorded in 2019 at the 11.1 m sensor, approximately 5 m off the bottom.

369 Dynamics at Site 9 differed every year following the cooling event. In 2017 it quickly
370  became isothermal (Figure 3 j), in 2018 the thermocline became shallower (Figure 3 k), and in
371 2019 the thermocline became deeper (Figure 3 1). In 2017, following a several day isothermal
372 period and the cessation of hypoxia, the water restratified with an immediate onset of

373 hypolimnetic hypoxia, destratified, and then, with the warm, calm period, restratified and

374  became anoxic until the mooring was removed (Figure 4). In 2018, similar to the pattern at Site
375 4, the onset of hypoxia was approximately concurrent with the sudden cooling (Figure 3 w;

376  Figure 4), while in 2019 hypoxia did not occur until approximately 10 days after the cooling

377  event (Figure 3 x; Figure 4).

378  Discussion

379 Stratification was usually occurring by late May-early June, at all sites, when the

380 moorings were deployed each year (Figure 4), although it was more intermittent at the shallow,
381  nearshore sites and more persistent at the deeper, offshore sites. Sometimes, stratification

382  continued until the moorings were removed, particularly at Site 4, the deepest site.
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Hypoxia generally appeared first in the western, nearshore sites, 1, 3, and 5, and showed
a general west-east progression in the deeper sites, 2, 4, 7, and 9, most years (Figure 4).
Although hypoxia usually occurred earlier in the eastern, nearshore sites, by late July it was
typically intermittent, sometimes disappearing even while stratification persisted. In contrast, at
sites 2, 4, and 9, the deepest sites, hypoxia was more persistent once it occurred, often
progressing to anoxia. Although stratification sometimes occurred for extended periods at Site 8,
hypoxia only occurred briefly, suggesting Site 8§ may approximate the eastern boundary of the
hypoxic region.

The regular occurrence of hypolimnetic anoxia, even at shallower sites where
stratification is more intermittent, is of interest as anoxia influences the sediment exchange rate
of some important chemicals (Mortimer 1941, Lee et al 1976). In Lake Erie, in particular,
sediment phosphorus release has been shown to accelerate only under anoxic conditions
(Anderson et al 2021b). The potential magnitude of this release in a season is a function of the
duration and spatial extent of anoxia, which were both much less than for hypoxia. Whether this
released phosphorus persists in the water column and influences primary production invites
further investigation. Under anoxic conditions, the sediments continue to release reduced
substances to the overlying water, which can accumulate in the hypolimnion (Muller et al 2012)
and potentially drive oxygen consumption once the water mixes with an oxygenated later. These
accumulated reduced substances may be important drivers of hypolimnetic oxygen depletion
during periods of restratification.

The focus of monitoring programs on the deepest waters of the central basin (> 20 m) has
led to estimates of spatial patterns and extent of hypoxia that neglect nearshore and early season

hypoxia (Zhou et al., 2013). However, recent modeling results indicate hypoxia forms first in
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shallower, nearshore areas due to their relatively thin hypolimnion, which experiences more
rapid deoxygenation (Bocaniov and Scavia 2016, Rowe et al 2019). Our results support this latter
view; each year hypoxia occurred first in the shallower, western sites (1, 3, 5), before expanding
eastward along the nearshore and then into the deeper, offshore sites (2, 4, 9). Although Site 1 is
separated from the central basin by the Pelee-Lorain ridge, hypoxia occurred there by mid-July
every year, and was intermittent through August, similar to observations at Site 3 (Figure 4) and
consistent with recent reports of low oxygen in that area (Perello et al 2017). In 2018 and 2019,
hypoxia did not occur at the two deepest sites, 4 and 9, until early September, considerably later
than the western-most sites. While there was a general west-east progression in hypoxia onset, a
similar progression of the onset of stratification was not evident. All sites showed evidence of
stratification by the time the moorings were deployed in late May-early June every year. This
mismatch in timing of stratification and hypoxia suggests that the rates of oxygen consumption
in water and sediment may vary spatially throughout the central basin.

