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Public Summary

This project addesse regional climate change effects on aquatic food webs in the Great
Lakes We sought insights by examining Lake Erie as a representative system with a high level
of anthropogenic impacts, strong nutrient gradiesgasonal hypoxiand spatial oveap of
cold- and coolwater fish guilds.In Lake Erie and in large embayments throughout the Great
Lakes basin, this situation is a concern for fishery manageddin@ate change may exacerbate
hypoxia and reduce habitat volume for some spediés examied fish community
composition, finescale distribution, prey availability, ets, and biochemical tracers for
dominant fishes from study areas with medibigh nutrient levels (mesotrophic, Fairport study
area), and low nutrient levels (oligotrophic, Estady area). This mulijear databas@011-
2013)provides the ability to contrast years with wide variation in rainfall, wintecaser, and
thermal stratification. In addition, multiple indicators of dietary and distributional responses to
environmatal variabilitywill allow resource managers to select the most informative approach
for addressingpecificclimate changguestions Our results support the incorporation of some
relatively simple and cosfficient approaches into existing agency namng programs to track
the neatterm condition status of fish and fish community composition by functional groupings.
Other metrics appedettersuited for understanding longerm changes, and may takere
resources to implement on an ongoing basishough we hypothesized that dietary overlap and
similarity in selected species wouteé sharply differentluring thermal stratification and hypoxic
episodes, we found little evidence of this. Instead, to our surprise, thietndiythat fish
tendedio aggregate at the edges of hypoxia, highlighting potential sphtiabesn catch
efficiency of the fishery. This work has had several positive impacts on a wide range of resource
management and stakeholder activities, most notably in Lake EriereJuiies were
instrumental in the development of an interim decision rule for dealing with data collected during
hypoxic events to improve stock assessmenteadfow Perch. In addition, novel findings from
this study regarding spatial and temporal valiighin hypoxiahave aided USEnvironmental
Protection Agency in the development of a modified sampling protogubre accurately
guantifythe central basihypoxic zoneand this directly addressa goal of the Great Lakes
Water Quality Agreement of 2@ to reduce the extent and severity of hypoxia. Finally, the
study areas developed in this project formed the basieddrwebsampling in the 2018i-
nationalCoordinated Science and Monitoring Initiative work in Lake Erie.

Data Management
Data s&s collected during the execution of this study will be made publically available in
a permanent repository @tvw.sciencebase.gov



http://www.sciencebase.gov/

Technical Summary

Climate driven changes in temperature, freshwater inpulispatnients in aquatic
systems are predicted to result in a northward expansion efarabivarmwater fish
populations and a reduction in habitat for coldwater species. As swatpéchabitats change
in volume and extent, individual fish speciedl wkperience increased or reduced spatial overlap
with competitors, and the composition of prey resources may change dramaifitadiyvill be
especially challenging in the Great Lakes whadtered food webs may affect the sustainability
of fisheriesvalued at several billion dollar#cross three years,evexaminednterannuabnd
seasonal changes in fishery food webs ftake Erieasarepreserdtive systemin which
trophic interactions are influenced tgmperature trends, thermal stratificatiand hypoxia.
We contrasted study areas along a production gradient from mesotrophic habitats of the central
basin to oligotrophic habitats of the eastern basin. Our objectives wetfelfbur

Quantify seasonal changes in the vertical and horizontaibdigstns of fishes.
Characterize spatial and temporal variability in diet and trophic position.

Develop synoptic trophic interaction indicatoelated to climate change.

Examine finescale distribution of fish near hypoxia to inform the development of an
interim decision rule odata inclusiorthresholddrom managemergurveysaffected by
Lake Erieds dead zone.

L

We used multiple fiekbased sampling approaches combined with laborateryed
measurements to understand variation in fish community catigpogrey, water quality,
trophic interactions, and somatic condition of selected species. Study areas contrasted sharply
with higher fish densities, lower diversity, and lower fraction of coldwater species in the
mesotrophic study ared.0 our surprig, analysis of finescale distribution patterns revealed
aggregation of fish near hypoxia, as opposed to avoidaviean trophic level of the fish
community and the composition of functional groups were highly variable across seasons and
years. Diets o$elected speciesxhibitedbroad variation irsimilarity andoverlapindices.
Further we observedo patterrin diet overlapwith respect to hypoxic eventwhen we
expectedliet overlapo increase We examined three different stable isotopes as leteger
integrated measures of diet, and foapgroximatelyequal contributions of benthic, pelagic, and
terrestrial sources of primary production for most taxa. We could not distinguish study areas or
years with stable isotopes, but we did find signiftoaariation in somatic condition indices with
unique patterns by speciesdastudy area.

Thesenovel data on Lake Erie ecosystelnasealready informed important decisions by
State Federal and provincial managers in the Great Lak8pecifically, our analysis of fish
distribution with respect to hypoxia has informed a decision rule on the inclusion of stock
assessment data for annual development of fishery quotas. This work also aifiPd Wtthe
development of a robust-bational food webinvestigation through the Coordinated Science and
Monitoring Initiative annex of the Great Lakes Water Quality Agreement. Finally, our results



support incorporation of foodweb metrics into resource management, and selection of
informative vaiables over those that lack sufficient contfasttracking progress in achieving

policy goals.

List of Common and Scientific Names

Commonname Scientific name
Alewife Alosa pseudoharengus
Burbot Lota lota

Channel Catfish
Comnon Carp
Emerald Shiner
Freshwater Drum
Gizzard Shad
Lake Trout

Lake Whitefish
Quillback
Rainbow Smelt
Round Goby
Shorthead Redhorse
Silver Chub
Smallmouth Bass
Trout-perch
Walleye

White Bass
White Perch
White Sucker
Yellow Perch

Ictalurus punctatus
Cyprinus carpio

Notropis atherinoides
Aplodinotus grunniens
Dorosoma cepedianum
Salvelinus namaycush
Coregonus clupeaformis
Carpiodes cyprinus
Osmeus mordax
Neogobius melanostomus
Moxostoma macrolepidotum
Macrhybopsis storeriana
Micropterus dolomieu
Percopsis omiscomaycus
Sander vitreus

Morone chrysops

Morone americana
Catostomus commersonii
Perca flavescens




Purpose and Objectives

GreatL a k Bshedies are a multinational resource valued at several billion dollars
annually (Allen and Southwick 2007). &€at Lakes fishery managers strive to maintain food
web structures that provide optimum production of exploited fish species (Ryan et al. 2003), but
rapidly changing climates predicted talter food web dynamics and consequently the
sustainability ofish resources. Thus, there is a need to understand how climate driven changes
influence food webs before such changes are realized.

