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Executive Summary

The purposes of this project ware(1) measure concentrationsdisolved oxygen (DQgpeatedly
in 2007 near the southern shoretloé central basin of Lake Eria orderto detect occurrences of hypoxia
or anoxia near the lake bottowhere depths are shallower than 20 meters; (2) compare DO concentration
profiles among the years 2005, 2006, and 2@0id ) assess thpotential benefits of addirg fAcent r al
basinnearsheehy poxi a0 met ri c t o tlhthisréparkhgpoxiaisidedineasal i ty | 1
dissolved oxygen concentratiohat leastl.0 mg/Land less tha.0 mg/L, and anoxia is defined as a
concentration below.0 mg/L. Data collectedby staff of thd=ranz Theodore Stone Laboratany2005 at
two stations in the western end of the basin reveadesigientanoxia at depths as shallow as 15 m. Data
from two transects perpendicular to the southern sheia Lorain, Ohiojn 2006 and 200through an
Ohio Sea Grant (2006) and this grant (20@hpwedh large area opersistent anoxia at depths as shallow
as 14 min 2006and localized areas of anoxia both years at depths as shallow as Thum, it appears
that, if the study areas are representativeotiferregions of the central basin shallower than 20 m, anoxia
is sufficiently widespread and persistent to account for the degraded benthic invertebrate communities that
have characterizedhallow region®f the basin for decades.

Data on dissolved oxgag concentrationsear the lake bottom have been amassed over a period of
several decades by a variety of US and Canadian agencies. However, no concerted effort has been made
to look for spatial patterns in DO concentratim waters less than 20 m dempto discover trends in the
et ent, duration and severity of oxygencedradsipBt i on |
hypoxiad meshauld lwe considered by the Ohio Lake Erie Commission for addition to the Lake Erie
Quality Index, pdraps as a component of the Water Chemistry Metric of the Ambient Water Quality
Indicator. A hypoxia metricould serve in the central basim place ofthe Hexageniamayflycomponent of
the Key Indicator Species metric of the Biological Indicator as &stdexageniacontinues to be absent
from the basin because the distributiorHefxageniaappears to be determined nimum DO
concentrations in summer.

A hypoxia metric would provide the following advantages:difEct measurement ghriation from
year to year inthe timing, durationextent and severityf hypoxia eventim shallow (<20 m) coastal
waters; (2) drect evidence to support explanations of degraded zooisettmmunities in shallowegions
of the central basin; (3) aagige for monitoringyearto-year changes in areal extent and duration of
hypoxia and anoxia in shallow regions of the basin, and thus trends toward improvement or further
degradation ovetime; (4) data toassist calibration and validation dfypoxia models for the ctal basin
being devel oped NOAAOGs Gr e aandotherkPetentiaEdsadvantages ofan t a |
hypoxia metric would include (1hather set of data to be collected while performing other functions
aboard regarch vessels, (2nather set of datto be computerizeahd maintained by agency staff, (3)
desirability ofcoordinated $imultan®ug data collection along the north and south steand western
end of the basin, (4)eed to apply identical sampling methods across agen8igscific criteia upon
which a hypoxia metrizould be scored annually would need to be developed by collaborating agencies.




Introduction

Data d#éing to the late 1990s indica#® increase in the size aselasonatiuration of thei d e a d
zoneo, ofranoxidne dissalvedsoxygen) arypoxia(nearabsence of dissolved oxygedn)the
hypolimnion of the central basof Lake Erie www.epa.gov/glnpo/glindicators/water/oxygenb.Hjtml
Changem t he fdead zoneo ¢thangesineeatral basiochemisineludingead by
increase in phosphorus concentratiomeny.epa.gov/glnpo/glindicators/water/phosphorusalhtrihese
indications of a returto lower water quality in the basin hanesulted in renewed efforby/ scientists and
managerso understand the physical, chemical, and biological dynamics of the hypolimnion

