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Abstract

Ecolegical complexity maymprove ecosystem function, stability, and adaptability to
natural and anthropogenic disturbanckgraspecifictrophic variatiorcanrepresent a
significant.component dbtal community variatiomnd can influence food web structure and
function. Thus; understanding how trophic niche=partitioned between intraspecific and
interspecific processes couldprove our understanding of food web dynamie. examined
gut corients fatty acids, and stable isotogios in round gobyNeogobius melanostomus) and
yellow perch(Perca flavescens) across six sites in Lake Michigan, USA, to determine patterns in
intra- and.interspecific trophic compositione(, meangut or fattyacid composition) and
diversity (.e., the diversity ofyutitems or fatty acids). We al&xamined relationships between
fatty acid-diversity and gut contecttaracteristicsat understand potential mechanisms shaping
individual trophic phenotyped here wasignificant variation in both trophic composition and
diversity among sitesndindividual and spatial variation was as importartbtal trophic
variation aspecies identit Round goby that consumed dreissenid mussels had more diverse
fatty acid profiles than those that consumed obi@thic invertebratesyhereas yellow perch
fatty acid diversity was not related to gut content compositiur results confirm that
intraspeeifiesvariation in resource use can be as important to tropramibgasnterspecific
variation, and that spatial variation in lower level food web procesdesbitat maytrongly
structure local food web dynamics. Individual-level examination of trophic diversconcert
with trophic composition, could provide additional information about the resilience, function,

and adaptability of local food webs.

1| INTRODUCTION
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Food web complexity, defined as the number of linkages of energy pathways in an
ecosystem, magromote ecosystem stabiliby increasng thedensity of trophic linkages
between food web components, coupling disparate habitats or energetic pathdayseasg
thefunctional overlap of niches, allowing for ecosystem function to be maintained even if
species arejogHubbell, 2005; Layman et al., 2007; Schindler et al., 2010; McMeans et al.,
2016). However, trophic complexity is most often considereah aterspecific level and
regard species or populations as functionally homogenous, even thexagitevidence
suggestshatintraspecific (i.e.within-speciey complexity arising from spatial, seasonal, or
ontogenetic variation in trophic niche use can represent a significant proportiomaif ove
communityfupetional variability(Violle et al., 2012; Faulks et al., 2015; Siefert et al., 2015).
Suchintraspecific variability in trophic niche size apdsitioncan altecommunity composition
by influencing niche partitioning among functionally similar species (Podl,e2@16; Allgeier
et al., 2017) anéhcilitating occupancy of otherwise unfilled trophic niches (Ekl6v & Jonsson,
2007; Quevedo et al., 2009). Not accounting for intraspecific trophic varratigtherefore
lead to biolegists missingraajor source of functional adaptability in food wé¥Wiolle et al.,
2012; Allgeier-et al., 2017).

The extent of intra- and intespecifictrophic complexity can be driven not only by
inherent foraging behaviors, but also by individual responses to environmental facto@s suc
spatialor temporalheterogeneityn resourcevailability (Crowder & Cooper, 1982; Svanback &
Eklov, 2006; Larson et al., 2015; Eloranta et al., 2017). The importdmedividual niche
variationtg total communitytrophic complexityemairs poorly understood, but there is some
evidence thamdividual resporesto environmental conditiorsan influencdood web structure
(Svanbéck.& EkIov, 2003; Quevedo et al., 200B9r exampleindividuals inhabitindarge,
deep lakes*may exhikiticreasd specializatioron littoral or pelagicesourcesdecreasing
within-individual trophic complexity (Snorrason et al., 1994; Eloranta et al., 2GiY}he
overall effect of decreasy connectivity between benthic and petagnergy pathwayfuevedo
et al., 2009). Understandingdadscalespatialpatterns in the responses of individuals and
speciedo environmental variationouldhelp predict food web adaptability to major
anthropogenistressorsproviding a foundation for understanding the importance of underlying

energy pathways in shaping food web complexity.

This article is protected by copyright. All rights reserved



81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111

Measures of trophic nichsuch as gut contents, fatty acid compositamstable
isotope ratios,anbe considered components of an expanded trophic piper{bloule,
Govindaraju & Omholt, 2010). These metrics have been primarily used to understand the
average trophic_position of consumers (e.g., Jackisaln 2011; Happeét al., 2015; Foleyet
al., 2017), btithere isincreasing interest insingthese metrics tanderstand how trophic
diversity is\partitioned among individuals, populations, and species (Price & [Bugl@009;
Bolnick"et'al:;2011).Undesstanding variability in individual-level trophic diversity (Bolnick et
al., 2002, 2014) couldlsoprovide insights into the impacts of resource use on individual fitness.
Fatty acid diversitynas been linked to measures of performance like peak metabolic rate in birds
(Price & Guglielmo, 2009) and swimming speed and cardiac output i(Cfisktelier et al.,
2006) whereas'diet mixing improved growth and fecundity in an amplodRivera & Hay,
2000). At the community levelreating trophic characteristics as complex treasld enable
partitioning of trophic complexitgcross levels of organizatigMarion et al., 2015), allowing
for the quantification of energy flows through food webs and impragedssments of true

community-functional diversity (Hubbell, 2005; Bolnick et al., 2011).

We, used a set of observatidnem six spatially distincsites in Lake Michigan, USAp
investigatepatterns irthetrophic composition (i.e., the abundance and types of resources used)
and trophicrecomigxity (i.e., the distribution of different resources used, regardless of ideftity)
two fishesthat occupy similanearshore habitatgvasive round gobyNeogobius
melanostomus) andnative yellow perch{Perca flavescens). We did so byvaluaing the
composition of gut contents, fatty acids, and stable isotopes using multivariate isompad
ordination,.and.by using a complexag-diversity approach to quantify gut content and fatty
acid complexity.in terms of Shannon’s effective diversity (Marion, Fordycé@zp#&trick 2015).
Round geby-and yellow perch are highly abundant in nearshore Lake Michigan and serv
important ecological roles in the nearshore food web (Marsden & Robillard, 2004; Trug&mpe
Lauer, 2005; Houghton & Janssen, 2015). Round goby are restricted to the substrate and thus
prey mast heavily on benthic resources while yellow perch are highly mobildlenis grey on
both planktonic'and benthic resources (Happel et al., 2015; Foley et al., X@lléyv perch
and closely related Eurasian peréhf{uviatilis) have demonstrated considerable plasticity in
foraging strategies and morphology in response to environmental conditions (Svanbick &
2003, 2006; Olsson et al., 2007; Roswell et al., 20E)wever less is known about the
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plasticity ofround goby.Comparing spatio-temporal patterns in the trophic niches exploited by
thesetwo species with potentially flerent abilities to respond tesource variatioallowed us

to address several questions about how trophic niches are partitioned in complex agdatic f
webs includingl) Does trophic composition vary spatially, and how is it partitioned among
seasons, sites, and species?; 2) Does trophic diversity vary spatially, arsdithoavtitioned

among individuals, seasons, sites, and species?; and 3) Does diet drive fattyeasity an
individuals?“Examining the trophic composition and diversity of these species aceass t
trophic markers édwed us to elucidate the importance of individgaktia] and taxonomic

differences irtrophic niche construction in a large and complex freshwater food web.

