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Public Summary 

This project addressed 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 gradients, seasonal hypoxia, and spatial overlap of 

cold- and cool-water fish guilds.  In Lake Erie and in large embayments throughout the Great 

Lakes basin, this situation is a concern for fishery managers, as climate change may exacerbate 

hypoxia and reduce habitat volume for some species.  We examined fish community 

composition, fine-scale distribution, prey availability, diets, and biochemical tracers for 

dominant fishes from study areas with medium-high nutrient levels (mesotrophic, Fairport study 

area), and low nutrient levels (oligotrophic, Erie study area).  This multi-year database (2011-

2013) provides the ability to contrast years with wide variation in rainfall, winter ice-cover, and 

thermal stratification.  In addition, multiple indicators of dietary and distributional responses to 

environmental variability will allow resource managers to select the most informative approach 

for addressing specific climate change questions.  Our results support the incorporation of some 

relatively simple and cost-efficient approaches into existing agency monitoring programs to track 

the near-term condition status of fish and fish community composition by functional groupings.  

Other metrics appear better suited for understanding longer-term changes, and may take more 

resources to implement on an ongoing basis.  Although we hypothesized that dietary overlap and 

similarity in selected species would be sharply different during thermal stratification and hypoxic 

episodes, we found little evidence of this.  Instead, to our surprise, this study found that fish 

tended to aggregate at the edges of hypoxia, highlighting potential spatial changes in 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 Erie.  The results were 

instrumental in the development of an interim decision rule for dealing with data collected during 

hypoxic events to improve stock assessment of Yellow Perch.  In addition, novel findings from 

this study regarding spatial and temporal variability in hypoxia have aided US-Environmental 

Protection Agency in the development of a modified sampling protocol to more accurately 

quantify the central basin hypoxic zone, and this directly addressed a goal of the Great Lakes 

Water Quality Agreement of 2012 to reduce the extent and severity of hypoxia.  Finally, the 

study areas developed in this project formed the basis for food web sampling in the 2014 bi-

national Coordinated Science and Monitoring Initiative work in Lake Erie.  

 

 

Data Management 

 Data sets collected during the execution of this study will be made publically available in 

a permanent repository at www.sciencebase.gov. 

  

http://www.sciencebase.gov/


 

5 

 

Technical Summary 

 Climate driven changes in temperature, freshwater inputs, and nutrients in aquatic 

systems are predicted to result in a northward expansion of cool- and warm-water fish 

populations and a reduction in habitat for coldwater species.  As suitable aquatic habitats change 

in volume and extent, individual fish species will experience increased or reduced spatial overlap 

with competitors, and the composition of prey resources may change dramatically.  This will be 

especially challenging in the Great Lakes where altered food webs may affect the sustainability 

of fisheries valued at several billion dollars.  Across three years, we examined interannual and 

seasonal changes in fishery food webs from Lake Erie as a representative system in which 

trophic interactions are influenced by temperature trends, thermal stratification, and 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 were four-fold: 

1. Quantify seasonal changes in the vertical and horizontal distributions of fishes. 

2. Characterize spatial and temporal variability in diet and trophic position. 

3. Develop synoptic trophic interaction indicators related to climate change.  

4. Examine fine-scale distribution of fish near hypoxia to inform the development of an 

interim decision rule on data inclusion thresholds from management surveys affected by 

Lake Erieôs dead zone.   

We used multiple field-based sampling approaches combined with laboratory-derived 

measurements to understand variation in fish community composition, prey, 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 area.  To our surprise, analysis of fine-scale distribution patterns revealed 

aggregation of fish near hypoxia, as opposed to avoidance.  Mean trophic level of the fish 

community and the composition of functional groups were highly variable across seasons and 

years.  Diets of selected species exhibited broad variation in similarity and overlap indices.  

Further, we observed no pattern in diet overlap with respect to hypoxic events, when we 

expected diet overlap to increase.  We examined three different stable isotopes as longer-term 

integrated measures of diet, and found approximately equal 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 significant variation in somatic condition indices with 

unique patterns by species and study area.   

These novel data on Lake Erie ecosystems have already informed important decisions by 

State, Federal, and provincial managers in the Great Lakes.  Specifically, 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 aided US-EPA in the 

development of a robust bi-national food web investigation through the Coordinated Science and 

Monitoring Initiative annex of the Great Lakes Water Quality Agreement.  Finally, our results 
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support incorporation of foodweb metrics into resource management, and selection of 

informative variables over those that lack sufficient contrast for tracking progress in achieving 

policy goals. 