Thesummerhypolimnia oftemperatdakesthroughout the world are known to be dynamic rather
than stationaryKalff 2002). Weather events, particularly strong and prolonged windstorms, set the
hypolimnion into motion with the result that part of the hypolimnighich forms in the coolest and
deepestregionsof a lake basin, may intrude temporaiityo shallow regions Such eventappear to be
relatively frequent in many large lakes. For example, Effierl. (2004) documented an ‘ibur upwelling
event in Onondaga Lake, New York, in Septen#202 thabrought hypolimnion water to the lake surface
andresulted in dissolved oxygébO) conceltrations belowl mg/L in surface waters at the windward end
of the lake, and they estimated that at least 14 such events occurred within the inter241Q£990
Similarly, it is known that the hypolimnion of Lake Eies cent r al ftoashe imeitfermsl y n a mi c
in June or July until it dissipates in September or October (Bartish 1987, 8@Jet987). The dynamics
are threadimensional. Hypolimrn thickness varies, both by seasonal erosion of the metalimnidoyand
internal seiches and upwelling evetitat result fronforcing events such as wisirms and barometric
pressurgyradientgBedford 1992).

Lateralmovements or expansions of the hypwiion into areasf Lake Erieusually occupied by the
metalimnion or epilimniore.g.,Bartish 1987have been reportedfrequentlyand few if any data are
routinely collected that demonstrate these movemd3usys deployed since 2003 earlier by Ohd Sea
Grant, Universityof Windsor, andOAA6 s Gr eat Lakes Envi r o({GbeRb ata l Re s ¢
severalpoints in the central basprovide data on time of hypolimnion establishm@nbgressive change
in thicknesstemperature profile, and vertlaascillationsof temperaturat thosespecificpointsin the lake
For example, GLERL Buoy No.(®1.6745° N 82.6258° W)at the juncture of the western and central
basinscollects temperature and turbidity data & &nd 8m above the lake bimm (11 n)
(www.glerl.noaa.gov/res/Programs/erie/pgs/moorings)htkibwever, the data collected aatland
similar sites do not providdirectinformation about dynamics of the hypolironiin the coastal zone.

The impetus for this study was largely driven by the biology of the central basifiel@wwtudies in
the central basin over the p&tyears(Krieger 1984, Krieger and Ross 19%@ve led to the following
hypothesesHypothess 1: That the distribution and abundarafenajor zoobenthic species (round gobies
and dher benthic fishes, zebra and quagga muss®lgflies, midgesand othersnear the margins of the
central basin ardetermined byransitory (hourdong to daydong) shifts in the position of oxygen
depleted hypolimnion waterddypothesis 2That highresolution, frequent observationlateral
hypolimnion dynamics coupled with observation of differences in zoobergmanity structure
(composition anége distibution) and abundan@anexplain the general absencehgpoxiasensitive
zoobenthic species from vast areas of the central basin that have not heretofore been shown to experience
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hypoxia oranoxia. In this report we define hypoxia aslisolved oxygenDO) concentratiorirom 1.0
mg/L to less than.R mg/L and anoxia aa DO concentratiobelow 10 mg/L.