2|MATERIALSAND METHODS
2.1| Study'sites

Fish and benthic invertebrate samples were collected in July and Septembers2010 at
nearshore sites around Lake Michig&ox Point, WI (FP); Highland Park, IL (HP); Calumet, IN
(CA), Saugatuck, Ml (SA), Arcadia, Ml (AR), and Sturgdgay, W1 (SB)(Figurel). While

these sitesswere all considetechavehardsubstrate, theyaried in the specific habitat types
available. Fox Point is Devonian mudstone/shale bedrock with pockets of cobble, anddHighla
Park and Calumet are Niagaran bedrock with coblbel glacial grooves and depressions.
Saugatucksand Arcadia afleminated by loose cobbéad located neagrimarily sandy
substratewhereasSturgeon Bay is loose cobble with nearby Niagaran bedrock. In addition,
eastern sites (Arcadia and Saugatuck) receuegine inputs from multiple large watersheds,
whereas southern and western sites have limited riverine inputs and Sturgeenddagdidal
cycle influxes of water from the warmer andma productive Green Bay. The northern basin of
Lake Michigan.is primarily forested while the southern basin is dominated ioylage and
urban watersheds (NOAA CSC, 2013).

2.2 | Fish and invertebrate collection

The yellow perch, round goby, and invertebrate samples used in this study Wwertedol
as part of a larger study to examine the nearshore Lake Michigan fopdndedll relevant
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140  sampling protocols are detailedprevious studies (Happel et al., 2015; Foley et al., 2017). Fish
141  were collected via experimentaicromesh gill nets. At Wisconsin sites &8, we used0-n

142 longnetswith two panels of 6 and 8 mm bar meshgweas all other sites were sampled with

143  m long nets with four panels of 6, 8, 10, and 12 mm bar mesh. Nets were set parallel to shore at
144 3,71t09, and.12 to 15 m depth contours and allowed to fish either for two hours or overnight.

145  We only kept living fish for analysis, which were euthanized via overdose of MSY222.

146  collected lenthic invertebrate samples via either ponar grab samplemghic scrape®r diving

147  lifts, depending‘on the substrate at each site. All samplesimerediately frozen on dry ice,

148  then storet-80 °C untilprocessing.

149 In the'lab, all fish weréhawed andaneasured to the neardsinm total lengt{TL; Table
150 1). Either the.stomach (from yellow perch) or entire digestive tract (for ronimg gas

151  removedfrom.each fish andtored in 95% ethanol until processing. Followingrgatoval we

152  homogenized whole fish for stable isotope and fatty acid anaMgsanalyzed gt contens by

153  first removing all prey items from the digestive tract of each fa@ntifying each item to the

154  lowest possible taxgrand enumeratintipeir abundance (for further details, see Hagpal.,

155  2015; Foleyet.al,, 2017) We developed a standardized set of 17 prey iteoms the taxa

156  present in the'guts of both species for ussomparingoetweenrspecies patterns in gut content
157  diversity-andeomposition (Table 51We classifieprey items in terms of taxonom{primarily
158  family or order) functional (e.g., trophic positipmetabolisn), and behavioral (e.gieeding,

159  habitat use, position in the water column) traita@auratelyas possible given limitations in

160 identifying often partially digested organisif@dzesny et al., 2011; Feiner et al., 2018a). For
161  example, we distinguished between Chironomidae larvae and pupae because of ewatlence t
162  metabolic_processeahiring metamorphosis lead to distinct fatty acid and isotopic signatures in
163  each (Hamonwet al., 1985; Doi et al., 2007). These gut comtaieigorizations therefore

164  represent the scope of potengak contentiversity on an ecologically relevant scale, allowing
165  us to investigate how diversity and composition of diets potentially influence itivansl

166  composition of biochemical markers.

167 The fatty acid composition of each fish was determimedxtracting lipids from
168 homogenized tissue (Folch et al., 195Fgnsmethylating fatty acidMetcalfe & Schmitz,
169 1961), and analyzing the abundance of 28 fatty acids using gas chromatoygesgshy
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spectrometryfAgilent 7890A GC and 5975C inert XL EI/CI/ MSD, Agilent Technologies, Inc.,
Santa Clara, CA, USAasdescribed in previous studies (Turschak et al., 2014; Happel et al.,
2015; Foley et al., 2017). We quantifiedty acid relativabundance as the proportiby mass
of all fatty acids detecte@able 2).

We perfarmed stablearbon and nitrogeisotope analyssby freezedrying homogenate
samples for 48 h and measuring isotogt@s using a mass spectrometer (Finnigan MAT delta S
SIR-MS, with elemental analyzer front end and ConFlo Il interface, Bremen,d@gymResults
are reported inrelain toPee Dee Belemnite amdmospheric nitrogereferencestandards using
the conventiona**C ands'®N notation(Turschak et al., 2014; Happel et al., 2015; Foley et al.,
2017). Carbon/isot@pratioswere corrected for lipid contemt each fish as reflected @:N
ratios usingsspecies-specific equations developed for yellow perch and round gakg in
Michigan (Furschak et al., 2014).