 

 

 

 

List of Common and Scientific Names 

 

Common name Scientific name 

Alewife Alosa pseudoharengus 

Burbot Lota lota 

Channel Catfish Ictalurus punctatus 

Common Carp Cyprinus carpio 

Emerald Shiner Notropis atherinoides 

Freshwater Drum Aplodinotus grunniens 

Gizzard Shad Dorosoma cepedianum 

Lake Trout Salvelinus namaycush 

Lake Whitefish Coregonus clupeaformis 

Quillback Carpiodes cyprinus 

Rainbow Smelt Osmerus mordax 

Round Goby Neogobius melanostomus 

Shorthead Redhorse Moxostoma macrolepidotum 

Silver Chub Macrhybopsis storeriana 

Smallmouth Bass Micropterus dolomieu 

Trout-perch Percopsis omiscomaycus 

Walleye Sander vitreus 

White Bass Morone chrysops 

White Perch Morone americana 

White Sucker Catostomus commersonii 

Yellow Perch Perca flavescens 
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Purpose and Objectives 

 Great Lakesô fisheries are a multinational resource valued at several billion dollars 

annually (Allen and Southwick 2007).  Great Lakes fishery managers strive to maintain food 

web structures that provide optimum production of exploited fish species (Ryan et al. 2003), but 

rapidly changing climate is predicted to alter food web dynamics and consequently the 

sustainability of fish 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 undesirable 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 in 

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; therefore, synoptic 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 predicted to result in a northward expansion of cool- and warm-water 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 primary niche 

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 temperatures or thermal refuges 

(depending on the range of available temperatures), zoogeographic ranges shift and expand or 

contract on seasonal and long-term scales.  This phenomenon can shift the phenology of life 

histories and alter the outcome of competition and predation interactions via changes in 

community structure (Winder and Schindler 2004).  Also contributing to changes in community 

structure, long-term variability in temperature can allow the proliferation and range expansion of 

invasive species (Johnson and Evans 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 start of ice-on in 

winter (Magnuson et al. 1997).  Low oxygen conditions can change food web dynamics both 

directly, by restricting access of fish to habitats with preferred temperatures and prey, and 

indirectly, by reducing the productivity of oxygen-sensitive species (Arend et al. 2011).     

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 Huron, Green Bay in Lake Michigan, and the Bay of 

Quinte in Lake Ontario.  Lake Erie is the southernmost and shallowest of the Laurentian Great 
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Lakes, and as a consequence it has the most extreme 

water temperatures.   Lake Erie is also the most 

productive of the Great 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/commercial-fishing-

reports).  Erie has three significant sub-basins with 

contrasting depths, nutrient levels, and temperature 

distributions, but all three are strongly hydrologically 

connected through prevailing currents and circulation 

patterns (Figure 1).  The western and central basins are 

relatively shallow and have varied historically between 

eutrophic and mesotrophic with a combination of 

productive cool- and 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 native lake whitefish.  The transition between Erieôs mesotrophic 

central basin and the deeper, oligotrophic eastern basin 

provides a unique natural laboratory for examining food 

web dynamics that are driven by environmental and 

behavioral changes of different fish guilds.   On a 

seasonal basis, cool- and coldwater fish guilds in the 

central basin are squeezed vertically into the 

metalimnion and horizontally towards the eastern basin 

and shallower depths by increasing surface temperature 

and developing hypoxia in the hypolimnion. This 

phenomenon produces intense spatial overlap of species 

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 water 

temperatures, and 2) many species are building up 

energy reserves for overwintering and gonad maturation 

for spring reproduction.  Due to climate driven 

processes, these effects are projected to intensify and increase in duration.  Like most other lakes 

throughout the region, Lake Erie has been gradually warming since the 1960s (Figure 2), and 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 coldwater species 

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 warmer winters and less ice cover.        

 

Figure 1. Lake Erie bathymetry  (upper) and cross-

section (lower), showing the three main sub-basins 

(west, central, and east), and typical summer water 

column structure (epi- and hypolimnion).  For scale, 

Lake Erie is approximately 330km long. Cool colors 

are deeper. 

 

Figur e 2. Mean daily water temperature  in Lake 
Erie expressed as total annual degree days (dotted 

line) at the municipal water intake for Buffalo, NY.  

The black line shows an 11-year moving average. On  
average the total annual water temperature degree 

days have increased by approximately 10 per year 

since 1960. Additionally, the number of days <2.1C̄ 

has declined by 20 days over this same period. 



 

9 

 

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 with high temperature 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 (Hexagenia spp.), that provide a critical food resource for fishes (Edsall et al. 2005).  

Previous research in the central basin of Lake Erie has demonstrated that hypoxia-driven changes 

in vertical and horizontal distributions of organisms may have profound effects on predator-prey 

interactions at lower trophic levels, i.e., phytoplankton, zooplankton, and planktivorous fishes 

(Vanderploeg et al. 2009).  Hypoxia-driven changes also influence higher trophic levels; for 

example, changes in vertical distribution of yellow perch result in 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 sufficient detail.  Moreover, 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 catches in lake-wide 

assessments of percid recruitment.  The mechanism for this is not entirely clear, but preliminary 

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 

hypolimnetic 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 the long-term outcome of 

species interactions and community structure is vague at best.    