Evidence in support of Hypothesis 1 includes the following: (1) Vast areas of central basin
sediments have the proper consistencygiath sizecompgition to supportHHexageniamayfly nymphs, as
theydo in most of the western basiout are devoid of the nymphsThose samsediments do support
substantial populationsf invertebrates tolerant of axia, such as oligochaetes worms and chironomid
midges(Krieger 1984, 2005, 2006; Krieger and Ross 19@3 In the spring of 2004, a young cohort of
Hexagera nymphs that hatched that spring or the previous fall was present in sediments near the western
edge of the central basin, but the expected oldertolbich wouldhaveemergel in the summer of 2004,
was absent, indicating that the life cycle was interrupted in the summer of 2003, probably as a result of
aroxia (Krieger 200%. If that situation was typicalt appears that each yddexageniaeggs ae dispersed
into the central basin and successfullychdthe eggs are tolerant ofaa (Britt 1955] but the nymphs
succumb to awvxia the following summer. (3) The emergence of small numbers oftdexdigeniarom
the central basin every summer, riblg their appearance on shoreline structures, in regions where nymphs
apparently are absent in nearshore sediments (Krieger 2004), suggests the existenaeafstenye
refugia, perhaps within marinas and harbors of the central b&siiment samplesom 62 stations in
those areas in Majune 2005Krieger 2006 yielded mayfly nymphs only &vo statiors. This indicates
thatHexagenianymphs are indeed very sparsely populated in amgstlyunknown parts of the central
basin. (4) A historical bésfor Hypothesis 1 exists in data gatheredbylaboratory (NCWQR)N 1978
and 1979 in which D@t 1 m above the bottom at some central basin stations, particularly in the Sandusky
subbasinyaried from>5 mg/Lto <1 mg/Lon consecutive dayRichards 981). (5) Bartish (1987)
reported an intrusion of central basin hypolimnion water far into Pigeon Bay of the western basin. He
suggested that similar intrusions may occur one to two times per year.

The role of DO in controlling the structure (speciesipositionandabundanck distributionand
biomass of the benthic and bentpielagic food webs is unknown because higgolution spatial and
temporal data on DO concentrations nearctiestal marginef the central basin are lacking both presently
and hstorically. Even though the shetérmlateral dynamics of the hypolinom have largely been
overlooked, theyikely exert a strong impact on the ecology of the nearshore andrwemst regions of
thebasin. Excursions of hypoxic water into those are@sy render large expanses of the central basin
i nhospitable to a Aheal t hy osudidina Vviablg fiskkesy! Documentatiom i t y
of hypolimnion dynamics at tHecal scale shoulgrovide direct evidence of the primary cause of
continued degradation @he bottom community of shallower waters of the central katsantime whethe
integrity of thecommunity of the western basin hasalargeextent been restoré®chloesseet al 2000)

The objectives of this project wet@(1) characterize the thretmensional dynamics of the
hypolimnion of the central basin, with a focusstrorttermmovements of the lateral boundary of the
hypolimnioninto shallow coastal waters; (2) comp&® data from the summers 8005,2006 and 2007
with meteorological conditions reported from a nearby NOAA weather buoy in order to discover predictive
relationships between hypolimnion intrusions and precedinghweainditions; and (Bassess the
potential for nearshore hypoxiato serve asanewigien r t he cent r al basin in tfF
Quality Index (OLEC 2004)



Study Area

Stations wee designated along transects AP anddBBnted approximately perpendicularly to the
southern shore of the central basin betwesnain and Rocky River, @io (Figurel). The interval between
stations wa®.012N closer to shore an@l025N farther from shoréTable 1) and station depths ranged
from 85 m to 18.5 m on transect AP aridm to 16.5 m on transect BHable 1) The most shoreward
and shallowest station on each transect was 1.0 km (BR) or 1.2 km (AP) offslratestations were
generally progressively deepeith increasing distandeom shore. The total distance between the most
shoreward and most lakeward stations was 11.8A&)or 12.5 kn (BR), and the distance between
transects was approximately 14 km (Figliye The basin morphometry in the vicinity of the transects is
characterized by a rapid increase in depth within 2 km of shore to about 14 m at transect AP and to about 10
m at trarsect BR, followed further offshore by a very gradual increase in depth, especially along transect BR
(Figurel).

In 2005 staff of the F. T. Stone Laboratory (The Ohio State University) deply&l data sonde
attached to a buoy each of two statics) SL15E at approximately 15 m depth and SL20 at approximately
20 m depth (Figure 1, Table.1These buoys wergar the study transects that we observed in 2006 and
2007. Though the DO data collected in 2005 predate the present study, they have po¢beaed
elsewhere and are included in this reporenhance interpretation of the physical processes that operate
during stratification every summertihe central basin. In additiowe downloaded
(www.ndbc.noaa.gov/station_history.php?station=4%@d6d and wave data from a NOAA weather buoy
(Station 45005) near the study transects (Figufieable 1)to help explain our water temperature and DO
observations.