Over the past century, dramatic changes in Great Lakes fishery resources have occurred
with many resulting in undesioée consequences for the resource stakeholders. In most cases,
the causes have been due to overfishing, invasive species, mineral nutrient input increases, and
habitat alteration (Ludsin et al. 2001). These changes are often associated with dramatic shifts
food web structure that have consequences to the sustainability of fishery resources and regional
economies that depend on the resources (Munawar et al. 2005). Changes in trophic interactions
often occur in concert at multiple trophic levels; therefaynoptic measures of the trophic
structure of fisheries are key to informing and adapting management strategies in the face of a
changing climate.

In the Great Lakes and elsewhere, increases in temperature, freshwater inputs, and
eutrophication are pdicted to result in a northward expansion of eaad warrmwater fish
populations and a reduction in habitat for coldwater species (Magnuson et al. 1990). The most
important environmental variables that determine large scale distribution and printey nic
space of fishes in freshwater ecosystems are temperature and dissolved oxygen, which are the
predominate factors that regulate physiological processes of development, growth, and
reproduction of individual fish. As fish seek out preferred temperaturtbermal refuges
(depending on the range of available temperatures), zoogeographic ranges shift and expand or
contract on seasonal and letegm scales. This phenomenon can shift the phenology of life
histories and alter the outcome of competition amrediation interactions via changes in
community structure (Winder and Schindler 200A)so contributing to changes in community
structure, longerm variability in temperature can allow the proliferation and range expansion of
invasive species (Johnsondalavans 1990). Further, warmer temperatures, and increases in
nutrients and pulses of water from tributaries may contribute to oxygen availability limitations
for fishes in the hypolimnion during stratified conditions, and possibly at the startafiioe
winter (Magnuson et al. 1997). Low oxygen conditioaschange food web dynamics both
directly, by restricting access of fish to habitats with preferred temperatures and prey, and
indirectly, by reducing the productivity of oxygsensitive specig@rend et al2011)

Lake Erie represents a window to these future trophic interactions, which are occurring in
small lakes and reservoirs throughout the region, and in large embayments of other Laurentian
Great Lakes, such as Saginaw Bay in Lake HuBeen Bay in Lake Michigan, and the Bay of
Quinte in Lake Ontario. Lake Erie is the southernmost and shallowest of the Laurentian Great

7



epilimnion

west hypolimnion
central

east

Figure 1. Lake Erie bathymetry (upper) and cross
section (lower), showing the three main sasins
(west, central, and east), and typical summer water
column structure (epand hypolimnion). For scale,
Lake Erie is approximately 330km lon@ool colors

Lakes, and as a consequence it has the most extreme
water temperatures. Lake Erie is also the most
productive of th&reat Lakes, and on average the
amount of fish harvested from Erie equals or exceeds
all the other Great Lakes combined
(http://www.glsc.usgs.gov/commerciishing-

reporty. Erie has three significant stasins with
contrasting depths, nutrient levedgd temperature
distributions, but all three are strongly hydrologically
connected through prevailing currents and circulation
patterns (Figure)L The western and central basins are
relatively shallow and have varied historically between

aredeeper

eutrophic andanesotrophic with a combination of

productive cooland warmwater species, dominated by percids (yellow perch and walleye). By
comparison the eastern basin is much deeper and represents a refuge for coldwater species, such

as stocked salmonids and natieed e whi t ef i s h. The transition b
central basin and the deeper, oligotrophic eastern basin

provides a unique natural laboratory for examining fo
web dynamics that are driven by environmental and
behavioral changes of differenttiiguilds. On a
seasonal basis, ce@nd coldwater fish guilds the
central basin are squeezed vertically into the
metalimnion and horizontally towards the eastern bag
and shallower depths by increasing surface temperat
and developing hypoxia ithhe hypolimnion. This
phenomenon produces intense spatial overlap of spg
and cohorts that would otherwise segregate in the
absence of hypoxia, and it occurs at a critical period
when 1) metabolic needs are high owing to warm wa
temperatures, and B&)any species are building up
energy reserves for overwintering and gonad matural
for spring reproduction. Due to climate driven
processes, these effects are projected to intensify and increase in duration. Like most other lakes
throughout the regior,ake Erie has been gradually warming since the 1960s (Figuaa@ this
phenomenon has had mixed effects (positive, neutral, or negative) dependent upon the thermal
preferences of a particular species. In general, summer refuge habitats for colpeass s

have become more limited in extent and the time spent in marginal habitats has tended to
increase. In addition, favorable conditions for early life stages of several of these species
(including some coolwater species) have diminished with warmeergiand less ice cover.
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Figure 2. Mean daily water temperature in Lake
Erie expressed as to@hnual degree dayddtted

line) at the municipal water intake for Buffalo, NY.
The black line shows an dfear moving averag©n
average the total annual water temperature degree
days hae increased by approximately 10 per year
since 1960. Additionally, the number of days <Z.1
has declined by 20 days over this same period.