Benthic invertebrate samples (whole bodies for Arthropoda, fosti@iorGastropoda
andDreissenidagwere dried, ground, and analyzed for stable isotope signatures using the same
methods as fish samples. Isotopic signatures of abutada{juagga musseDjreissena
rostriformissbugensis|, Chironomidae larvae, Gastropoda, Amphipoda, and Isopeei®) then
used to_detérmine the benthic and pelagic isotopic baselines for eadsitesed thenost'C-
depleted values fdilter-feedingguagga mussésince filterfeeding mussels have been shown
to act as areliable primary consumer of pelagic produd#ost, 2002as a pelagic baselirzand
the most-*@=enriched chironomid, gastropod, amphipod, or issgsda benthic baselite
completely‘encapsulate the full potential isotopic range of the food web at eadWsitesed
the nost*N-depleted mussebs a pelagic baselirmmdthe most°N-depletecbenthic

invertebrates as a benthic baselihable S3)

We estimated benthic relianas the proportion of carbon individuals derived from
benthic sources using a tweember mixing model based on the §*°C signature of each fish and
baseline consumer values at each respectivéEsiigation 1; Post, 2002; Ives et al., 2013)

_ (883Cyisn— A= 8 Cpentnic)
(513Cpelagic_513cbenthic) '

1) a=1

The parameter A is a correction factor for trophic enrichment in §°C (Equation 2),
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(615Nﬂ5h— 615Nbenthic)
3.4

) A= 0.4 + 1],

where 0.4 and 3.4 are the assumed mean per mil fractionation per trophic position for §*C and
8N, respectivelyMinagawa & Wada, 1984; Vander Zanden & Rasmussen, 2001). We then
determined.the relative trophic position of each individual fish at each site i&g8g¢ander
Zanden et al., 2000):

515Nfish_[515Nbenthic X a+515Npelagic x (1-a)]
3.4

3) Trophic position = 2 +

assuming ‘aprimary consumer trophic position of 2 asidMienrichment of 3.4%. per trophic
transfer(Minagawa & Wada, 1984)Two round gobies (out of N = 95) were more §-°C enriched
or depleted than the baselines and were corrected by setiingne and zero, respectivelWe
did not assess.isotopic niche metrics at site ABabse no baseline data were collected tranh

sitefor eitherspecies.
2.2 | Data analysis
2.2.1| Spatial variation and partitioning of in trophic composition

We_ used a series of analyses to investigate individual, seasonal, spatial, and interspecific
patterns in trophic composition in this study (see Table 2 for a summaryloddeetnd general
conclusions). tBe-level differences ithe multivariatecompositionof gut contentfatty acid,
and isotopiesnich@n benthic reliance- trophic position spac&ithin each species were
assessedsingPERMANOVA (999 permutations, R package ‘vegan’, v. 2.4-1; Oskagtssn
2013)withssite as the explanatory factamd fish length as a covariate. We did not consider
seasonal variation ithis analysidecausaseasonal variation wéisnited in other tests in this
study andn previous researadiisingthese sample@-oley et al., 2017)We usectuclidean
distances in analysis of fatty a@dd stable isotope data aBrhy-Curtis distances to analyze
gut contendata’due to the increased incidence of zeroes. When the ®RERMANOVA
indicated'significant differences in a given trophic metrie,usedoost hogairwise
PERMANOVA on all combinations of sites test forspecific significant differences after

correcting for multiple comparisorislolm-corrected P < 0.Q%Aickin & Gensler, 1996).
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We used speciespecific principal components analysis (PCA, R package ‘vegan’) on
gut content and fatty acids visualize sitdevel differences and tgenerate simplified
orthogonaldiet compositioraxesfor use in subsequeanalyses.All datawere centered and
scaledand fatty_acid data wefarthernatural log + 1 transformed to meet the assumptions of a
PCA. We identifiedand retainedignificant and interpretable principal components using
randomization.test based on eigenval(ig) for each of thé possibleprincipalcomponents
(PCs) The'data were randomized 1000 tireeBCA wasperformed on each randomized
datasetandtheproportion of randomizégdthat were larger than the obsengagerved as a test
statistic significant a& = 0.05 (R package ‘PCDimensioPgresNeto et al., B05; Coombes &
Wang, 2018)s=Based on this test, the first two and one (although two were retained for
visualization purposes) out of 11 gut content PCs explained 44% and 21% of round goby and
yellow perch diet content variation, atie firsttwo and hree(out of 28)fatty acid PCs
explainedb0% and 62% of the variation in round goby and yellow perch fatty acid composition
(Figure2, Tables S4, Sh We visualized thésotopic niches of each specetseach site in

bivariate benthic reliance trophic position space.

We, were, interested in determining how trophic composition and diversity were
partitioned acress individual, site, season, and species levels (Table 2). To do soparedom
trophic metries of individuals of both species captured at time Sies and seasons (sites FP,
HP, CA, SA, and AR for gut contents and fatty acids, and FP, HP, CA, and SA for stable
isotopes; Figure 1). To determine variance partitioning of trophic compositionede us
PERMANOVA with season, site, their interacti@md species as explanatory factors and either
fatty acid, gut.content, or stable isotopic composition as the response vaaallegtermined

the explanatory.power {Rand significance (%) of each factor.
2.2.2 | Spatial variation and partitioning of in trophic diversity

We used the complexHgisdiversity approach to evaluat®phic diversity ingut
contents andgtty acids(Marion et al., 2015) Briefly, the diversity ofgut contents ofatty acds
wasdescribed in terms of Shannon’s effective diver$ityEquation 4):

1/(1—-q)
(4) D =(ZE . p] ,
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wherep; is the proportional abundanceait item orfatty acidi across alK items or acid
examined.Note that this index of diversity can be weighted by the abundances of each
componenby varying the parameter whereq = 0 means weights are disregarded (and
therefore’D represents richnessind the abundance of components becomes increasingly
important agpincreases We assessed spatial variation in gut content and fatty acid diversity at
two levels ofg. first, we represented general diversity with weak abundance weiglytingjrig

g = 1 (for which'the limit represents the exponentiated Shannon’s diversity). Seeond,
emphasizedthe diversity of abundant (and therefore potentially more ecologaiiyant)
componentdy using diversity at| = 4 (diversitymetricsalso largely stabilized at> 4). After
determining troephic diversity using this method, we could then summarize and partigositgli
usingthreemetrics common in community ecologydiversity, the meatiocal” diversity
observed withina hierarchical le\@.g.,the meamumber of diet components or fatty acids
observedwvithin individuak at asite);y diversity, the totatregional” diversity observedcrossa
hierarchical leve(e.g., the totahumber of diet components or fatty acids observed across
individualsratrasite); anaidditivef diversity, the amount of excess diversity observed
“regionally™that was not observed “locally&.g., the additional number of diet components or
fatty acidssebserved across individuals at a site not present within theeawetaglual;f =y —

o) (also sealarion et al., 2015).