Hypoxia and stratification were intermittent around the edge of the central basin (Sites 3,
5, 7) likely because upwelling and other physical advection events periodically displaced
oxygenated water from fully-mixed, shallow areas with deoxygenated water from further
offshore, resulting in pronounced short-term variability (Rowe et al 2019, Flood et al 2021,
Valipour et al 2021). The offshore sites show a more consistent pattern, usually a progressive
deepening of thermocline, though timing and thermocline depth/hypolimnion thickness differs
each year, even at Sites 4 and 9, the deepest sites. Interestingly, the sudden pre-destratification
cooling event recorded every year (SI Table 3) did not consistently deepen the thermocline at
these sites, as might be expected when the epilimnion cools, reducing the surface-bottom density

gradient, allowing deeper mixing. In fact, at Sites 4 and 9, the thermocline became shallower

19



429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

following this event in some years, resulting in a thicker hypolimnion (Figure 3 d, e, k), and in
some instances hypoxia did not begin until the cooling event occurred (Figure 3 q, w, x). While
hypoxia and stratification had become intermittent at most sites by September, they persisted at
Site 4, the deepest site, until the moorings were removed.

The rapid restratification that occurred during the warm, calm period in late September
2017 was accompanied by rapid, bottom DO declines that reached hypoxic levels at sites 1, 5, 7,
and 9. Jabbari et al (2019) also reported local DO depletion and possible hypoxia in the western
basin during this event, indicating the potential for hypoxia to reestablish late in the season.
Interestingly, our data suggest the possibility that benthic oxygen production via photosynthesis
may have prevented site 8 from experiencing hypoxia during this event (SI Figure 2v), as just
prior to the event, DO had been higher at the bottom than at intermediate depths.

Benthic primary production has been previously reported in Lake Erie’s central basin
(Burns et al 2005) and intriguingly, our measurements reveal diurnal DO fluctuations throughout
the water column at most monitoring sites, indicating daytime photosynthesis even at deep,
bottom sensors experiencing hypoxia (e.g. Figure SI 3 v, w, x). Both meroplanktonic diatoms
(Carrick et al 2005, Lashaway and Carrick 2010) and picocyanobacteria (Wilhelm et al 2006)
have been documented below the thermocline in the central basin and may be contributing to
these observed DO patterns.

Excessive primary production is generally regarded as the main driver of hypoxia as
settled, decaying organic matter provides the oxygen demand that depletes hypolimnetic oxygen
(Diaz 2001). In Lake Erie central basin hypoxia has generally been regarded as a consequence of
western basin algal blooms, which occur in the summer and produce large amounts of organic

matter that is carried eastward, eventually settling in the central basin. However, our results
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highlight the fact that these two phenomena are spatially and temporally distinct. In the deeper
areas of the central basin hypoxia occurs mainly from late August through September, roughly
temporally concurrent with western basin algal blooms, but spatially separated by upwards of
200 km (Figure 1). Furthermore, the hypoxia we documented in the western central basin began
as early as July, before western basin algal blooms typically occur. Accumulating evidence
suggests that winter productivity may be an important organic matter source driving hypoxia
(Willhelm et al 2014), including winter-spring diatom production (Reavie et al 2016).
Concurrently, the role of primary production in the central basin remains unclear. Further
quantification of the relative contributions of organic matter from various sources will inform
modeling efforts and better clarify expectations regarding the response of hypoxia to future
phosphorus loading changes. If sediment oxygen demand includes a significant legacy
component (Del Giudice et al 2018) that integrates the influence of excessive productivity over
both space and time it is likely to obfuscate a response to any realized phosphorus input
reductions.

To document future changes in hypoxia, appropriate measurement of the spatial and
temporal extent will be critical. The US EPA Great Lakes National Program Office maintains a
network of 10 sites in Lake Erie’s central basin (Figure 1) that are monitored approximately
every three weeks from June through September to assess hypoxia dynamics (U.S. EPA 2021).
Data from this network have been an important basis for estimating hypoxic area (Zhou et al.
2013). Our results indicate that hypoxia is more spatially, and perhaps temporally, extensive than
the coverage of this network, forming first in the shallower nearshore areas along the southern
shore before extending into the deeper, offshore region and persisting into October in some