Habitats and refuges for fishes in Lake Erie are also limited seasonally by low dissolved
oxygen in the hypolimnion, most notably in the central basin, where nearly all of the
hypolimnion may become hypoxic in years witlythtemperature and strong vertical
stratification. This situation not only blocks access to a potential cold water refuge, but it is also
devastating to the benthic macroinvertebrate community, especially indicator species, such as
mayflies Hexageniaspp.), that provide a critical food resource for fishes (Edsall et al. 2005).
Previous research in the central basin of Lake Erie has demonstrated that-dypexi@hanges
in vertical and horizontal distributions of organisms may have profound effeptedatorprey
interactions at lower trophic levels, i.e., phytoplankton, zooplankton, and planktivorous fishes
(Vanderploeg et al. 2009). Hypoxakiven changes also influence higher trophic levels; for
example, changes in vertical distribution of yellparchresultin a shift in the consumption of
high energy benthic invertebrates to pelagic invertebrates with lower caloric value (Roberts et al.
2009). Recent studies have shown that Lake Erie fish communities can have high spatial
variability in trophic position of a particular species that may reflect differences in local primary
production (Guzzo et al. 2011), but the food web structure as influenced by abiotic variables and
water column stratification has yet to be examined in sufficientldéireover, the extent and
severity of low oxygen in the hypolimnion has increased in the most recent decade, and the
resultant spatial distribution of fishes is related to anomalous high survey catchesvitdiake
assessments of percid recruitment.e Tinechanism for this is not entirely clear, préliminary
results demonstrate that clustering of fishes both vertically and laterally to avoid hypoxia may
explain anomalous high survey catch rates at normoxic sites that are adjacent to hypoxic
hypolimnetc conditions(Kraus et al. 2015) Our understanding of how the food web structure
changes in response to this redistribution of fish and how it may affect theelomgutcome of
species interactions and community structure is vague at best.

This stuly aimed tobuild upon previous findinggHawley et al. 2006addressinghree
key questions: 1) how do predafmey interactions between ceaind coldwater fish guilds
change as environmental conditions increase spatial overlap; 2) does prey chaite iece
selective, leading to segregation of diets across species within a trophic level or does diet overlap
increase between potentially competing species as a result of environmental change; and 3) how
do the length and structure of the food web anphimlevel of secondary consumers change
with environmentally driven changes in vertical and horizontal distribution? Our ultimatis goal
to provide managers with a better understanding of food web changes that may occur as different
fish guilds competéor habitat and prey resources under forecasted climate conditions, and also
to provide information for management in the form of indicator variables based on diet and
natural tracers of food web structure.

This project directly addresses the Fish Comnyu@ibals and Objectives for Lake Erie
defined in the Great Lakes Fishery Commission (GLFC) special publicatio@ (B003), which
states in its food web structure goal: Aiémana
production of highly valueddih s peci eséo. More broadly, this



Fishery Commi ssionds Strategic Vision for eco
(GLFC 2001; http://www.glfc.org/pubs/SpecialPubs/StrategicVision2001.prently, ar

results were used support urgent efforts by Council of Lake Committees fishery management
partners to develop an interim decision rule for handling anonglizuge survey catches
associated with hypoxia in Lake Eri g€dadds season

1. Quantify vertical and horizontal distributions of dominant prey and predator fishes during
spring, summer stratification, and after fall turnover in the central basin aedndsesin
of Lake Erie

2. Characterize spatial and temporal variability in dred &rophic position of fishes in
response to seasonatlyiven habitat changes.

3. Develop synoptic trophic interaction indicator variables (e.g., trophic position, diet
composition, percent of benthic versus pelagic prey, percent contribution of
allochthonos versus autochthonous primary production, etc.) that capture seasonal
environmental variability as related to loteym climate change.

4. Examine proposed dissolved oxygen thresholds for excluding data from Hodtein
surveys used in fisheries managemenight of fine-scale depth stratified spatial
analysis of fish distribution obtained from this study.

This report provides a description of the field and laboratory methods as well as summary
analyses of the resulting data sets. In addition, thepfifglication from this project (Kraus et al.
2015) is appended to the report.

Organization and Approach

Sampling Design

We examined two subasins of Lake Erie with contrasting trophic and physical
conditions: in the central basmear Fairport Harbohio, andin the eastern basin near Erie,
Pennsylvanian the vicinity of a zoogeographic feature, the PennsylvardgeRFigure 3)
Throughout this report, we refer to these as the Fairport and Erie study areas, respectively.
Depths sampled ranged from tt035m; therefore, thesgeagepresented offshore lake
ecosystemsThe Fairporiareawas chosen based upon the rega&asonal occurrence of
hypoxiaand mesotrophic conditiongn contrast, ges in Pennsylvania waters were choaen
oligotrophicecdaoneswhere hypoxia does not typically occur. One ofrtian strengths of our
approach wathat widely separated areas with contrasting conditi@necompared both within
and between subasins of Lake Erie in each of the three seasonal periogdsio®s work has
tended to examine seasonal differences within ebsisin, and this has lingitlbroader
application of the resultsNVe surveyed eac$tudyarea at three times: i) prior to stratification in
late-May or earlyJune, ii) during stratificatioin Augustwhen hypoxia was expected at the
Fairport study areand iii) in September targeting the period immediately folloake
turnover (posstratification) We repeated this seasonal sampdicigemen each of three years,

10



2011 to 2013with the exception that no sampling wa

conducted in June of 2011 dueutavailability of g ' ' 3
funding. On each sampling rounthe effort varied
according to the type of sample as described below. 51 = Erie i
3o

Sampling was defined by transects, prescribg z.l — e
for each study areaAt the Fairport study area, four S e
North-South transects, approximately 8 km long and z
spaced 4 km apart, were sampled on each trip (Figu .
3). During the first sampling trip in August 2011, we eR? :
discovered several obstacles to trawling on the west /
mosttransect; therefore, the array was shifted east f
all subsequent sampling tripst the Erie study area, m atmon
three transects, approximately 10 km long, were
sampled on each trip. The Erie transects representg =
three prominent features of the oligotrophistean
basin of Lake Erie: i) an Ea$¥est transect across the —
Pennsylvania Ridge, ii) the transition from the centrg . S
basin to the eastern basin, and iii) the deep offshore] =
waters of the eastern basin (Figure 3). W

Erie

Trawl Sampling
To obtain aggregate catehof fishes for Figure 3. Study areas in Lake Erie illustrating the
. . locations of hydroacoustic transects (red lines),
community analyses and laboratory processing, We | ,oiom tawl locations (brown dots), and ridater
used three different vessels and four different trawl | trawl locations (blue dots). The larger diameter dot

represent sites sampled with the larger bottom trawi
nets. Trawl samples were distributed at the ends anq 201s.

the middle of prescribed transects in each study area,

with supplementary samplirag adjacent location&igure 3) In general, three déiyne bottom
trawls were conducted on 2 to 4 transects, depending on availability of research vessels and
configuration of the study are®@ue to various factors, including the decommissioning of a