We tested for differences gut content and fatty acalversity among siteby
determiningx diversity at each site and using a bootstrap approach to estimate uncertainty in
site-level means. We conservatively interpreted diggsl estimates of fatty acid agadt
content diversityo be sgnificantly different when bootstrapped 95% confideimtervals did
not overlap.\WWe. determinedsiotopic niche sizamong sites estimating standard ellipse areas
using Bayesian'inference (SkPencapsulating approximately 80% if the dathivariate
benthic reliance- trophic positiorspaceusingR package ‘SIBERfollowing the
recommendations dfackson et a(2011). We compared SEAamong sites within each species
determining whether 95% credible intervalgerlapped. For visualization of stable isotope niche
size and position, we used small sample size corrected standard ellipse arega(SEA
calculated in ‘SIBER'.
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We used the groupvse partitioning method to investigate the partitioning of trophic
diversity across levelsf organizationMarion et al., 2015). Using thieierDiversity’ package,
we estimatedjut or fatty acidx, y, andg diversityat five hierarchical leus. We first estimated
o andg diversitywithin each combination of species, season, and site and averagdd
diversity acress groups to determine the mean individual diversity obsergedlfe mean
diversity of.individuas of each species collected from one site and season) and the mean
information"gained by grouping individuals by sampling event (e.g., gsnmxcess diversity
observed among individuals of the same species captured at the same site and \d&atwaT)
estimated meafi diversity at each hierarchical level using the same process: species and site
specificg diversity (i.e.,mean excess divaty observedcross seasoffier each species and
site); mean'specieand seasospecificy diversity (i.e.mean excess diversity observed across
sites within species and seasons), mean spspasfics diversity (i.e.,mean excess diversity
observed eross seasons and sites within each speeied finally betweespecieg diversity
(i.e., excess diversity observed between speclk& then calculated the proportion of overall
diversity ()reontributed by each grouping. To understand how diversity partitioning varied with
increasing ‘component abundances, we performed partitioning at legdi®ofq = 0 toq = 6.

2.2.3 | Mechanismsdriving fatty acid diversity

We tested for relationships between fatty acid diversity and gut contentdinsizg
mixed-modelingfit with maximum likelihood(R package ‘Ime4’Bateset al., 2015)with
individual fattysaciddiversity = 1) as the response, fish total length as a covariate, and either
gut contentudiversityg(= 1) or gut content composition (significant principal components of the
diet PCA for each species) as continuous explanatory variables with ranéorepté and
slopes among sites,

5) vij = (Bo + uoj) + (B + wy)Xij + B2TLyj,

wherey;; represents the fatty acid or gut content diversity ofifestd sitg, fo is the mean
intercept S issthe mean effect of the respective response variable (gut content diR@sity or
PC 2), angs is the fixed effect of fish total lengtfl(;;). ug anduy; are the random intercept
and slope coefficients accounting for variation in mean fatty acid diverditye oelationships

between fatty acid diversity and predictors among git&andom slopes were evaluated for
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significance using? testscomparing the full model (Equation 5) with a reduced model
excluding random slopes (Equation 6) and dropped from the model when not significant to

simplify interpretation of the effect of response variables:

(6) yij = (Bo + uo;) + B Xij + BoTLyj.

The significanee.of the effects of total length and the indicator of trophipasition gut
content diversity andut contenPCs) were evaluated using bootstrapped 95% confidence

intervals.
3|RESULTS
3.1 | Spatialvariation and partitioning of trophic composition

Round-goby gut contents varied significantly among sites (psesigio=F5.22, R = 0.26,
P = 0.001) and with fish length (pseudpsfF= 5.51, B = 0.06, P = 0.001). After accounting for
length variation, sites FP and HP were significantly different from sites CA, SA, and AR; site
CA was different from AR and SB; and AR and SB differed from one another (Table S6¢ Thes
differences.were occurrddrgely along an axis trading off consumption of dreissenid mussels at
sites CA, SA, and AR versus consumption of benthic arthropods (including chironomid larvae,
pupae, and“chydorid microcrustaceans) at sites FP and HP (Figure 2a, Tables Bbugd)
goby fatty acids exhibited similar significant spatial variation (PERMANOVA site effect:
pseudo-Eg; = 14.23, R = 0.48, P = 0.001) and variation with fish length (PERMANOVA
length effect: pseudoaf; = 9.76, B = 0.07, P = 0.001). After accounting fariation in fish
size, post hec.analyses revealed that round goby fatty acid compositios BPséad HP was
significantly.different from that at every other site, and site SA was significantiyeht from
CA and 'SB'(site R > 0.14, P < 0.05 for aing; Table S7)Round goby asites FP and HP
exhibited higher levels of fatty acids attributable to benthic energy spuikeeC16:0, C16:1n-
7, and C18:1n-7 (Czesny et al., 2011), whereas other sites exhibited higher levelscbBiong-
polyunsaturated fatty acids often attributed to pelagic sources like C22:5n-3, C22:5n-6, and
C22:6n-3 Figure Z, Table ).

Yellow perchdiet and fatty acid variation followed somewhat similar spatial patterns
those for round goby. Yellow perch gut contents demonstrated significant spasiabrma
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(pseudo-g3; = 2.38, B = 0.21, P = 0.002) and varied with length (pseugerE 5.79, R =
0.12, P = 0.001), where sites CA and SA were significantly different after accotortieggth
differences (R = 0.23, P = 0.04; Table S6). Sites were effectively organizedvatnages
exhibiting primary predation on fish (FP), a mix of benthic invertebrates and zooplgn&jon
(HP and CA)s:0r entirely zooplankton prey (SA and AR) (Figure 2b; Tables S1Y8H)w
perch fatty,acids exhibited significant variation in fatty acid commos#imong sites (pseudo-
F4 31 = 47227R= 0.30, P = 0.002) and with length (pseuda-= 7.89, B = 0.14, P = 0.005).
After accounting for length, FP was significantly different from CA, andadR significantly
different from CA and AR (site R > 0.2R,< 0.05; Table S5, S7)Yellow perch &tty acid
variation wasssimilar to that observed in round goby — sites FP and HP were highdn C16:
C16:1n-7,/and“C18:2n-6, often associated with benthic production, whereas the other sites
exhibited higher, abundances of C22:6n-3, C22:5n-6, and C2(qHigt6e 2d,Table ).