This study aimed to build upon previous findings (Hawley et al. 2006) addressing three 

key questions: 1) how do predator-prey interactions between cool- and coldwater fish guilds 

change as environmental conditions increase spatial overlap; 2) does prey choice become more 

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 and trophic level of secondary consumers change 

with environmentally driven changes in vertical and horizontal distribution?  Our ultimate goal is 

to provide managers with a better understanding of food web changes that may occur as different 

fish guilds compete for 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 Community Goals and Objectives for Lake Erie 

defined in the Great Lakes Fishery Commission (GLFC) special publication 03-02 (2003), which 

states in its food web structure goal: ñémanage the food web structure of Lake Erie to optimize 

production of highly valued fish specieséò.  More broadly, this supports the Great Lakes 
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Fishery Commissionôs Strategic Vision for ecosystem approaches for fisheries management 

(GLFC 2001; http://www.glfc.org/pubs/SpecialPubs/StrategicVision2001.pdf).  Recently, our 

results were used to support urgent efforts by Council of Lake Committees fishery management 

partners to develop an interim decision rule for handling anomalously large survey catches 

associated with hypoxia in Lake Erieôs seasonal ñdead zoneò.  Our objectives were four-fold: 

1. Quantify vertical and horizontal distributions of dominant prey and predator fishes during 

spring, summer stratification, and after fall turnover in the central basin and eastern basin 

of Lake Erie. 

2. Characterize spatial and temporal variability in diet and trophic position of fishes in 

response to seasonally-driven habitat changes. 

3. Develop synoptic trophic interaction indicator variables (e.g., trophic position, diet 

composition, percent of benthic versus pelagic prey, percent contribution of 

allochthonous versus autochthonous primary production, etc.) that capture seasonal 

environmental variability as related to long-term climate change.  

4. Examine proposed dissolved oxygen thresholds for excluding data from bottom-trawl 

surveys used in fisheries management in light 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, the first publication from this project (Kraus et al. 

2015) is appended to the report. 

Organization and Approach 

Sampling Design 

We examined two sub-basins of Lake Erie with contrasting trophic and physical 

conditions: in the central basin near Fairport Harbor, Ohio, and in the eastern basin near Erie, 

Pennsylvania in the vicinity of a zoogeographic feature, the Pennsylvania Ridge (Figure 3).  

Throughout this report, we refer to these as the Fairport and Erie study areas, respectively.  

Depths sampled ranged from 10 to 35m; therefore, these areas represented offshore lake 

ecosystems.  The Fairport area was chosen based upon the regular seasonal occurrence of 

hypoxia and mesotrophic conditions.  In contrast, sites in Pennsylvania waters were chosen as 

oligotrophic ecotones where hypoxia does not typically occur. One of the main strengths of our 

approach was that widely separated areas with contrasting conditions were compared both within 

and between sub-basins of Lake Erie in each of the three seasonal periods.  Previous work has 

tended to examine seasonal differences within a sub-basin, and this has limited broader 

application of the results.  We surveyed each study area at three times: i) prior to stratification in 

late-May or early-June, ii) during stratification in August when hypoxia was expected at the 

Fairport study area, and iii) in September targeting the period immediately following lake 

turnover (post-stratification).  We repeated this seasonal sampling scheme in each of three years, 
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2011 to 2013, with the exception that no sampling was 

conducted in June of 2011 due to unavailability of 

funding.  On each sampling round, the effort varied 

according to the type of sample as described below.   

Sampling was defined by transects, prescribed 

for each study area.  At the Fairport study area, four 

North-South transects, approximately 8 km long and 

spaced 4 km apart, were sampled on each trip (Figure 

3).  During the first sampling trip in August 2011, we 

discovered several obstacles to trawling on the western 

most transect; therefore, the array was shifted east for 

all subsequent sampling trips. At the Erie study area, 

three transects, approximately 10 km long, were 

sampled on each trip.  The Erie transects represented 

three prominent features of the oligotrophic eastern 

basin of Lake Erie: i) an East-West transect across the 

Pennsylvania Ridge, ii) the transition from the central 

basin to the eastern basin, and iii) the deep offshore 

waters of the eastern basin (Figure 3).   

Trawl Sampling 

 To obtain aggregate catches of fishes for 

community analyses and laboratory processing, we 

used three different vessels and four different trawl 

nets.  Trawl samples were distributed at the ends and 

the middle of prescribed transects in each study area, 

with supplementary sampling at adjacent locations (Figure 3).  In general, three daytime bottom 

trawls were conducted on 2 to 4 transects, depending on availability of research vessels and 

configuration of the study area.  Due to various factors, including the decommissioning of a 

USGS research vessel, changes in gear types were unavoidable.  Effects of gear differences were 

quantified with comparative experiments conducted in 2012 (LEBS, 2013).  On average the 

bottom trawl introduced in September 2012 was more efficient at catching pelagic species 

(Emerald Shiner and Gizzard Shad) and less efficient at catching some demersal species (White 

Perch, Trout-perch, and Freshwater Drum), but analyses also showed that fishing power 

correction factors would introduce variance for these species and should not be applied to correct 

for gear differences.  Technical 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 American Fisheries Society (http://fisheries.org/docs/wp/Guidelines-for-Use-of-

Fishes.pdf). 