USGS research vessel, changes in gear types were unavoi@#btes of gear differences were
guantified with comparative experiments conducted in 2012 (LEBS, 2013). On average the
bottom trawl introduced in September 2012 was more efficient at cafjobiagic species

(Emerald Shiner and Gizzard Shad) and less efficient at catching some demersal species (White
Perch, Trouperch, and Freshwater Drum), but analysssshowed that fishing power

correction factorsvould intraduce variance for these spexand should not be applied to correct

for gear differences. éichnical details of the vessels, gear and net geometry are provided in the
appendix.Field collections were carried out in accordance with guidelines for the care and use
of fishes by the Amécan Fisheries Societyitp://fisheries.org/docs/wp/Guidelingsr-Useof-

Fishes.pdf

n
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We analyzed the catch ddta theeightmost abundant species (Alewife, Emerald
Shiner,Freshwater Drum, Rainbow Smelt, Round Goby, Tqarch, White Bass, White Perch,
and Yellow Perchjo understanthterannuabnd seasonal changesspecies composition at
each study area. Other species made comparatively small contisbwtraericallyto the
overall catch, and were included in the analysis as a single pooled category.

To understand changesprscivore-prey balance, welassified all species as either
predator or forageand either pelagic or demersdihe forage category included ageclasses
of Alewife, Emerald ShinerGizzard ShadRainbow SmeltRound Goby, Silver Chub, and
Trout-perch,but only youngof-yearages of Freshwater Drum, Lake Trout, White Bass, White
Perch, and Yellow Perchlhe predator category included all pigores: Burbot, Channel
Catfish, adult Freshwater Drum, adult Lake Trout, Smallmouth Bass, Walleye, adult White Bass,
adult White Perch, and adult Yellow Perch. Pelagic species included Alewife, Emerald Shiner,
Gizzard Shad, and Rainbow Smelither speies were classified as demersRlatios,
predators:forage and pelagic:demersal, were calclbaiged upon catch per hectare in each
sample and examined box-andwhisker plots.

We examined theverlap of cold and coolwater species in trawl catchesbiimating
this fraction of the total catch. Coldwater species weveb®, Lake Trout, Lake Whitefish, and
Rainbow Smelt.Other species were classified as coolwater.

To track changes in trophic status of the fish communigyestimated weighted mean
trophic level of each catch by assigning trophic levels for each speesiesfishbase.orgby
agegroup if data were available) and using catches per hectare as virithieteiveragingWe
used trophic level vaks reported in the literature instead from our own samples, because diet
and stable isotope measurements were only made on a subset of specieshes®)esults
were also examined in bendwhisker plotsy year, season, and study area

Finally, for the catch dataye examined similarity in the species composition of the fish
community between mesotrophic (Fairport) and oligotrophic (Erie) study areas. This was
accomplished by calculating Shannomnnetsc Di ver si
multi-dimensional scaling (or NMDS) to understand how much overlap was present acress cool
and coldwater fish guilds. For the NMDS, we evaluated multivariate distance2 in k=
dimensions with BrayCurtis similarityand the Wisconsin square root transfationto achieve
acceptable stress levet)(3,an indication of model fitjor 2-dimersional plotting. In addition,
species with very low catch rateQ(total captured) were not included in the NMDS analysis
(Common Carp, Lake Trout, Lake Whitefishjiback, Sea Lamprey, Shorthead Redhorse,

Silver Chub, Smallmouth Bass).
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Water Quality

We measured temperature and dissolved oxygen in surface (<2m) and bottom (the
deepest 2 meters) waters at each trawl sampling site. Dissolved oxygen was meésared w
optical sensor usingariousYSI® instrumentgsondes and handheld deviceSemperature
sensors were calibrated by the manufacturer, and dissolved oxygen was calibrated prior to each
sampling trip. Once temperature stabilized (by holding the seas a constant depth), a
minimum of 3 readingaveragedver 60s were usdd characterize dissolved oxygen (mg/L)
and temperature C) for each depth stratum at each siBeipplementary water quality sampling
at the Fairport study area was conductedugust at ancillary sites to bettelamthe distribution
of hypoxia. These supplementary samples were collected as water column profiles of
temperature and dissolved oxygen at 1m depth intervals. These data were modeled with
dimensionahnisotropic inérpolation technique@n Voxler ®) to visualizethe hypoxia
phenomenonAdditionally, we measurede®chi depti{m) to the nearest 0.1 with a 0.5m
diameter Secchi disc at each sitatttvas sampled during day time.

We examinedi-plots of temperaturand dissolved oxygen with 95% confidence
ellipsoids to understanthanges iffish habitat across study areas, years, seasons, and vertical
strata (epilimnion v. hypolimnion). Unfortunately, our dissolved oxygen sensor malfunctioned
during surveys at thErie study area in August of 2012; therefore, we do not have oxygen data
from this period and location. We also graphically evaluated Secchi depth changes. In addition,
we used ancillary water quality data from vertical profiles collected at the Fastpdytarea to
interpolate and map the distribution of hypgoxidnich was only present in August of 2011 and
2013 We used a-8imensional inverse distance weighted interpolation algorithm with
anisotropic search window to account fpeatervariability with depththan in the latitude
longitude dimensions. We carried out this routine in Voxler ® (ver. 3, Golden Software, Inc,
Colorado).

Zooplankton Sampling

To characterize zooplanktonic food resources for fish, we conducted vertical tows with
0.5 m dameter plankton nets with 821 mesh size. This sampling was conducted from the
Muskie (at both FairpodndErie) and small research vessels at Fairport when pos$ifitele
samples were concentrated into the cod &adsferred to plastic contaiseand preservedith
10% neutral buffered formalin. Immedibtéerior to preservation, we used AHl&eltzer® to
anesthetize zooplankton, ensuring their appendages were not autotdaringdoreservation
Zooplankton samples were quantified using ligitroscopy at an external laboratory, following
typical Great Lakegrotocols. Briefly, each sample was diluted to a known volume (typically
between 50 and 2000 mL), and two to three subsamples of 10 mL each were quantified with a
plankton wheel.Enumer&on continued until a minimum of 100 individuals per taxon or 20% of
the total volume was quantifie@ooplankton were identified to the lowest possible taxon and
enumerated; however, for purposes of this report the data were podletttigngroupings
(defined below) Counts were converted to density by dividing by volume filtered. Volume
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filtered wascalculatedss the product of site depth and the area of the net opening
(p*(0.25m¥=0.196 nf). Wecollectedbetween n=3 and n=8 zoooplankton sampéesstudy
area oreach sampling tripand this varied depending upon the availability of assistance from
collaborators with small research vessels.