Stable isotopes revealed relatively consistent spatial variation in tmoiphies between
speciesbut the spatial patterns differed from those identified with fatty acids or gut profiles
Round goby niches differed in multivariate spaceoss sites and with length, where site
explained,66%.0f the variation in isotopic niche position (pseuge=+17.19, P = 0.001) and
fish length explained 5.5% (pseudedr= 7.47, P = 0.007). Trophic niches varied significantly
among allsites*(R 8.2, P < 0.05) except for FP and CA; CA and SB; and SA and SB (Table
S8). Round goby at FP and HP fed at a lower trophic positiowaredmore reliant on benthic
production compared those at SA, whertheyspanned a wide range of benthic reliance at
while feeding atow trophic positionandSB and CA, where thegd at arelevated trophic
position Figures 3a, S1Table S3. In yellow perch, length explained 50.7% (pseudeaF=
42.73, P.=0.001) of the variation in isotopic niche and site explained an additional 20.9%
(pseudo=k73#="5.88, P = 0.001), where site FP differed from HP and SA after accounting for
length differences (Table S8Fish at SA and HP fed at low trophic position and had higher
benthic reliance compared to CAhare there waa wide range of trophic positicandFP,
where, contrary to round goby or evidence from diets and fatty geidtsyw perchexhibited
elevated trophic position and reduced benthic reliahicgi(es 3b,S1; Table S3J.

Partitioning trophic composition across levels of organization (from within-indivtdua

between species) revealed surprising patterns. Variance in gut contentitompas evenly
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partitioned between site (pseudgsf= 4.06, B = 0.12, P = 0.001) and species levels (pseudo-
Fio:1=15.17, R=0.11, P = 0.001), with lessened (although significant) explanatory power of
season (pseudorf: = 7.08, B = 0.05, P = 0.001) and the interaction of season and site (pseudo-
Foo1=2.14, R=0.03, P = 0.002). Variance in fatty acid composition followed a similar pattern
to that of gut.contents, with roughly equal explanatory power of site (pseude-E1.36, R =

0.21, P = 0.001) and species (pseude:E 61.82, R= 0.29, P = 0.001), with little contribution
from betweerseason variability (pseudorfy = 14.82, R = 0.07, P = 0.001) or the interaction
between season and site (pseude:E 0.99, B= 001, P = 0.382), and 42.3% of the variation

in individual fatty acid compositiowasunexplained. Like diet and fatty acid composition,
variation insisetopic niche was largely reflective of variation among sites. Site identity explained
almost half«of thésotopic variation across species (pseude:E 21.46, R = 0.38, P = 0.001).

The interaction of site and season (pseuglg=F4.58, R = 0.08, P = 0.002) and species identity
(pseudo-k g = 8.41, R=0.05, P = 0.003) contributed considerably less to isotopic variation.
Temporal variation among seasons had almost no power to explain variation in isotogsc nic
and did not-eontribute significantly to the model (pseugde:E 1.20, R= 0.007, P = 0.261).

3.2 | Spatialvariation in trophic diversity and nichesize

Gut-eontent diversity exhibited essentially no spatial variability for either spectesd
gobies generally had 2 to 4 typesdadt items in their guts, whereas yellow perch had generally
consumed 1 to 2 types of diet iteargoss site(Figure 4ac). Individuals of both species
captured at*FRP,and HP exhibited relatively lower fatty acid diversgy-et thanthose asites
CA, SA, ARs.and SB, with significant differences between those groups (Figure 4khén W
examining theliversity of abundant fatty acidg € 4), however, this spatial pattern held true for
round goby but not yellow perch, as yellow perch fatty acid diversity waslsoegual across
all sites (Figure 4d). Between species, round goby fatty acid diveastyigher thathat of
yellow perch at all sites, but these differences were only significant at site AR. Stablesisotope
revealed variation in trophic niche size among sites. Round goby at sites FP, CA, and SA
occupied significantly larger niches than gobies at HP or SB, which were feoéxiffrom one
another. Yellow perch isotopic niche size did not vary among sites, although yehdwap site

CA occupied a marginally larger niche compared to all other sites (Figure S2).
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In partitioning trophic tversity, relatively ittle gut diversity variation waattributable to
within-individual variation due to the relatively low diversity of individual gut contents%e)15
Instead, the largest contributors to gut content diversity were observed at tles §peciround
goby and yellow perch were eating relatively dissimilar items; ~32%) and the site levels (i.e.,
individuals_of.either species were eating relatively dissimilar items at different sites; ~21%)
(Figure 5a).. Within season and site (~10@4}hin species (~15%), and seasonal (~7%)
variation contributed less to overall diet diversity. The proportional contributiorcbfleael to
gut content diversity remained relatively unchanged across levglsFatty acid diversity was
almost entirely contained withindividuals (~80% of total observed diversitifidure5b). As
g increased, the contribution of within-individual variation decreased from a high of(®9% (
to 79% @ =*6) of total fatty acid diversity. Hle remaiing fatty acid diversity was roughly
evenly divided among withiseasorandsite (0.6 — 5.7%) within site(0.4 — 5.4%), and between

specieg0— 6.4%). The contribution of seasonal variation in diversity was limited (~1%).
3.3| Driversof fatty acid diversity

Accounting for variation among sites and with fish lengdliynd goby fatty acid diversity
was negatively related to dieC 1(representing gradient between consuming dreissenid
mussels_teseonsuming benthic arthropotdat not related to gut content PC 2 or gut content
diversity(Table3; Figure6,S3. Yellow perch fatty acid diversity was not related to any
indicator of gut content composition or diverqifyable3, FigureS3).