Methods

Each ofthe twodata sondedeployed in 200%vere connected taverticalstring of thermistorand
a DO electrode situated 0.2 m off the bottofine DO electrodewere calibrated immediately prior to
deploying them 010 July2005 and he sondes recorded datantinuously atourly intervalsuntil they
were retrieved o October.

The temperature and DO measurements conducted through this LEPF project in 2007 provided a
second year of measurements similar to those made in 2006 through an Ohio Sea Grant
(www.ohioseagrant.osu.edu/research/aquaticecology/?ID=R7Z#D). The methodology was identical
in both studies. We visited stations along both transects dwngamplingntervals each summer: 2%

July 2006 §panningd days), 1618 and 22 August 2008ganning/ days plus 6 Septembet}s-18 July

2007 (3 days), and 6 anell® August 2007 (5 days plus 22 Augustye were able¢o visit one or more

stations a second tinm some dayausually about three hours after the initial visit, to obtain a second set of
readings. Measurements were conducted aboai®/th8owfin which could traverse rapidly from station

to station. The number of stations visited on a given ddyt@number of days included in each sampling
interval were determined by weather conditions that often changed rapidly.

On each visit aertical profile of temperature and dissolved oxygen (mg/L and percent satuved®n)
recordedvith a YSI 58 DO metecalibrated daily in saturated ai@n infrequent occasions, two other YSI
4
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Figure 1. Study area showing location of transects in the central basin of Lake Erie (top); bathymetry
(meters)in the region around thHeansects and in the eastern part of the Sandusgiyasin, the location of
two data sondes (SL15E and &) deployed in 200%nd NOAA buoy 4500%middle) andlocations of
stations andlistance of each transect from shore, from the other transectipagdeach transect (bottom).
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Table 1. Coordinates of NOAA and Stone Laboratory buoys and each transect
station, and minimum and maximum depths encountered while sampling in 2007.

Min., Max.
Station °N ‘W Depth, m
NOAA Buoy 41.677 82.398 T
SL15E 41664 82.303 T
SL20 41.743 82.107 T
AP1 41.525 82.000 8.5, 8.9
AP1.5 41.537 81.997 14.5, 14.7
AP2 41.550 81.995 16.0, 16.3
AP3 41.575 81.989 16.8, 17.0
AP4 41.600 81.984 17.4,17.6
AP5 41.625 81.979 18.5, 18.5*
BRO0.5 41.488 82.150 7.0,7.5
BR1 41.5® 82.150 11.5, 11.7
BR1.5 41.513 82.150 13.1, 13.4
BR2 41.525 82.148 14.5, 14.6
BR3 41.550 82.150 15.7, 15.9
BR4 41.575 82.150 15.5, 155
BR5 41.600 82.150 16.4, 16.7

*Visited only on 16 July 2007

meters were used. Laboratory comparison of teatpes readings and calibration of a range of DO

readings for each meter against the other meters and a Winkler titration showed that all meters provided
similar readings within a few tenths of a unit. Response of the therntigemperature change wagpid,;

however, response of the DO electrode was often slow. Care was taken at each depth to permit the DO
electrode to approach equilibrium before recording a reading; the electrode response often required three or
four minutes when very low DO concentoais were suddenlyneountered in the hypolimniorThe DO

electrode was weighted in order to eliminateor in recording depths that would have resulted from a
nonvertical angle of the cable.

Tables and most graphs were produced using Bxe2003 or Ecel 2007. Wind and wave vector
plots were generated with SigmaPlot 11 (Systat Software, Inc. 2008) after converting wind and wave
directions to radians in Excel and computing beginning and ending vector coordinates.