We examined zooplankton community structurdunctioral group andgraphically
evaluated the seasonal aphtial variation in densitjnumber per f) and percent composition.
Five functioral groups were defined:) cyclopoid and calanoid copepo@3 predatory
cladocerans (primarily invasigythotrephes longimanuand to a lesser degraglLeptodora
kindti), 4) daphnids, an®) nondaphnid cladocerans. Other taxa present in low proportions
were only considered in estimationgpfecies richness and Shanispeciegliversity indices for
each catchwe compared functional groups with analysis of variammuding all possible
interaction effects with year, month, and area, idedtified differencesusingconfidence
intervals (95%) with Tukey adjustment for multiple comparisons.

Benthic Sampling
On each sampling trip in each study area, we colleaathlr graksampleswith a petite
Ponar dredgésampling area = 0.0233n Each sample was rinsed thr
stained with Phloxi#B to enhance visibility of macroinvertebrates, and froze@@&C for
laboratory processing. Wesed light micoscopy to enumerate and identify benthic
macronvertebrates to order or familgvel classification. Samples were collected from the
Musky Il, Muskie, or smalerresearch vessels depending upon availability of assistance from
collaborators.We analyzedetween n4 and n=12 benthic samples from each samygkip per
study area. We examined community structure of benthi@sms of numerical percentages of
each taxon within each season, year, and study area.

Hydroacoustics

To examine vertical distritiion of fish within the water column, we conducted
hydroacoustic transects in each study area with a BioSonios &hosounder using 120 kHz,
8.2°, splitbeam transducersNe followed Great Lakes Standard Operating Procedure for data
collection and anabis (ParkeiStetter et al. 20QRudstam et al. 2009 At the Fairport study
area, we sampled n=2 transects (Figure 3) during night time on each sampling trip. At the
Erie study area, we sampled all three transgsating night timeon each samplintyip. We used
a 4 pings” rate with a 0.4 ms pulse duration during active echosounding, and we determined
background noise values with passive listening in each study area on each sampling trip. Water
guality sampling provided temperature values foinestion of speed of sound in water. We
processed acoustic data using the method 2 algoftthetho integratiom Echoview (version
5.4; Myriax, Inc., Tasmania, AustraliaJ.o accomplish this, we partitioned the water column
into epilimnetic and hypahnetic strata an800m cells along each transe€uring non
stratified periods the stratum depths from an adjacent sampling event within the same calendar
year were appliedVolumetric densitiegfish targets per f) were calculated for each cell
straum combination Details are described in Kraus et al. (2015), appended to this report.

14



Target strengthél'S) were converted to fish total lengfiL) u s i n g (1991ymilbspecies
equationfor 120 kHz echosoundefS=191*l0g;0o(TL) - 63.85. We compaed epilimnetic and
hypolimnetic target densities ardtimated total lengtrecross widy areas, years, and seasons in
an analysis of variance (ANOVA).

Fish Dietsand Condition

From each trawl sample, we collected fish for diet and condition analy¢esargeted 6
common species with contrasting feeding and habitat use behaviors: i) pelagic planktivores
(native Emerald Shiner, and noative Rainbow Smelt), ii) mitrophic level predators (native
Yellow Perch, and nenative White Perch), and iii) bénc feeders (native Freshwater Drum,
and nonnative Round Goby). Freshwater Drum were rarely captaretiwere completely
absent irErie samples in 2012 and 2013; therefore, we dropped this species from consideration
in diet and condition analysefuring trawling operations, subsamples of fish from these
categories were preserved frozer24t °C for subsequent laboratory analydisthe laboratory,
fish were thawed for diet analysis. Total lenfitim) and weight (to the nearest 0.1 g) of each
fish was measured prior to processirihese data along with lengteight measurements taken
in the field were used to develop a somatic index of condit@her measures of condition
(e.g., C:N ratios) are available for exploration from the data sets paoying this report.
Additionally, we developed data for an orgeswmatic index of condition using the liver.
During extraction of the stomach, the liver was excised and weighed (to the nearest 0.001g) on a
high precision electronic balance. Stomachteots weraveighed in aggregate and theémsed
intoa2 5 0 sieve Items were identified to the lowest possible taxon using light microscopy,
and each taxon was weighed in aggregate to the nearest 0.001g. ¥themdi were too small
for our balancewe counted the total number of individuals amelasuredndividual lengtts
(e.g., head capsuleidth, or body lengthmicroscopicallyon a subset (n=1@pr conversion to
weight using published regressidiasailable upon request)

We focused osix fishtaxa for analysis of condition and diets: Emerald Shiner,
Freshwater Drum, Rainbow Smelt, Round Goby, White Perch, and Yellow Perch. To develop a
somatic condition index, we féda powerfunctionto weightandlength and usea least
squares appreato estimate mean weight at a specified length for each sp&egarate
regressions were carried out by area, year, and month for comparative amistysenfidence
intervals This index allowed uw® understand whether different species were leeavilighter
for a specifiedengththroughout the studySimilarly, we developed a hepatomatic index of
condition to understanidow thel i v weigldt proportion of the bodyight signify changes in
energy status of fishootton etal. 1978 acrossareas, years, and month&/e compared diets
of these six species based upon frequency of occurrence of digtwkitis provides a more
robust measure of diet composition than numerical or gravimetric methods (Baker et al. 2013)
One exception to thisas in the calculation of diet overlap, which is based up on the proportions
of prey in stomachs instead of just presealbbsence.To ensure sufficient sample sizes, we
pooled the diet data across ye@osv sample size prevented robust testinghtérannual
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differences prior to pooling)We used nometric multi-dimensional scaling (or NMDS)f diet
itemsto understand how mudet overlapbetween fish species existeBor the NMDS, we
evaluated multivariate distances in k=2 dimensions with hafis similarity and the

Wisconsin square root transformation to achieve acceptable stress levels (<0.3, an indication of
model fit) for 2dimersional plotting. In the NMDS, ve exclude dietaxawith low occurrence
(present in less thasl0 stomachggastropda Hexageniaspp., hydracarinanematod, and
oligocheatq We evaluated the results graphically in a-avwmensional plot with 80%

confidence ellipses for each fish species and for each study area.