4| DISCUSSION

Variation inthetrophic structure of food webs can have important implicationthér
stability (Paine,,1966; Layman et al., 2007; Faulks et al., 2015). By evaluating patterns in
trophic composition and diversity two species, wéundthat sites where fish were more
reliant on"benthic energy pathways exhibited reduced fatty acid diverdiig@opic niche size,
potentially driven by differences in prey consumption. This sugtfestsinderlying resource
availability can have strongfluences on thee traits inndividuals and populations. In addition,
we found thatntraspecific spatial variability in resource us match or even exceed trophic

variation observed among differesgiecies. Lastly, we determined that indices of trophic
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426  diversity may not incorporate similar information on the diversity of resources utilized by

427 individuals or populations. Rather, diet composition (hetdiversity) appears to drive

428  variation infatty acid diversity These results offer furtheupport for the thesis that individual
429  behavior camnfluence the ralized trophic niche of a population, and that individual variation in
430 trophic phenetypes can play a significant role in determining overall fooctwetiure

431  (Hubbell, 2005; Allgeier et al., 2017).

432 4.1 Spatial variation in trophic diversity and nichesize

433 Variation in habitat and resource wss have strong effects ttal food web structure

434  (Hessen &l ew,; 2006; Lau et al., 2012; Galloway & Winder, 2015; Larson et al., 20/5)

435  observedstrongconcordance ithe spatial patterns of trophic composition and trophic diversity
436  betweerround goby and yellow perch in Lake Michigahwo dteson thewestsideof the lake

437  exhibited lower fatty acid diversity amdcreased reliance on benthic invertebramspared to

438  all other siteseven after accounting for differences in fish sizbese western sites are

439  dominatedshby-bedrock and large cobbilale generally experiencing weaker water currents,

440 whereas othersites are composed of a mixture of rocky and sandy haloitatparience

441  strongerwater curren{8eletsky & Schwab, 2001; Janssen et al., 2005). Thoky but calmer

442  western habitats maaveincreasd the availability of interstitial spaces for benthic

443  invertebrates and improved searching ability of fish predators (Crow@aroger, 1982; Kuhns

444 & Berg, 1999; Tierney et al., 2011Dreissenid beds occupying rocky areas may also provide
445  refuge for ether macroinvertebrat@screasing their abundance and availability to fish predators
446  (Ward & Rieciardi, 2007). Supporting thispattern of increased benthic reliance on the western
447  side of Lake Michigan has been observed previoustgningsuch differences in resource use
448  arestableaver time and may result from consistent spatial patterns in habitat and resource

449 availability (Czesnyet al., 2011). The consistency of these patterns in two different species after
450 consideringontogenetic differences among sites suggesit spatial variance in available

451  resources caplay a substantial role in structuring fish niches (Robinson & Wilson, 1998).

452 Spatialvariation in bwerfood webprocessesan alscexert strong influences on spatial
453  heterogeneity in food web structure in aquatic systems (Crowder & Cooper, H38Zt%l.,
454  2006; Rude et al., 2016 he southwest portion of the lake receives relatively little

455  allochthonous nutrient input from different land use types (forested versus urban and agyiculture
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456  compared to other sites, which mdieat fatty acid availallity by changing primarproduction

457  pathways from bacterial and detrital sources to phytoplankton production (Lau et al., 2012;
458  Larson et al., 2013; Scharold et al., 2015; Rude et al., 2&i@)lar westto-east spatial patterns
459  have been observed in the microbial communitigspgen cycling dynami¢sand nearshore

460  primary productivityin Lake Michigan(Gardner et al., 2004; Hutton Stadig, 2016; Turschak et
461 al., 2018).The.consistency of spatial patterns between both species suggests that these dynamics
462  are likely shaping local variation in food web structuvéh implications for whole food web

463  functionandpotentially, habitat qualittMacPherson et al2015; McMeans et al., 2016).

464  Increased individual trophidiversity maypotentially improve individual fitheg®.g, parasite

465 loads, the eomposition of gut biota, and response to stress or exertion; Merrick, Chumbley &
466  Byrd, 1997y Chatelieet al., 2006; Ahlgren, Vrede & Goedkoop, 2009; Locke, Marcogliese &
467  Valtonen, 2014; Bolniclet al., 2014). Theefore,increasedrophic diversity could be potential
468 indicator ofhabitatand resourcquality for consumersas sites exhibiting decreadeaphic

469  diversity may be less resilient to ecological change or represent lower quality sitesembtopar

470  others representing a wider range of potential reso@esmi et al., 2014).

471 Althoughspatial patterns in trophic niches were similar between speciex] goby

472  exhibitedgreater consistendyetween metricacross sites than yellow per(ffig. 2), which may

473  be rooted inttaxonomic differences in foraging behavior and fatty acid regulatbamd [goby

474  are highly territoriglless vagile, and largely limited to feeding on benthic prey compared to

475  yellow perchwhich can utilize benthic and planktompieyand thereby potentially homogenize

476  spatial variance in lower food web procesgeay & Corkum, 2001; Feiner & HO0k, 2015;

477  Houghton & Janssen, 2015However,round goby exhibited generally more divegsg

478  contentsand. fatty acids across sites than yellow pewdfich suggests that, despite having

479  access to abroader resource base, yellow perch individuals tend to specialize on variable local
480 resourceswhich has been demonstrated in both yelma Eurasian peratsvanback & Ekldv,

481 2006; Roswell et al., 2013; Eloranta et al., 20173tty acid assimilation and metabolisraal

482 likely differ between the two speciesround goby contained relatively lower levels of

483  polyunsaturated fatty acids and higher abundances of monounsaturated and satiyramddat

484  than Eurasian perch in one study (Ghomi et al., 2014), and yellow perch have highly conserved
485 fatty acid profiles in response to their thermal environment (Feiner et al., 2016, .20h3b)
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486  suggestshat some speciespecific variation in the composition and diversity of fatty acids is

487  possible.
488 4.2 | Partitioning variance in trophic composition and diversity

489 We expected species identity to play a strong role in differentiating trophic composition
490 and diversity between yellow perch and round gasyspeciespecific differentiation in fatty

491 acid profilesisaftenso extensive that fatty acids have been suggestedpotential method for
492  species fingerprintingverson et al., 2002; Czesny et al., 2011; Lau et al., 2012; Galloway &
493  Winder, 2015). | Instead, spatial variation in trophic metrics explained up to 50% of the total
494  variation in,camposition or diversity (e.g., combining the reebSon/siteand yellow" site’

495 components in‘Fig.d, equal toor exceedingariation due t@pecies, suggesting that

496 intraspecific niche variatiomay play a significant rola food webstructureand should nabe

497 ignored. Other studiescrosderrestrial and aquatic systems have found that trait variation