 
 

Figure 3. Study areas in Lake Erie illustrating the 

locations of hydroacoustic transects (red lines), 
bottom trawl locations (brown dots), and mid-water 

trawl locations (blue dots).  The larger diameter dots 

represent sites sampled with the larger bottom trawl in 
2013.  

http://fisheries.org/docs/wp/Guidelines-for-Use-of-Fishes.pdf
http://fisheries.org/docs/wp/Guidelines-for-Use-of-Fishes.pdf
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 We analyzed the catch data for the eight most abundant species (Alewife, Emerald 

Shiner, Freshwater Drum, Rainbow Smelt, Round Goby, Trout-perch, White Bass, White Perch, 

and Yellow Perch) to understand interannual and seasonal changes in species composition at 

each study area.  Other species made comparatively small contributions numerically to the 

overall catch, and were included in the analysis as a single pooled category.  

To understand changes in piscivore-prey balance, we classified all species as either 

predator or forage, and either pelagic or demersal.  The forage category included all age-classes 

of Alewife, Emerald Shiner, Gizzard Shad, Rainbow Smelt, Round Goby, Silver Chub, and 

Trout-perch, but only young-of-year ages of Freshwater Drum, Lake Trout, White Bass, White 

Perch, and Yellow Perch.  The predator category included all piscivores: 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 Smelt.  Other species were classified as demersal.  Ratios, 

predators:forage and pelagic:demersal, were calculated based upon catch per hectare in each 

sample and examined in box-and-whisker plots.  

We examined the overlap of cold- and coolwater species in trawl catches by estimating 

this fraction of the total catch.  Coldwater species were: Burbot, Lake Trout, Lake Whitefish, and 

Rainbow Smelt.  Other species were classified as coolwater.  

 To track changes in trophic status of the fish community, we estimated weighted mean 

trophic level of each catch by assigning trophic levels for each species (www.fishbase.org, by 

age-group if data were available) and using catches per hectare as weights in the averaging.  We 

used trophic level values reported in the literature instead from our own samples, because diet 

and stable isotope measurements were only made on a subset of species (n=5).  These results 

were also examined in box-and-whisker plots by year, season, and study area.  

  Finally, for the catch data, we examined similarity in the species composition of the fish 

community between mesotrophic (Fairport) and oligotrophic (Erie) study areas.  This was 

accomplished by calculating Shannonôs Diversity index for each sample, and via non-metric 

multi-dimensional scaling (or NMDS) to understand how much overlap was present across cool- 

and coldwater fish guilds.  For the NMDS, we evaluated multivariate distances in k=2 

dimensions with Bray-Curtis similarity and the Wisconsin square root transformation to achieve 

acceptable stress levels (<0.3, an indication of model fit) for 2-dimensional plotting.  In addition, 

species with very low catch rates (<9 total captured) were not included in the NMDS analysis 

(Common Carp, Lake Trout, Lake Whitefish, Quillback, Sea Lamprey, Shorthead Redhorse, 

Silver Chub, Smallmouth Bass).    

http://www.fishbase.org/
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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 measured with an 

optical sensor using various YSI® instruments (sondes and handheld devices).  Temperature 

sensors were calibrated by the manufacturer, and dissolved oxygen was calibrated prior to each 

sampling trip.  Once temperature stabilized (by holding the sensor at a constant depth), a 

minimum of 3 readings averaged over 60s were used to characterize dissolved oxygen (mg/L) 

and temperature (̄C) for each depth stratum at each site.  Supplementary water quality sampling 

at the Fairport study area was conducted in August at ancillary sites to better map the 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 3-

dimensional anisotropic interpolation techniques (in Voxler ®) to visualize the hypoxia 

phenomenon.  Additionally, we measured Secchi depth (m) to the nearest 0.1 m with a 0.5 m 

diameter Secchi disc at each site that was sampled during day time.   

We examined bi-plots of temperature and dissolved oxygen with 95% confidence 

ellipsoids to understand changes in fish habitat across study areas, years, seasons, and vertical 

strata (epilimnion v. hypolimnion).  Unfortunately, our dissolved oxygen sensor malfunctioned 

during surveys at the Erie 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 Fairport study area to 

interpolate and map the distribution of hypoxia, which was only present in August of 2011 and 

2013.  We used a 3-dimensional inverse distance weighted interpolation algorithm with 

anisotropic search window to account for greater variability with depth than 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 diameter plankton nets with 62mm mesh size.  This sampling was conducted from the 

Muskie (at both Fairport and Erie) and small research vessels at Fairport when possible.  Whole 

samples were concentrated into the cod end, transferred to plastic containers, and preserved with 

10% neutral buffered formalin.  Immediately prior to preservation, we used Alka-Seltzer® to 

anesthetize zooplankton, ensuring their appendages were not autotomized during preservation.  