Results

Dissolved oxygerat 0.2 m offthe lake bottonbbecamehypoxic at Station SI5Esoon aftethe
time the data sonde was deployed on 11 July 2005 (FRyuréhere the DO concentratigenerally
remained below 0.5 mgAtom 11 August through 18eptember, when the fall turnover begate Tong
period of anoxia was interrupted fiye episodes of two to ten days duration whenReconcentration



spikedupward Even so, from early August through r8eéptember thBO concentration never reached 4
mg/L and was usually <0.5 mg/L

The deepe 20 m station (SR0) experienced more prolonged period okygen depletion than the
15 m station and revealed a generally linear rate of decline in DO concentration from the time of
deployment untill9 Septembenvhen DO was no longer detectafifégure 2). The same timperiodsthat
markedthe three largeshcreases in DO concentration at1SE prior to midSeptembeimstead marked
declines in concentration at 30 that were much lessainatic than the increases atlSE. However, fall
turnover is ot clearly represented in the data and was at $dadiayslater at SL20 than at shallower
SL15E.
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Figure 2. Changes in dissolved oxygen at station§ (15 m) and SRO (20 m) from July through early
October 2005. Each date beginshat tick mark. (Data courtesy of Matt Thomas, Ohio State University,
F. T. Stone Laboratory)

Complete data for transects AP and &ected through this grant #007 are included in the
appendix.DO concentrations within 1 m of the bottom durthgtwo time intervals in 2006evealed the
presence of anoxia (<Amg/L) at one or more statiomdongboth transects in late July within a few km of
shore at depths as shallow as 11 m (Fi@uwreHypoxia (10to < 20 mg/L) was more extensive than
anoxiain July but was not seen as close to shore as was anoxia. Particularly noteduoirigy2527 July
2006alongTransect BR and 167 July 200{Figure 4)on both transectsere areasf anoxiain the
hypolimnionthat persistedhoreward ofnore highly oxygeated water In August 2006a zone of anoxia
that extendetheyondapproximately the 15 m contoand may have represented a shoreward migration of
the dead zonpersisted throughout theday sampling periadRenewal of oxygenatdabttom water in the
shallowerareas closé shoreoccurredbetween 18 and 22 Augusind by 6 September fall turnover had
progressedio a depth of at least 16.m

Nearbottom oxygen depletion was not as severe during observation in 2007 as in 20064)Figure
Anoxia was onlyobserved in July, and then at an intermediattomdepth(12-14 m contoursand
di stance from shore along both transects, appear:
disappeared by the third day of sampling. The August 2007 samaniod, which extended over five
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Figure 3. Dissolved oxygen concentrations within one meter of the bottom during two time intervals in

July and August 2006Stations not visited on a date are not shown.
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Figure 4. Dissolved oxygen concentrations within one meter of the bottom during two time intervals in
July and August 2007Stations not visited on a date are not shown.
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days (plus 22 August), was characterizgabarbottom hypoxia at all stations for the first three day8 (6
August), except the station closest to shore on each transect on the first day, which also exhibited some
oxygen depletion (2 mg/L). Partial or complete reoxygenation had occurredl atations by the fifth

day (10 August), and concentrations wéBe0 mg/L at all station€l5-17 m) by 22 August.

The vertical profiles of temperature and DO concentration corresponded closely with each other
(Figure 5). The thickness of the epilimnion and the depth of the thermocline increased as lake depth
increasd, whereas the upper limit of the hypolimnion and hypolimnion temperature decreased with
increasing lake depth. Within the epilimnion, with its nearly uniform temperature, DO concentration often
wasslightly greater several meters below the surface. makstratification was reflected by vertical
differences in DO concentrations, but whereas the temperature was fairly uniform throughout the
hypolimnion, the DO concentration declingmmewhatwith increasing depth. As shown for example at
Station BR0.5 n 17 July 2007, even though temperature declined d@ybetween the top and bottom of
the water column and no hypolimnion was present, the DO concentration declined dramatically near the
bottom (Figure 5).