Additionally, we exammed diet overlap for two pairs of fishes with similar modes of
habitat use: pelagic planktivores (Emerald Shiner and Rainbow Smelt), and demersal predators
(White Perch and Yellow Perchf/Wwe cal cul at ed Sc h(Sclkoanerrl®@r over | aj
fishdietsWal | ace 1981) . Wal |l ace and Ramsey (1983)
calculated using weight olume, but ve used counts instead due to overestimation biases from
lengthweight predictions of small prey (typically, partially digested zooktian). Therefore,
Schoener 6s i ndex wa&E5*(Sm-pil where theusolusedfferénod | o ws
between the numerical proportions of prey itemspeciegair, x andy, are summed for all prey
items. Frequency of occurrence was noeddor the reasons described above, and because
summation of frequency of occurrence values can lead to totals >1.0, whichirespitaous
overlap index values (i.e., <0).

Stable Isotope

We developed information on stable isotope tracers of dairtgplement stomach
content analysesitrogen stable isotopes quaiei trophicposition carbon stable isotopes
discerredwhether the energy in a fish originated in pelagibemthicprimary producers, and
hydrogen isotopes discriminatbetween iAake (autochthonousand terrestriajallochthonous)
energysourcegDoucett et al. 2007, Hoffman et al. 20Bblomon et al. 2031 Samples were
analyzel by external laboratories at the University of New Hampshire (carbon and nitrogen) and
Northern ArizonaJniversity deuteriun). During laboratory dissectioms fish, a plug of ight
muscle tissugvassampled froneach fish for stable isotope analysis.addition,a subset of
benthic macro invertebrates walso prepared for stable isotope analyses.h Bamplevas
dried,powdered with an agate mortand weighed into prescribed quantities following standard
operating proceduregquired by each laborato(see:
http://lwww.isotope.unh.edu/facilities.shtrhktp://www.isotope.nau.edu/ Deuteriumisotope
(dD) valueswere determined with a Delta Plus XL stable isotope mass spectrometer, and
expressed as the proportion of deuterietative toVienna Standard Mean Ocean Water
(VSMOW). Carbond™C) and nitrogend®“N) isotopes werdeterminedvith a DeltaPlus XP
spectrometer and expressed as proportions relative to Vienna Pee Dee Belemnite (VPDB) or
atmospheric air, respectively.
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Paired isotope kplots of the results weexaminedor comparison with published
values for terrestrial, benthic, and petagnergy sources from freshwater lake ecosystems in
Solomon et al. (2011)We used a threisotope Bayesian mixing model based upon source
values in Solomon et al. (2011) to estimate the proportional contributions of primary production
sources to each raminvertebrate group and fish species. We performed this analysis with the
Stable Isotope Analysis in R package (ver. 4.2, Parnell & Jackson ®@h3)eneric trophic
enrichment factors for nitrogen (3.54), carbon (1.63), and hydrogerOfiyerved vaation in
isotope values for each taxon was much lower than variation in energy sodaaisionally,
we primarily examined juvenile and yearltagdolder fishes, which were expected to exhibit
turnover rates on the order of several monthadoe tharayear, dependent upon growth rate
and temperature (Herzka 2005)hus,we expectedhese dietary tracets bemost
representativef a particular study areand we did not expect to be able to discern variability
due to seasons or yeariBo confirm his, we tested for differences between areas and years
singly for each isotope with ANOVA, but observed no significant differereasordingly, we
examined posterigerobabilitydistributionsof sourcecontributionsby taxon, and study area.

Project Results, Analysis and Findings

Fish Communitystructure
We found substantial variability in fish species dominance and composition among years,
months, and study areas, with relatively few species comprising most of the catch during any one
sampling eventAt the Fairport study area, dominance was the most variable, shifngmes
amongfive speciegFigure 4). In August

2011, Yellow Perctand White Perch were 6 2011 2012 2013
similar in proportios (33% and 32%, 75 =l ..
respectively, out of 6959 fish total). This 50- % Spiféfwsfe _
dominanceshifted in September 2014 5 25 . . 3 Bl

L. . . = 0- = - Round Goby
similar proportions of Emerald Shiner ang §100- — M Trout-perch
Round Goby (each represented 28% of tf & 75- - Wwhic P
14,021 fish total). In 2012, catches were gg N 5 o
dominated by dominated by White Perch 0- - =
in June and August (31% and 45% of o @ g o ¥ };3 o B g
4,219 and 22,754 fish totalsespectively). = :(3” £ 5 f;(” g 5 5’ 2
In September 2012, Emerald Shiner & & &
dominated (66% of 27.933 fish total) [n | Figure 4.Fish community structure in Lake Erie illustrating seasonal

! ' and study area diffences in numerical proportion from trawl catches acrgss
2013, Rainbow Smelt dominated in June| three years of sampling. The most common species are defined in the ey.
. Ot h i | d i

(90% of 104,637 fish total), and Yellow | orcuredinsumszors, o cnr WerE poened o

Perch dominated in August and September
(36% and 55%respectivelof 5,744 andL4,150fish total) By comparien,the Erie study area

! Appendix Il gives samples sizes forchaof the field collection events.
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was less variable witRainbow Smelt

dominatng catches iffive of theeight
sampling period¢Figure 4): August 2011
(60% of 833 fish total), September 2012
(37% of 5,027 fish total), June 2013 (98%
of 3,084 fish total), August 2013 (95% of
10,350 fish total), and September 2013
(84% of 1,566 fish total)During
September 2011 and June and August of
2012, Yellow Perch (53% of 4,852 fish
total), Round Goby (73% of 3,223 fish
total), and Emerald Shiner (876621,792
fish total), respectively dominated catcheg

. ® Fairport
° ® Erie

1.0 1.5

NMDS2
0.5
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1
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® burbot
T T T 1 T T T T
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at the Erie study area (Figure 4t the

Erie study area, White Perch were only
observed during two of the sampling
periods and only as a small fraction of thg
total catch (Figure 4).