years. The shallower sites along the Ohio shore demonstrated changes in stratification and
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hypoxia on a temporal scale of days to weeks. Accurate estimation of indicators, such as hypoxic
area, hypoxic volume, or average bottom DO concentration, chosen as metrics to assess the
response of hypoxia to phosphorus load changes invites expanded monitoring to better capture
the spatial and temporal characteristics revealed by our data. While our mooring data capture
early-season hypoxia formation in shallower areas west of the central basin and suggest that
hypoxia expands from the west to the east, observations from the shallower areas in the eastern
central basin are limited. Thus, to better document hypoxic extent, an expanded network should
include eastern central basin moorings located in the 10-15 m depth range. Xu et al (2021)
reached a similar conclusion, pointing out that limited monitoring in nearshore areas around the
hypoxic zone periphery limits the accuracy of hypoxia spatial extent estimation. While
autonomous vehicles such as buoyancy gliders could potentially complement moorings in the
central basin, performing those missions at shallower depths is difficult. In addition to direct
observation of dissolved oxygen, monitoring of biological indicators such as benthic fauna can
be a useful time-integrated indicator of the occurrence and severity of hypoxia (Reynoldson et al
1993; Karatayev et al 2018).

Our results indicate that the response of hypoxia to productivity tempered by decreasing
phosphorus loads may be difficult to accurately assess. In addition to possible time-lags,
differing annual weather conditions influence hypoxia extent and duration. Setting expectations

accordingly will be critical in the adaptive management process.
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Table Captions

Table 1
Hypolimnetic hypoxia and anoxia metrics based on bottom-most DO sensor at each mooring

location.

*The deepest DO sensor at Site 2 in 2017 was at 17 m, approximately 3 m off the bottom.
Metrics for hypoxia and anoxia may be underestimates.

**The deepest DO sensor at Site 7 in 2018 was at 19.6 m but was excluded from analyses due to
poor data quality. In its place, we describe the hypoxia and anoxia metrics for the second sensor
off the bottom at 17.1 m. Metrics for hypoxia and anoxia are likely underestimates.

***Site 8 experienced brief hypoxia at 11 m, which is not the deepest sensor and therefore not
described in this table.

***The deepest DO sensor at Site 7 in 2019 was at 14.1 m, almost 6 m off the bottom. Metrics
for hypoxia and anoxia are almost certainly underestimates.

"Bottom sensor was hypoxic when the mooring was retrieved.

2Bottom sensor indicated DO was dropping rapidly with the 2017 restratification and was almost
hypoxic when the mooring was retrieved.

3Bottom sensor was anoxic when the mooring was retrieved.

“Bottom sensor had become normoxic but returned rapidly to anoxia with the 2017

restratification and was anoxic when the mooring was retrieved.
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Table 1 Site 1 Site 2 Site 3 Site 4 Site 5 Site 7 Site 8 Site 9
Water depth (m) 12 20 15.25 24.25 15.25 20 13.75 21
Deployment 5/22 - 9/25 6/9 - 10/3 5/23 -9/27 5/23-9/27 5/23 -10/2 5/23 -9/27 5/23 -9/26 5/24 - 9/26
2 Bottom DO sensor depth (m) 11.7 17 14.9 23.8 14.8 19.6 13.5 20.4
0 Hypoxic events 10 20 16 6 32 9 0 27
L Hypoxic days 21! 17 392 553 40 313 0 304
7 Hypoxia first appearance July 7 July 14 June 18 August 2 July 11 August 6 - July 28
Longest hypoxia onset July 14 August 31 July 13 August 9 July 15 August 13 - August 5
Longest hypoxia (d) 11 7 15 50 14 16 0 12
Anoxic events 5 7 10 1 17 8 0 7
Anoxic days 4 8 7 373 12 143 0 84
Anoxia first appearance July 28 July 25 14-July 14 August 21 July 16 August 25 - August 28
Longest anoxia onset August 19 September 1 August 15 August 21 August 14 September 16 - September 22
Longest anoxia (d) 2 6 3 37 4 7 0 5
Deployment 5/22-10/10  6/12-10/10 5/30 - 10/3 5/30 - 10/3 5/30 - 10/3 5/23 -1025  5/23-10/25
2 Bottom DO sensor depth (m) 11.7 19.5 14.9 23.8 LOST 17.1* 13.5™ 20.4
0 Hypoxic events 20 9 11 1 - 12 0 2
1 Hypoxic days 31 37 50 263 - 18 0 31
8 Hypoxia first appearance July 15 July 31 July 4 September 7 - August 9 - September 10
Longest hypoxia onset August 6 August 7 August 25 September 7 - August 30 - September 11
Longest hypoxia (d) 13 29 17 26 - 9 0 30
Anoxic events 9 4 8 4 - 0 0 2
Anoxic days 15 7 17 233 - 0 0 8
Anoxia first appearance August 7 August 22 July 17 September 9 - - - October 3
Longest anoxia onset August 12 September 7 August 11 September 12 - - - October 4
Longest anoxia (d) 6 3 8 9 - 0 0 7
Deployment 5/21 -10/7 5/21 -10/10 5/21 -10/8 5/21 - 10/10 5/29 - 10/8 5/30 - 10/9 5/29 - 10/8 5/30 - 10/8
2 Bottom DO sensor depth (m) 11.7 19.5 14.9 23.8 14.8 4.1 13.5 20.4
0 Hypoxic events 14 6 26 5 15 18 4 6
1 Hypoxic days 40 67 51 43 40 9 2 33
9 Hypoxia first appearance July 4 July 16 July 3 August 19 July 31 August 27 August 24 August 29
Longest hypoxia onset July 8 August 4 August 19 August 28 August 12 September 11~ September 13 September 4
Longest hypoxia (d) 15 61 16 42 18 2 1 31
Anoxic events 29 6 20 2 17 8 0 5
Anoxic days 12 44 27 27 23 2 0 20
Anoxia first appearance July 13 August 23 August 14 September 11 August 16 September 11 - September 13
Onset longest anoxia July 13 August 31 September 8  September 14  September 8  September 29 - September 14
Longest anoxia (d) 3 34 5 26 5 1 0 9
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Figure Captions