co o A~ N O

o

Depth, meters

Figure 5. Vertical profiles of dissolved oxygen concentration (mg/L) and temperat@eat six stations
along transect BR on 17 July 2007 showing a thickening epilimnion and a descending thermocline as depth
and distance from shore increase. The deepest measurementsadgachs within 1 m of the bottom.
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The vertical profiles of temperature and DO concentration occasionally varied substantially from day
to day and even within a few hours (Figure 6). For example, during the peridtd2dy 2006, the
daytime surfac®O concentration at Station BR1 varied by approximately 1.5 mg/L, and within 1 m of the
bottom DO concentration declined approximately 7 mg/L, from near 7.5 mg/L on 24 July to 0.5 mg/L on
26 July, and within only three hours on 25 July the DO concentrdtapped by 4 mg/L. Furthermore,
during those four days the hypolimnion varied in thickness from approximately 1 m to 3 m (as reflected by
the vertical profile of DO concentration, Figure 6).

Multiple vertical profiles can be converted to depithe diagams to assist in visualizing the duration
and depth of anoxic water at a particular station and in comparing changes over time in the vertical profiles
of temperature and DO concentration. Detiiie diagrams for Station BR1 (Figure 7) show the thickness
and duration (to the end of our observation period) of-hetdiom anoxia and hypoxia in July and the
absence of hypoxia in August 2006, and they illustrate the correspondence of DO concentration patterns
with temperature patterns from day to day.

Likewise, isopleths of temperature and DO can show differences in temperature and DO
concentration along a transect at a point in time. For example, isopleths demonstrate a localized area of
anoxia, and hypoxia at all deptladong Transect BR on 26 July 20@&dure 8). Isopleths also reveal the
extensive region of anoxia in the hypolimnion of both transects on 16 August 2006 (Figure 9). Several

D.O., mg/L
0 2 4 6 8 10
Station BR1 K Vf 1
24-27 July 2006 /* 3

——BR17/24
26-2 26-1 -
—®—BRIX17/25

—A— BRI1x27/25
lake bottom —%—BRIx17/26
—¥—BR1x27/26

—@—BR17/27

Figure 6. Example of change over time observed in the vertical dissolved oxygen praiitievatual

stations. Here, at Station BR1 vertical profiles were measured once on 24 July and twice on 25 July and 26
July. The first profile (28, 26:1) was measured in late morning; the second profil€(Z%2) was

measured approximately three holater in early afternoon.
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stations near shore on Transect BR that were revisited three hours later on 16 August 2006 indicated an

increase in DO concentration at all depths. Changes at the deeper stations are not known because they were

not revisited.

Discussion

The extensive data from two buoys in 2005 anddatafrom a small geographic area of Lake Erie
for brief periods during the summers of 2006 and 2007 confirm that dissolved oxygen concentrations in the
central basin near the margins of th@dlymnion are highly dynamic. Our data from shoreward areas <18
m deep are limited, yet it is likely that to some degree they characterize summer dynamics all along both
the north and south shores of the central basin.

The buoy data for 2005 indicateatithe rate of oxygen depletion in the western central basin is
relatively constant through the summer until anoxia is attained (Figure 2). Depletion is punctuated by
sporadic events characterized by a sudden increase (at 15 m) or decrease (at 20 coniceDiation.