Figure 5. Fish community similarity between study areas in Lake Erie
illustrated with normetric multidimensional scaling (NMDS). Species
used in the analysis are designated byletberabbreviation (three letters
each from the first and last common names, if applicable). The podiigon
taxon along each axis shows its relative contribution to the variance in t
dimension. Confidence ellipses (80%) were generated to understand st
area overlap. The NMDS produced two nearly identical convergent
solutions for the plot with an acdeple stress level of 0.204.

0
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Ldy

While the stidy areas shared the

same dominant species overall, they werg
distinct in composition (Figure 5). As
viewed in twaedimensional NMDS space,
the trawl samples showed a limited amou
of similarity in species composition. Most
of the separation between syuareas was
evident in the secondary axis, with Burbotf
Alewife, Rainbow Smelt, and Round Goby
contributing most to the separation of the
Erie study area from Fairport (Figure 5).
By comparison, White Perch, Freshwater
Drum, Channel Catfish, White Sucker,
White Bass, and Gizzard Shad primarily
distinguished the Fairport study area from
Erie in terms of fish community
composition. Yellow perch and Emerald
Shiner contributed very little to the secong
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NMDS axis, emphasizing similarity in
trawl catch rates Itween study areas with
respect to these species. This view of thg

Figure 6. Fish divers ity and weighted mean trophic level in Lake

Erie from trawl catches from different seasonal and annual sampling pe
at each study area. We calculated Shannon diversity indices (upper), ai
we used published values of trophic level with means weidhtedimbers
in the catch. No sampling occurred in June 2011.

iods
nd

fish community primarily represents the
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most abundant species in the catches, and we specifically excluded species that were rare (see
previous section). Thus, we also characterized esniplsg period using the full data set with
Shannondés diversity index, which accounts for
i's sensitive to rare species. Shannon6és dive
highly dependent upamonth and year (Figure 6). Overall, fish diversity was either similar

between study areas or higher at the Erie study area (Figure 6). In particular, significantly higher
diversity in Erie (as measured by overlap of 25 75" quantiles with the medig was evident

in August of 2012 and every sampling period in 2013 (Figure 6). Moreover, August 2012, and
August and September 2013 in Erie represented the highest fish diversity observed in this study
(Figure 6).

One of the limitations to diversiindices is that if there are complementary changes in
abundance between two species (or one species is exactly replaced by another), diversity indices
will not change. As an alternative approac™
to synoptic indices of fish community
structure, we evaluatlweightedmean
trophic level of the trawl catcheddean
trophic level accounts for the roles of fish
within the food web both in terms of their
trophic position and their relative

2011 2012 2013

100.00-
. ) = D Area
. £ Fairport
.00- U ‘4% _1 . BEfe
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o
o

(=]
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abundances.Thus, changes in abundance 6 & 6 8 9

within a trophic level (such ascreases in o “gg?tzh -

lower trophic level planktivores relative to

piscivores) will cause shifts in the mean B 100.00 Q é _
trophic level of the catch. We observed a % [_5 j ? .
wide range of variation in mean trophic 3 e d :E . = IR
levels of trawl catches, and very little %’ 0.01. [

consistency in patterns acrossrgling .

periods. Mean trophic level at the Fairport 6 8 Moémh 9 8 9

study area declined steadily from August

1.00-

2011 to September 2012, and with the I L

exception ofSeptember 2012 was similar 0.75 o E

to Erie (Figure 6). In September 2012 (Eri 050 : ' ' prea
.50- . L airpo

only), and June and August of 2013f(i , EEris

study areas), mean trophic level was high 0251 Hj ' _

compared with other sampling periods ooo. LU ser] e bl o

(Figure 6).At the Fairport study area, thesg 6 8 9 6 Mosnth ° 6 89

changes most closely track fluctuations in Figure 7.Fish guilds in Lake Erie expressed as a ratio or proportion of

abundance of Emerald Shiner, a lower trawl catches. Species membership of each group is defined in the text|for:

. . . . o piscivores:forage (upper), pelagic:demeral (middle), and cold\{lateer).

trophic level species planktivore (Figures 5 nNo sampling occurred in June 2011.

ard 6). At the Erie study area, a more

Coldwater Species Fraction
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complex dynamic was occurring with contributidoghe mean trophic levélom changes in
bothlower trophic level Emerald Shiner, as well as 4tnaphic level Rainbow Smelt and Round
Goby (Figures 5 and 6).

We further considered variatian catch compositioamong sampling periods with
respect to functiongjroups based upon feeding molabitat or thermal preferences (defined
above) At both study areas, piscivores were often present in catches at a EveailgratioO1)
with forage fishes (Figure 7, uppeifforage fish outnumbered piscivores (ratio > 1) only in
September 2011 in Erie, and in August and Septemberi@@8rport(Figure 7, upper).
Pelagic fishes (defined above) were more frequently present inngmadiers than demersal
species, especially at the Erie study area (ratio >1; Figure 7, middle). At the Fairport study area
on average, demersal fishes were present in abundance equal to or greater than pelagic species in
all sampling periodexcept Septebrer 2012 and June 2013 (Figure By comparison at the
Erie study area, pelagic fishes were present in greater abundance than demersal fishes in all
sampling periods except September 2011 and June Zdially, we examined the fraction of
the catch comrised of coldwater fish species (defined above). Overall at the Fairport study area,
the fraction of coldwater species was low (< 0.25), and it was generally higher at the Erie study
area than Fairport (Figure 7). Exceptions to these patterns ocauthedd 2013 (both study
areas) and August 2013 (Erie only), when catches were predominately made up of coldwater
species, and in September 2011, when the fraction of coldwater species was lower on average at
the Erie study area (Figure 7).