Figure 1

Lake Erie map depicting mooring locations. Black triangles denote US EPA hypoxia monitoring
sites.

Figure 2

Interpolated nearshore mooring sites’ observations for temperature (top) and DO (bottom).
Black, horizontal, dashed lines indicate sensor depths on each mooring. The band across the top
of each temperature panel depicts satellite-measured surface temperature data at that location.
The band across the top of each DO panel indicates freshwater saturation DO concentration at
the satellite-measured temperature. The vertical scale on each panel is from 0-15 m to keep the
resolution consistent; brown band indicates lake bottom at that site. A white contour line
indicates the upper hypoxia extent (DO < 2 mg/L) in each dissolved oxygen panel. Note that the
upper extent of hypoxia may not be well-determined at sites 3 and 5 due to low DO resolution

near the bottom.

Figure 3

Interpolated offshore mooring sites’ observations for temperature (top) and DO (bottom). Black,
horizontal, dashed lines indicate sensor depths on each mooring. The band across the top of each
temperature panel depicts satellite-measured surface temperature data at that location. The band
across the top of each DO panel indicates freshwater saturation DO concentration at the satellite-
measured temperature. The vertical scale on each panel is from 0-24 m to keep the resolution
consistent; brown band indicates lake bottom at that site. A white contour line indicates the upper

hypoxia extent (DO < 2 mg/L) in each dissolved oxygen panel.
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Figure 4

Sitewise depiction of stratification and bottom hypoxia and anoxia for each site and year. The
deployment period for each mooring is depicted by the gray line and endcaps. The duration of
stratification (1°C difference in daily mean temp from surface to bottom) is shown as a thick
black line. Daily mean hypoxia (dissolved oxygen <2 mg/L) is shown in blue and daily mean
anoxia (dissolved oxygen <0.15 mg/L) is shown in red. ' The bottom DO sensor in 2017 at site 2
was at 17 m, but at 19.5 m in 2018 and 2019. 2 The bottom DO sensor in 2019 at site 7 was at 16
m. The inset gray and black line depicts the strength of stratification (higher PEA is a thicker

line), with discrete thresholds denoted in the legend.
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Figure 4

Potential energy anomaly (J m™)
2 = 10 == 20 mm 50

Bottom dissolved oxygen state
B Hypoxia, < 2mg L' m8 Anoxia, < 0.15mg L™’

2017 |-——————-ll-—&

2018 e 2.

2019 ——— =N HEEE - -

2017 = =T —

018 — —— - ——
010 = ——————

017 = - S I =

2019 = ——— S

D1} [ ] A SN, S— — =
2018 e e ] -
2019 = - ceo————— - e b
20177 ———p

2018 B e
2019 e — |

2017 - ,r—“
2018 F— .
2019 e ——————————

38



	Lake Erie hypoxia spatial and temporal dynamics present challenges for assessing progress toward water quality goals
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References
	Table Captions
	Tables
	Figure Captions
	Figures