DO depletion was well underway at 15 m at the time of buoy deployment on 11 July, whereas
approximately 15 km to the northeast at 20 m DO was near saturation at that time (Figure 2). Two
possibly concurrent mechanisms for this couldhaé ¢1) the thinner hypolimnion of the 15 m station, by
containing a smaller quantity of DO, becomes depleted more rapidly than the thicker hypolimnion at 20 m,
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Station BR1
0 e 25 \
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Figure 7. Depthtime diagrams of temperature and dissolved oxygen ab®fBR1 in July and August
2006. Isopleths were hamtlawn and interpolated by eye. Where a second set of readings was obtained

about three hours later on the same day (25 and 26 July, and 16 and 18 August), the isopleths are shown as

interrupted dashelthes. Note that on 26 July, the thickness of the dead zone (<1 mg DO/L) increased by
more than one meter within three hours.
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Total Depth 8.3 16.3 17.0 75 116 13.3 14.7 16.0
Figure 8. Isopleths of dissolved oxygext 2 mg/L and 7 mg/lalong transects AP and BR in on 26yJ
2006. Regions of anoxia are shadddopleths were handrawn and interpolated by eye. Where a second
set of readings was obtained about three hours later at three stations along transect BR, the isopleths are
shown as dashed lines.

assuming theasnesediment oxygen deman8@D) at both depthsand (2) the characteristics of the
hypolimnion atSL15Eare strongly influenced by the hypolimnion of the shallow (<15 m) Sandusky
subbasirapproximately 1%m to thesouthwest, which becomes hypoxic eartien the rest of the central
basin Conroy 2007Conroyet al, in preparatio.

In all three years (figures 3 through 5), the thin hypolimmiotne shallow coastal water began to
erode and disappear during our observation intervals, and it dissfpatgessively lakeward and deeper.
However, the time intervals were too brief to confirm that a hypolimnion did not reform or return to the
study transects.

13



Dissolved Oxygen, mg/L

0
_ Transect AP Transect BR
o 16 August 2006 16 August 2006
4 -
— <9 8 <8
6 | .
n :
< _\ 4—— +3 hours
£ 8
o
o
()
O

lake bottom

APl AP15 AP2 AP3 AP4 BR0.5 BR1 BR1.5 BR2 BR3 BR4

Figure 9. Isopleths of dissolved oxygen along transects AP andBE August 2006. Isopleths were
handdrawn and interpolated by eye. Where a second set of readings was obtained about three hours later
at three stations along transect BR, the isopleths are shown as dashed lines.

Table 2. Frequency of occurrence (%) lnbttom water hypoxia during sampling in July and August 2006
and 2007. When a station was sampled twice on the same day, only the first reading is included.

Station AP1 AP15 AP2 AP3 AP4 BR0.5 BR1 BR1.5 BR2 BR3 BR4 BRS5
2006
days 6 4 6 5 3 5 7 5 6 4 4 0
% <4 mg/L 0 50 83 100 100 20 43 80 83 100 100 N/A
% <2 mg/L 0 50 83 100 100 0 29 40 50 100 75 N/A
% <1 mg/L 0 0 67 100 100 0 14 0 17 75 50 N/A
2007
days 6 5 6 6 6 6 6 6 6 6 6 6

% <4 mg/L 50 80 83 83 67 33 83 100 83 100 83 100
% <2 mg/L 17 80 50 33 33 17 67 83 83 67 50 50
%<1 mg/L 0 20 0 0 0 0 17 33 17 0 0 0
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The isolated patches of anoxic néattom water along the transects may have resulted from at least
two mechanisms. First, the patches may represent parts of theinipalof the deeper basin that were
broken off by turbulence as an internal seiche wa
Lamb 2008;Troy et al. 2009. Alternatively, variable sediment oxygen demand (SOD) from place to place
on the lalke bottom may result in variable rates of oxygen depletion in the overlying hypolimnion. An
increase in SOD might arise locally, for example, from the influence of sewage effluents from nearby
municipalities, as in this study from Lorain and the Clevelaetropolitan region to the east.