498  within species can contribute as much to the total commuaitgtionas interspecific variation,
499  and that taxenemic diversity or composition does not necessarily correlateitvérophic

500 diversity among communitiggiubbell, 2005; Bolnick et al., 2011, Siefert et al., 2015; Pool et
501 al., 2016;:Allgeier et al., 2017). For example, individual trophic behavior in a complex

502  parrotfish.eemmunity accounted for a substantial amount of the total niche vamatin i

503 community and drove niche partitioning among spe@geier et al., 2017), habitat

504 complexity.influenced interand intraspecific niche partitioning in two perc{&oranta et al.,

505 2017), andwvariability in community structure was highest at local scales aad among

506 habitat types.in coastal boulder fieldgclerc, 2018). We note, however, that differences in
507 resource availability among systems may influence the extent to which taxonomy and spatial
508 heterogeneity influence niche partitioning. Lake Michigan is a large, diverse ecosystem

509 presenting.arange of potential preyour study species (Garza & Whitman, 2004; Vanderploeg
510 etal., 2012), potentially reducimgterspecific interactions and niche partition{f&yanback &

511  Persson, 2004). Species intiadg smaller systems with more limited resources may exhibit
512  stronger taxonomic partitioning as a result of increased interspecific interg@Giaffis et al.,

513 2008, Cardinale, 2011; Correa & Winemiller, 2014). Thus, understanding how individuals vary
514 in their behavior across sitaad systemsould help to quantify the resilience of food webs to

515 ecosystem chand®aterson et al., 2014; MacPherson et al., 2015; McMeans et al., 2016) and
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predict changes in ecosystéuamction (e.g., trophic cascad&arpenter, Kitchell & lddgson,
1985; Finke & Denno, 2004).

While variation ingut content diversity was strongly linkedgpatial variationvirtually
all fatty acid-diversity was observed at the individual leviiat is, a randorfish sampledat
any site could be expected to contain 80 to 90% of the total fatty acid diversityazhddany
essential fatty acids serve important roles in neural development, energg stora
reproductive succesand therefore may be strongly regulated owing to fithess costs when fatty
acid compesition is subptimal (Bell et al., 1986; Ahlgren et al., 2009)reBhwater fishes are
able to catabelize and synthesiagortantfatty acidsto some extentllowing individuals to
modulate fatty acid variation based arailable dietaryatty acids(Ahlgren et al., 2009),
effectivelyhomeogenizing ptential variability in diversity. Despite thisgwere able to detect
subtle differenees in fatty acid diversity, especiaiyweenvesternandnorthern and eastern
sites(Fig. 4b,d) Assome fatty acids are metabolized preferentially and others require certain
precursors for endogenous synthesis (Bell et al., 1986; Sawyer et al., 2016&)nsmdtibiting
low fatty acid diversity could represent poor habitats or stressed popul@dtiensk et al.,
1997; Brown.et.al., 2005; Chatelier et al., 2006; Ahlgren et al., 208@ther research
investigating the potential fitness costs of reduced fatty acid divarsityotenhal
environmental‘causes could offer insights into the use of fatty acid diversityiadicator of

habitat quality or individual health.
4.3 | Driversofifatty acid diversity

We _expected to observe a relationship betwggdrtontent diversity and fgtacid
diversity among individuals; however, no such relationship was apparent in eithesspdts
suggests:that-diets and fatty acids are relaying somewhat differenmtdtifom about the trophic
diversity of individuals. One likely explanation, as previously mentioned, is thaafad
diversity is more tightly regulated due to physiological constraints anddhesmmewhat
unrespansive to diet (Ahlgren et al., 2009; Sawyer et al., 2016). In addition, gut cargents
shapshots afecent(<12 h) consumption, whereas fatty acids integrate diet composition over
multiple days or weeks (Happel et al., 2018ecause we lack multiple diet samples over time,
it is unclear how consistent diet specializata individual diet diversitgrein these species

(although i may be extensive in other speciBsyan & Larkin, 1972)and therefore fatty acid
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546  signatures could be integrating a more diverse range of resources than what is iaefteeted

547 observed gut contents.

548 Variability in the fatty acid diversity of diet items, in addition to our limited ability to
549 identify themwith high taxonomic resolution, couldsohave led to the lack of an observable
550 relationship between gut content and fatty acid diverdiyr examfe, our diet item groupings
551  of fish and Copepoda contain multiple species that we were unable to consistesrintidte
552  due to digestion, but that may have disparate fatty acid profiles (Smyntek2&0&; Happel et
553 al., 2017).Fatty.acid analyses were not performed on the beimbertebrates in this study
554 Instead, wewrelied on earlier observations of invertebrate fatty acid coiopdsiy.,Czesnyet
555 al., 2011)to make inferences about probable fatty samhilable to our focal fish species.

556  Deeper investigations into the fatty acid diversity of prey items and truesityvef predatorgut
557  contents (e:gsvia genetic analysis of diets; King et al., 2008; Carreom&#aeti al., 2011)
558  could yield a more complete picture of the resource heterogeneity experienced by aquatic

559  predators.

560 Rathernthan being linked to gut content diversity, round datby acid diversity was

561 instead relatetb dreissenid mussel consumptiofhe invasion of dreissenid mussels into the

562 Great Lakes'has caused severe ecological imfldetky et al., 2004; Bunnell et al., 2009;

563 Paterson et al., 2014; Turschak et al., 2014), and round goby are one of relatively few species
564 that regularly consume dreissenid mussels (Foley et al., 2017). Our study stnggdss

565 inclusion of'dreissenids in round goby diets provides a highly diverse suite of fatty ecaise-

566  study, dreissenids contained 17 different fatty acids at more than 2% relativeratsjvdzile

567 zooplankton had 13 fatty acids reach this threshold, and amphipods dyekhy et al.,

568 2011). Many of these were long chain mono or polyunsaturated fatty acids (C20:1n-9, C18:4n-3,
569 C22:5n-3, and C22:5n-6) important for a wide range of physiological functions ifBa#ret

570 al., 1986; Ahlgren et al., 2009; Czesny et al., 2011). By consuming dreissenids, round goby may
571  be making.these valuable fatty acids availabliaéir predatorsincluding important species like

572  lake whitefish,Coregonus clupeaformis) and lake troutSalvelinus namaycush) (Dietrich et al.,

573  2006; Pothoven & Madenjian, 2013). Thus, round goby, though invasive, may represent an