Zooplankton samples were quantified using light microscopy at an external laboratory, following 

typical Great Lakes protocols.  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.  Enumeration continued until a minimum of 100 individuals per taxon or 20% of 

the total volume was quantified.  Zooplankton were identified to the lowest possible taxon and 

enumerated; however, for purposes of this report the data were pooled by function groupings 

(defined below).  Counts were converted to density by dividing by volume filtered.  Volume 
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filtered was calculated as the product of site depth and the area of the net opening 

(p*(0.25m)
2
=0.196 m

2
).  We collected between n=3 and n=8 zoooplankton samples per study 

area on each sampling trip, and this varied depending upon the availability of assistance from 

collaborators with small research vessels.  

 We examined zooplankton community structure by functional group, and graphically 

evaluated the seasonal and spatial variation in density (number per m
3
) and percent composition.  

Five functional groups were defined: 1) cyclopoid and calanoid copepods, 2) predatory 

cladocerans (primarily invasive Bythotrephes longimanus, and to a lesser degree 3) Leptodora 

kindtii ), 4) daphnids, and 5) non-daphnid cladocerans.  Other taxa present in low proportions 

were only considered in estimation of species richness and Shannon species diversity indices for 

each catch. We compared functional groups with analysis of variance, including all possible 

interaction effects with year, month, and area, and identified differences using confidence 

intervals (95%) with Tukey adjustment for multiple comparisons.     

Benthic Sampling 

 On each sampling trip in each study area, we collected benthic grab samples with a petite 

Ponar dredge (sampling area = 0.023 m
2
).  Each sample was rinsed through a 250 ɛm sieve, 

stained with Phloxin-B to enhance visibility of macroinvertebrates, and frozen at -20°C for 

laboratory processing.  We used light microscopy to enumerate and identify benthic 

macroinvertebrates to order or family level classification.  Samples were collected from the 

Musky II, Muskie, or smaller research vessels depending upon availability of assistance from 

collaborators.  We analyzed between n=4 and n=12 benthic samples from each sampling trip per 

study area.  We examined community structure of benthos in terms of numerical percentages of 

each taxon within each season, year, and study area.  

Hydroacoustics 

 To examine vertical distribution of fish within the water column, we conducted 

hydroacoustic transects in each study area with a BioSonics DT-X echosounder using 120 kHz, 

8.2°, split-beam transducers.  We followed Great Lakes Standard Operating Procedure for data 

collection and analysis (Parker-Stetter et al. 2009, Rudstam et al. 2009).   At the Fairport study 

area, we sampled n=2 - 4 transects (Figure 3) during night time on each sampling trip.  At the 

Erie study area, we sampled all three transects during night time on each sampling trip.  We used 

a 4 ping s
-1

 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 

quality sampling provided temperature values for estimation of speed of sound in water.  We 

processed acoustic data using the method 2 algorithm for echo integration in Echoview (version 

5.4; Myriax, Inc., Tasmania, Australia).  To accomplish this, we partitioned the water column 

into epilimnetic and hypolimnetic strata and 500m cells along each transect.  During non-

stratified periods the stratum depths from an adjacent sampling event within the same calendar 

year were applied.  Volumetric densities (fish targets per m
3
) were calculated for each cell-

stratum combination.  Details are described in Kraus et al. (2015), appended to this report.  
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Target strengths (TS) were converted to fish total length (TL) using Loveôs (1971) multispecies 

equation for 120 kHz echosounder: TS=19.1*log10(TL) - 63.85.  We compared epilimnetic and 

hypolimnetic target densities and estimated total lengths across study areas, years, and seasons in 

an analysis of variance (ANOVA).   

Fish Diets and Condition  

 From each trawl sample, we collected fish for diet and condition analyses.  We targeted 6 

common species with contrasting feeding and habitat use behaviors: i) pelagic planktivores 

(native Emerald Shiner, and non-native Rainbow Smelt), ii) mid-trophic level predators (native 

Yellow Perch, and non-native White Perch), and iii) benthic feeders (native Freshwater Drum, 

and non-native Round Goby).  Freshwater Drum were rarely captured, and were completely 

absent in Erie samples in 2012 and 2013; therefore, we dropped this species from consideration 

in diet and condition analyses.  During trawling operations, subsamples of fish from these 

categories were preserved frozen at -20 °C for subsequent laboratory analysis.  In the laboratory, 

fish were thawed for diet analysis.  Total length (mm) and weight (to the nearest 0.1 g) of each 

fish was measured prior to processing.  These data along with length-weight measurements taken 

in the field were used to develop a somatic index of condition.  Other measures of condition 

(e.g., C:N ratios) are available for exploration from the data sets accompanying this report.  

Additionally, we developed data for an organo-somatic 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.  Stomach contents were weighed in aggregate and then rinsed 

into a 250 ɛm sieve.  Items were identified to the lowest possible taxon using light microscopy, 

and each taxon was weighed in aggregate to the nearest 0.001g.  When diet items were too small 

for our balance, we counted the total number of individuals and measured individual lengths 

(e.g., head capsule width, or body length) microscopically on a subset (n=10) for conversion to 

weight using published regressions (available upon request).   