Water quality

To understand how water column
structure changed across sampling period
we examined temperature in relation to
dissolved oxygen. In particular, we were

June August September

o
L

=
L

LLoe

L

/1

/i

interested in relating hypoxic episodes wif :E'c'no, e

results from other types of biological §15' @ _ e Layer
sampling. Temp®ture varied predictably | £'° * ol Co© B o
in most sampling periods with relatively % d ™ Farbortsurace
uniform conditions during preand post 5.0

stratification (Figure 8). Temperature 310,

ranged from 6 to 2% in these data, and 5l
hypolimnetic (bottom) temperature tended ]

to show more variability #n the At

epilimniom within a sampling period

(Figure 8). The coldest temperatures wel| Figure 8. Temperature and dissolved oxygen observed in epilimnetic
. . . . (surface) and hypolimnetic (bottom) samples from our study areas in Lake
in the hypolimnion at the Erie study area | Erie. Also, plotted are 80% confidence ellipsoids for each sttey and

: : water column layer combination (as defined in the key). Note that disso|ved
followed by Falrport (Flgure 8)' As oxygen values were not available for the August sampling in 2012 at thg

illustrated by the degree of overlap in the | Erie study area. No sampling occurred in June 2011.
confidence ellipses, stratified conditions
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Figure 9. Hypoxic zones observed in the hypolimnion during August 2011(left) and 2013 (right).-tBimlhite shading illustrates the dissolved
oxygen <3.0 mg/L (hypoxia), which is plotted by depth above the bottom-¢geaing). The view is oblique and approximately southeast facing
toward Fairport Harbor, OH. Suspended in the plot are point estimates of fish target densities estimated with hydrragthsticscale), referenced
in subseauent sections.

werepresent to varying degrees at both study areas and during all sampling periods except
September 2011 (Figure 8). This situation was primarily a result of unusually warm summer
season in 2012 and delayed fall taver in 2012 and 2013. We observed twpdxic events
(dissolved oxygen <2mg/L.pne each in 2011 and 2013, and both occurred during August

(Figure 8). There was a single hypoxic observation in September 2013, but due to the majority
of samples from the bottom layer having normoxic conditiaesdid not classify this sampling

period as hypoxic. In addition, hypolimnetic hypoxia was heterogeneous throughout the
hypolimnion. We used-8imensional anisotropic interpolation with inverse distance weighting

to map hypoxic zones. We found a strikitontrast in the distribution of hypoxia between these
events. In 2011, the hypoxic zone was smaller and concentrated near where the thermocline
contacted the bottom of the lake (Figure 9). In contrast with our expectations, deeper portions of
the hypoimnion transitioned back to normoxic conditions (Figure 9). In August 2011, the
hypolimnion was 23% of the volume of the study area, and hypoxic waters made up 38.2% of
the hypolimnion. By comparison, August 2013 was more consistent with our expeathtons
hypoxic zone that began at the thermocline

and became more Intense Wlth depth Il Calanoida lll Cyclopoida il Daphnidae [ll Non-Daphnid Cladocerans il Predatory Cladocerans
(Figure 9). This more continuous pattern 20m 2012 2
hypoxia was associated with a smaller 6

hypolimnetic volume (13.5% of the study "

area), and hypoxic conditions constituted| . H&
79.5% d the hypolimnion. (A uﬂ_ ﬂ g i

6- mﬂ N

Figure 10. Zooplankton density for funcional groups from various

yodiey

x1000 m™

Zooplankton

Zooplankton species richness 4
ranged from between 2 and 24 taxa per 2
sample (copepod nauplii and dreissenid o
veligers were counted as distinct taxa
because they could not be identified to
species). On averagmoplanktorspecies

aug

June
August
September
June
August
September
June
August
September

richness was 17.8 (s.e. = 2.6), and no sampling periods at each study area. Confidence intervals (95%) were based
. g . upon leassquared means with Tukey adjustment for multiple comparisons.
significant difference¢a=0.05)were Intervals that overlapped zero are not plotted. No zooplankton results afe

avaiable for June 2011 or 2012.

observed as a function géar, month, area,
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or all possible interactions between these variables. By comparison, zooplankton species

di versi ty ( Sh anronoMh2Gos2.6ipar shepie)(againacomeeod nadplii and
dreissenid veligers were counted as distinct taxa because they could not be identified to species).
On average, the diversity index was 2.5, and no significant differéas85)were observed

as a tinction of year, month, area, or all possible interactions between these variables.
Functional groups of zooplankton primarily represented different sized groups of potential prey
for zooplanktivorous fishes in Lake Erie. Overall, densitfesach groupvere higher and more
variable at the Erie study area (Figure 18).the Erie study area, the highest zooplankton
densities were observed2011 and the lowest were observed in 2012. By comparison at the
Fairport study area, zooplankton densities \weoge stable with less variation on average across
years and months (Figure 10). Whereas predatory cladocerans were always present at lower
densities, other groups were frequently present at densities similar to each other during most
sampling periods (@rlapping confidence intervals, Figure 1@alanoid and cyclopoid

copepods dominated during every sampling peaodwith the exception of August 2011 at the
Erie study area, were similar in abundance to each other (Figure 10)dadbnid cladocerans
ranked third in abundance overall, but were often similar in density to copepods (Figure 10).
Though more variable, Daphnidae showed a declining trend at Erie throughout the time of this
study, and no trenih Daphnidaavas evident at the Fairport studsea (Figure 10).

Benthos

Ponar samples of surficial sediment
revealed an average of 2.2 (s.e. = 3.2)
benthic macroinvertebrates per sample, wit
no significant differences between years,
months, areas, or all possible interactions
between these vabies. The composition of
benthic macroinvertebrate species was
strikingly different between study areas, an
in particular the dominant taxon at the
Fairport study area often shifted between
several taxa across sampling periotis. Figure 11. Benthic macroinvertebrate community ~ composition
20111 Chil‘OﬂOI’T\idS:{S% of 29 organisms) ggigm?gdd;rglgnza;gﬁa}mpI|ng period at each study area. No sampling was
and Dreissenid28% of 171organisms)
dominated in August and September, respectively2012, isopods dominated in June (35% of
336 organisms) and August (56% of 337 organisms) followed by gastropods in September (40%
of 30 organisms)At the Erie study area, Dreissenid mussels dominated benthic samples in
every sampling period, comprisibgtween 59% an@7% of macroinvertebrate counts (Figure
11). By comparison tthe Fairport study area, Dreissenid mussels typically representedia m
fraction of benthic species count®Vith the exception of isopods June2012,other taxa were
more evenly mixeat the Erie study areaith no single taxon comprising more than half of the
total count(Figure 11).
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