Some investigators have operationally defined the upper (and outer) limit of the hypolimnion to be at
the 20 m contour (e.g., Bures al 2005), and this approximate depth may represent a physical limitation
on hypolimnia depth in many areas of the Great Lakes (Rao 2008). Nevertheless, in the large area
(50.0%) of the central basin shallower than 20 m, areas of anoxia in water as shallow as 11.5 m persist for
several days or moi#igures 3 and 4). The appearance obdamalong both transects during our brief
periods of observation both years suggests that these anoxia events are common every summer in areas <20
m deep. These events could be evidence of internal Kelvin waves and Poincaré waves that represent
oscillations of the thermocline and can bring hypolimnetic water toward shore (Rao 2008).-iBeiatezl
upwellings of the hypolimnion induced by an internal seiche could transport anoxic water all the way to
shore.

The duration of any single hypoxia event coudtiedmine which invertebrate taxa will survive and
which ones will be extirpated until the next generation begins to colonize the area under conditions of
sufficient oxygenation at an effective point of dispersal in the life cycle of the anualdata mdicate
that theeffectiveupper limit of the central basin hypolimnion and accompanying anoxia is nearer 15 m
than 20 m, at least some years (Figure 3 and appendix). The controlling influence of sporadic anoxia on
zoobenthos community structure goradictivity likely extends to even shallower depths, perhaps to the
lake shore if upwellings occur with sufficient frequency on either shore. During our brief sampling
intervals, neabottom hypoxia (<2 mg/L) was never observed in 2006 at the most neartstiione Gn
either transect and in 2007 only on 17% of the sampling days on Transect BR and never on Transect AP
(Table 2). Anoxia (<1 mg/L) wasohobserved at the shallowest stat{@ m, 8.5 mpn either transect in
our study.

Our data present evidemthat as the lake bottom rises toward shore, the top of the hypolimnion also
rises although the hypolimniomay becomehinner figures5and §. That this relationshigvas not
always observed (Figure 9) indicates that hypoxic watsedio shore malye brought by Kelvin waves
and internal seiches. In calm wateistedge effect may in part result from depletion of DO by SOD in the
thin hypolimnion near shoygiving the hypolimnion the shape of a saucer rather than a horizontal plane.

Wind setup and barometric pressure differences over large lakes are known to establish surface and
internal seicheand internal rotational effects suab Kelvin wave (Ludewig and Austin 2008, Nguyen
and Lamb 2008, Rao 2008Yet comparison of the timing a&pidchanges in nedsottom DO
concentrations (Figur®) at the offshore stations in 2005 with concurrent or immediately preceding wind
and wave directions and velocities (Figaf® recorded at the NOAA buadid not reveal a relationship.
At the buoy wave drection and velocityorresponded closely withind direction and velocityNo wind
data were available for the latter half of September, when fall turnover appeared to begin2jFigure
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Wind direction in conjunction withigtance from shore influenden our sampling success. For
example, strong southwest (offshore) winds throughout our sampling period in July 2006 permitted us to
take measurements at the stations near shore but not further from shore3Higo@use of increasing
wave heights pgressivelylakeward The sudden appearance of the hypolimnion at Station BR1 on 25
July 2006 after none was present on 24 July and the thickening of the hypolimnion between 25 July and 26
July (Figure 6)indicates a partial upwelling of the hypolimniordaherefore its movement toward shore as
a result of sustained strong southwest winds during the sampling period (Fdyureikewise, a period of
strong winds from the mth and northwest preventedmpling inlate August 2006.The stations nearest
shore were isothermain 22August (Figured), perhaps as a result of strong north winds during the
immediately preceding three dajsgure 10)that would have depressed the epilimnion on the south shore

Figure 10. Hourly vecbr plots of wind direction and velocity and wave direction and height during the
summers of 2005, 2006, and 2007 at NOAA buoy 45005 (Figur¥-Bxis is days since 1 July.ength of

each vector represents velogitpmpass orientation indicates the diren from which the wind and waves
were traveling.Dates of events in 2005 discussed in the text are indicated, as are dates in 2006 and 2007
when DO profiles were taken on transects AP and B&a NOAA National Data Buoy Center
(www.ndbc.noaa.gov/station_page.php?station=45005
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