 We focused on six fish taxa 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 fitted a power function to weight and length, and used a least-

squares approach to estimate mean weight at a specified length for each species.  Separate 

regressions were carried out by area, year, and month for comparative analysis with confidence 

intervals.  This index allowed us to understand whether different species were heavier or lighter 

for a specified length throughout the study.  Similarly, we developed a hepato-somatic index of 

condition to understand how the liverôs weight proportion of the body might signify changes in 

energy status of fish (Wootton et al. 1978) across areas, years, and months.  We compared diets 

of these six species based upon frequency of occurrence of diet items, which provides a more 

robust measure of diet composition than numerical or gravimetric methods (Baker et al. 2013).  

One exception to this was in the calculation of diet overlap, which is based up on the proportions 

of prey in stomachs instead of just presence-absence.  To ensure sufficient sample sizes, we 

pooled the diet data across years (low sample size prevented robust testing of interannual 
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differences prior to pooling).  We used non-metric multi-dimensional scaling (or NMDS) of diet 

items to understand how much diet overlap between fish species existed.  For the NMDS, we 

evaluated multivariate distances in k=2 dimensions with Bray-Curtis similarity and the 

Wisconsin square root transformation to achieve acceptable stress levels (<0.3, an indication of 

model fit) for 2-dimensional plotting.  In the NMDS, we exclude diet taxa with low occurrence 

(present in less than <10 stomachs: gastropoda, Hexagenia spp., hydracarina, nematoda, and 

oligocheata).  We evaluated the results graphically in a two-dimensional plot with 80% 

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

Additionally, we examined 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 Perch).  We calculated Schoenerôs overlap index (Schoener 1970) for 

fish diets (Wallace 1981).  Wallace and Ramsey (1983) recommended that Schoenerôs index be 

calculated using weight or volume, but we used counts instead due to overestimation biases from 

length-weight predictions of small prey (typically, partially digested zooplankton).  Therefore, 

Schoenerôs index was calculated as follows: 1-0.5*(S|pxi-pyi|), where the absolute differences 

between the numerical proportions of prey item i in species pair, x and y, are summed for all prey 

items.  Frequency of occurrence was not used for the reasons described above, and because 

summation of frequency of occurrence values can lead to totals >1.0, which results in spurious 

overlap index values (i.e., <0).   

Stable Isotopes 

 We developed information on stable isotope tracers of diet to complement stomach 

content analyses.  Nitrogen stable isotopes quantified trophic position, carbon stable isotopes 

discerned whether the energy in a fish originated in pelagic or benthic primary producers, and 

hydrogen isotopes discriminated between in-lake (autochthonous) and terrestrial (allochthonous) 

energy sources (Doucett et al. 2007, Hoffman et al. 2010, Solomon et al. 2011).  Samples were 

analyzed by external laboratories at the University of New Hampshire (carbon and nitrogen) and 

Northern Arizona University (deuterium).  During laboratory dissections of fish, a plug of light 

muscle tissue was sampled from each fish for stable isotope analysis.  In addition, a subset of 

benthic macro invertebrates was also prepared for stable isotope analyses.  Each sample was 

dried, powdered with an agate mortar, and weighed into prescribed quantities following standard 

operating procedures required by each laboratory (see: 

http://www.isotope.unh.edu/facilities.shtml, http://www.isotope.nau.edu/).  Deuterium isotope 

(dD) values were determined with a Delta Plus XL stable isotope mass spectrometer, and 

expressed as the proportion of deuterium relative to Vienna Standard Mean Ocean Water 

(VSMOW).  Carbon (d
13

C) and nitrogen (d
14

N) isotopes were determined with a Delta Plus XP 

spectrometer and expressed as proportions relative to Vienna Pee Dee Belemnite (VPDB) or 

atmospheric air, respectively.  
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 Paired isotope bi-plots of the results were examined for comparison with published 

values for terrestrial, benthic, and pelagic energy sources from freshwater lake ecosystems in 

Solomon et al. (2011).  We used a three-isotope Bayesian mixing model based upon source 

values in Solomon et al. (2011) to estimate the proportional contributions of primary production 

sources to each macroinvertebrate group and fish species.  We performed this analysis with the 

Stable Isotope Analysis in R package (ver. 4.2, Parnell & Jackson 2013) with generic trophic 

enrichment factors for nitrogen (3.54), carbon (1.63), and hydrogen (0).  Observed variation in 

isotope values for each taxon was much lower than variation in energy sources.   Additionally, 

we primarily examined juvenile and yearling-and-older fishes, which were expected to exhibit 

turnover rates on the order of several months to more than a year, dependent upon growth rate 

and temperature (Herzka 2005).  Thus, we expected these dietary tracers to be most 

representative of a particular study area, and we did not expect to be able to discern variability 

due to seasons or years.  To confirm this, we tested for differences between areas and years 

singly for each isotope with ANOVA, but observed no significant differences. Accordingly, we 

examined posterior probability distributions of source contributions by taxon, and study area.   

Project Results, Analysis and Findings
1
 

Fish Community Structure 

 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 event.  At the Fairport study area, dominance was the most variable, shifting five times 

among five species (Figure 4).  In August 

2011, Yellow Perch and White Perch were 

similar in proportions (33% and 32%, 

respectively, out of 6959 fish total).  This 

dominance shifted in September 2011 to 

similar proportions of Emerald Shiner and 

Round Goby (each represented 28% of the 

14,021 fish total).  In 2012, catches were 

dominated by dominated by White Perch 

in June and August (31% and 45% of 

4,219 and 22,754 fish totals, respectively).  

In September 2012, Emerald Shiner 

dominated (66% of 27,933 fish total).  In 

2013, Rainbow Smelt dominated in June 

(90% of 104,637 fish total), and Yellow 

Perch dominated in August and September 

(36% and 55%, respectively of 5,744 and 14,150 fish total).  By comparison, the Erie study area 

                                                 
1
 Appendix II gives samples sizes for each of the field collection events.   

 
 

Figure 4. Fish community structure  in Lake Erie illustrating seasonal 
and study area differences in numerical proportion from trawl catches across 

three years of sampling.  The most common species are defined in the key.  

Other species present were pooled in the ñotherò category.  No sampling 

occurred in June 2011.  
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was less variable with Rainbow Smelt 

dominating catches in five of the eight 

sampling periods (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 (87% of 21,792 

fish total), respectively dominated catches 

at the Erie study area (Figure 4).  At the 

Erie study area, White Perch were only 

observed during two of the sampling 

periods and only as a small fraction of the 

total catch (Figure 4).  

While the study areas shared the 

same dominant species overall, they were 

distinct in composition (Figure 5).  As 

viewed in two-dimensional NMDS space, 

the trawl samples showed a limited amount 

of similarity in species composition.  Most 

of the separation between study areas was 

evident in the secondary axis, with Burbot, 

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 second 

NMDS axis, emphasizing similarity in 

trawl catch rates between study areas with 

respect to these species.  This view of the 

fish community primarily represents the 

 
 

Figure 5. Fish community similarity  between study areas in Lake Erie 
illustrated with non-metric multidimensional scaling (NMDS).   Species 

used in the analysis are designated by six-letter abbreviation (three letters 
each from the first and last common names, if applicable).  The position of a 

taxon along each axis shows its relative contribution to the variance in that 

dimension.  Confidence ellipses (80%) were generated to understand study 
area overlap.  The NMDS produced two nearly identical convergent 

solutions for the plot with an acceptable stress level of 0.204.   

 

 
 

Figure 6. Fish divers ity and weighted mean trophic level  in Lake 
Erie from trawl catches from different seasonal and annual sampling periods 

at each study area.  We calculated Shannon diversity indices (upper), and  
we used published values of trophic level with means weighted by numbers 

in the catch.  No sampling occurred in June 2011. 
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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 each sampling period using the full data set with 

Shannonôs diversity index, which accounts for both species richness and relative abundance and 

is sensitive to rare species.  Shannonôs diversity also distinguished study areas, but this was 

highly dependent upon month 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
th
 or 75

th
 quantiles with the median) 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 diversity indices 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 approach 

to synoptic indices of fish community 

structure, we evaluated weighted mean 

trophic level of the trawl catches.  Mean 

trophic level accounts for the roles of fish 

within the food web both in terms of their 

trophic position and their relative 

abundances.   Thus, changes in abundance 

within a trophic level (such as increases in 

lower trophic level planktivores relative to 

piscivores) will cause shifts in the mean 

trophic level of the catch.  We observed a 

wide range of variation in mean trophic 

levels of trawl catches, and very little 

consistency in patterns across sampling 

periods.  Mean trophic level at the Fairport 

study area declined steadily from August 

2011 to September 2012, and with the 

exception of September 2012 it was similar 

to Erie (Figure 6).  In September 2012 (Erie 

only), and June and August of 2013 (both 

study areas), mean trophic level was high 

compared with other sampling periods 

(Figure 6). At the Fairport study area, these 

changes most closely track fluctuations in 

abundance of Emerald Shiner, a lower 

trophic level species planktivore (Figures 5 

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

 

 

 

Figure 7. Fish guilds  in Lake Erie expressed as a ratio or proportion of 
trawl catches.  Species membership of each group is defined in the text for: 

piscivores:forage (upper), pelagic:demeral (middle), and coldwater (lower). 

No sampling occurred in June 2011.   
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complex dynamic was occurring with contributions to the mean trophic level from changes in 

both lower trophic level Emerald Shiner, as well as mid-trophic level Rainbow Smelt and Round 

Goby (Figures 5 and 6).   

 We further considered variation in catch composition among sampling periods with 

respect to functional groups based upon feeding mode, habitat, or thermal preferences (defined 

above).  At both study areas, piscivores were often present in catches at a similar level (ratio Ò 1) 

with forage fishes (Figure 7, upper).  Forage fish outnumbered piscivores (ratio > 1) only in 

September 2011 in Erie, and in August and September 2013 in Fairport (Figure 7, upper).  

Pelagic fishes (defined above) were more frequently present in great numbers 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 periods except September 2012 and June 2013 (Figure 7).  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 2012.  Finally, we examined the fraction of 

the catch comprised 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 occurred in June 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 periods, 

we examined temperature in relation to 

dissolved oxygen.  In particular, we were 

interested in relating hypoxic episodes with 

results from other types of biological 

sampling.  Temperature varied predictably 

in most sampling periods with relatively 

uniform conditions during pre- and post-

stratification (Figure 8).  Temperature 

ranged from 6 to 25̄C in these data, and 

hypolimnetic (bottom) temperature tended 

to show more variability than the 

epilimniom within a sampling period 

(Figure 8).  The coldest temperatures were 

in the hypolimnion at the Erie study area 

followed by Fairport (Figure 8).  As 

illustrated by the degree of overlap in the 

confidence ellipses, stratified conditions 

 
 

Figure 8. Temperature and dissolved oxygen  observed in epilimnetic 
(surface) and hypolimnetic (bottom) samples from our study areas in Lake 
Erie. Also, plotted are 80% confidence ellipsoids for each study area and 

water column layer combination (as defined in the key).  Note that dissolved 

oxygen values were not available for the August sampling in 2012 at the 

Erie study area. No sampling occurred in June 2011.  
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were present 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 turn-over in 2012 and 2013.  We observed two hypoxic events 

(dissolved oxygen <2mg/L), one 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 conditions, we did not classify this sampling 

period as hypoxic.  In addition, hypolimnetic hypoxia was heterogeneous throughout the 

hypolimnion.  We used 3-dimensional anisotropic interpolation with inverse distance weighting 

to map hypoxic zones.  We found a striking contrast 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 hypolimnion 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 expectations of a 

hypoxic zone that began at the thermocline 

and became more intense with depth 

(Figure 9).  This more continuous pattern of 

hypoxia was associated with a smaller 

hypolimnetic volume (13.5% of the study 

area), and hypoxic conditions constituted 

79.5% of the hypolimnion.   

Zooplankton 

 Zooplankton species richness 

ranged from between 2 and 24 taxa per 

sample (copepod nauplii and dreissenid 

veligers were counted as distinct taxa 

because they could not be identified to 

species).  On average, zooplankton species 

richness was 17.8 (s.e. = 2.6), and no 

significant differences (a=0.05) were 

observed as a function of year, month, area, 

 
Figure 9. Hypoxic zones  observed in the hypolimnion during August 2011(left) and 2013 (right).  Pink-to-white shading illustrates the dissolved 

oxygen <3.0 mg/L (hypoxia), which is plotted by depth above the bottom (gray-shading).  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 hydroacoustics (rainbow scale), referenced 

in subsequent sections.      

 
 

Figure 10. Zooplankton density  for functional groups from various 
sampling periods at each study area.  Confidence intervals (95%) were based 

upon least-squared means with Tukey adjustment for multiple comparisons.  
Intervals that overlapped zero are not plotted.  No zooplankton results are 

available for June 2011 or 2012.  
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or all possible interactions between these variables.  By comparison, zooplankton species 

diversity (Shannonôs index) ranged from 0.2 to 2.6 per sample (again, copepod nauplii 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 differences (a=0.05) were observed 

as a function 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, densities of each group were higher and more 

variable at the Erie study area (Figure 10).  At the Erie study area, the highest zooplankton 

densities were observed in 2011, and the lowest were observed in 2012.  By comparison at the 

Fairport study area, zooplankton densities were more 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 (overlapping confidence intervals, Figure 10).  Calanoid and cyclopoid 

copepods dominated during every sampling period, and with the exception of August 2011 at the 

Erie study area, were similar in abundance to each other (Figure 10).  Non-daphnid 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 trend in Daphnidae was evident at the Fairport study area (Figure 10).   

Benthos 

 Ponar samples of surficial sediments 

revealed an average of 2.2 (s.e. = 3.2) 

benthic macroinvertebrates per sample, with 

no significant differences between years, 

months, areas, or all possible interactions 

between these variables.  The composition of 

benthic macroinvertebrate species was 

strikingly different between study areas, and 

in particular the dominant taxon at the 

Fairport study area often shifted between 

several taxa across sampling periods.  In 

2011, Chironomids (38% of 29 organisms) 

and Dreissenids (28% of 171organisms) 

dominated in August and September, respectively.  In 2012, 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, comprising between 59% and 97% of macroinvertebrate counts (Figure 

11).  By comparison at the Fairport study area, Dreissenid mussels typically represented a minor 

fraction of benthic species counts.  With the exception of isopods in June 2012, other taxa were 

more evenly mixed at the Erie study area with no single taxon comprising more than half of the 

total count (Figure 11).   

 
 Figure 11. Benthic macroinvertebrate community composition 

observed during each sampling period at each study area.  No sampling was 

conducted in June 2011.  






