574  important relinking of benthic and pelagic energy pathways that were decoupled through

575 dreissenid benthification (Johnson et al., 2005; Almqvist et al., 2010; Turschak et al., 2014).
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4.4 | Conclusions

We haveshown congruergpatial patterns ithe trophic composition and diversitytafo
sympatricfreshwater fishes. As both species are highly locally abundant, theypikgla key
role in foed-web interactions as both predator and prey. Therefore,antitanterspecific
variation in their trophic function can have significant impacts on the connedfJgnthic and
pelagic production pathways (Happel et al., 2015; Foley et al., 2017). Our data suggest tha
spatial heterogeneity in habitat, resource availability, and other envinb@neenditions have a
significantaolesindetermining the feeding behaviokindividuals, to the extent that trophic
niches may:be’more a function of envineent tharof speciesdentity (Paterson et al., 2014;
Pool et ali, 2016; Allgeier et al., 2017).udesults support the notion that elucidating functional
diversity is.at.least as important to understanding food web structure as taxdna@rsity
(Hubbell, 2005; Pool et al., 2016Astrophic diversityis potentially immrtant for both niche
partitioning and population resilience (Paterson et al., 2014; McMeans et al., 2016&rAligei
al., 2017), vaation in trophic diversity could be a useful indicator for understandingripacts
of environmental change atosystm function (Layman et al., 2007; MacPherson et al., 2015;
Pool et al2016).

ACKNOWLEDGEMENTS

The authorsthan8ara (Crequeyhomas, Austin Happelames Hart,.ee HenebryStephen
Hensler, ChrissHoughton, Jeff Houghton, David Judshua LaFountain, Deborah Lichti, Alicia
Roswell, Ben Turschak, Erin Wilcox, and many other personnel for their help intocalle
processing, and analyzing field sampl€omments from three anonymous reviewers improved
the manuscript. Funding for this project was provided by NOAA Sea Grant &graris
lllinois-Indiana. Sea Grant, Michigan Sea Grant, Wisconsin Sea Grant, the US Envitainme
Protection Agency Great Lakes National Program Office, Great Lakes Resténétadive, the
National Park . Service, and the Purdue University Department of Forestry amdlNResources.

REFERENCES

This article is protected by copyright. All rights reserved



603
604
605

606
607
608

609
610
611

612
613
614

615
616

617
618
619

620
621
622

623
624
625
626

627
628

Ahlgren, G., Vrede, T., & Goedkoop, W. (2009). Fatty acid ratios in freshwater fish, zooplankton
andzoobenthos — are there specific optima? In: Kainz, M., Brett, M. T., & Arts, M. T. (ed.).

Lipidsin aquatic ecosystems. Springer New York, 147-178.

Aickin, M: &Gensler, H. (1996). Adjusting for multiple testing when reporting rebe@sults:
the Bonferroni vs Holm method&merican Journal of Public Health, 86, 726—728. doi:
10.2105/AJPH.86.5.726.

Allgeier, J. E., Adam, T. C., & Burkepile, D. E. (2017). The importance of individual and
speciedevel traits for trophic niches among herbivorous coral reef figtres.R Soc B, 284,
201703074d0i*110.1098/rspb.2017.0307.

Almgvist, G."Strandmark, A. K., & Appelberg, M. (2010). Has the invasive round goby caused
new links in"Baltic food websEnvironmental Biology of Fishes, 89, 79-93. doi:
10.1007/s10641-010-969%2-

Bates, D./Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear meféetts models
using Ime4Journal of Satistical Software, 67, 1-48. doi: 10.18637/jss.v067.i01.

Beletsky, D#& Schwab, D. J. (2001). Modeling circulation and thestnatture in Lake
Michigan: Annual cycle and interannual variabilifgurnal of Geophysical Research: Oceans,
106, 19745-19771. doi: 10.1029/2000JC000691.

Bell, M. V., Henderson, R. J., & Sargent, J. R. (1986). The role of polyunsaturated fastynaci
fish. Comparative Biochemistry and Physiology Part B: Comparative Biochemistry, 83, 711—
719. doi;.10.1016/0305-0491(86)90135-5.

Bolnick, DalssAmarasekare, P., Araudjo, M. S., Burger, R., Levine, J. M., Novak, M., Rudolf, V.
H. W., Schreiber, S. J., Urban, M. C., & Vasseur, D. A. (2011). Why intraspecific trativaria
matters in.eoammunity ecologyrends in Ecology & Evolution, 26, 183-192. doi:
10.1016/).tree:2011.01.009.

Bolnick, D. 1., Snowberg, L. K., Hirsch, P. E., Lauber, C. L., Knight, R., Caporaso, J. G., &

Svanback, R. (2014). Individuals’ diet diversity influences gut microbial divarsttyo

This article is protected by copyright. All rights reserved



629
630

631
632
633

634
635
636
637

638
639

640
641
642

643
644

645
646

647
648
649

650
651
652
653

freshwater fish (threespe stickleback and Eurasian perdijology Letters, 17, 979-987. doi:
10.1111/ele.12301.

Bolnick, D. 1., Yang, L. H., Fordyce, J. A., Davis, J. M., & Svanback, R. (2002). Measuring
individualHevelresource specializatioBcology, 83, 2936—2941. doi: 10.1890/0012-
9658(2002)083[2936:MILRS]2.0.CO;2.

Brown, S. B., Arts, M. T., Brown, L. R., Brown, M., Moore, K., Villella, M., Fitzsimons, J. D.,
Honeyfield, D, C., Tillitt, D. E., Zajicek, J. L., Wolgamood, M., & Hnath, J. G. (2005). Can diet-
dependent factors help explain fighfish variation in thiamin@lependent early mortality
syndrome@ournal of Aquatic Animal Health, 17, 36—47. doi: 10.1577/H03-072.1.

Bryan, J. E"&Larkin, P. A. (1972). Food specialization by individual tcmut.nal of the
Fisheries Board of Canada, 29, 1615-1624.

Bunnell, D"Bi*Madenjian, C. P., Holuszko, J. D., Adams, J. V., & French lll, J. R. P. (2009).
Expansion oDreissena into offshore waters of Lake Michigan and potential impacts on fish
populationsJournal of Great Lakes Research, 35, 74—-80. doi: 10.1016/j.jglr.2008.10.002.

Cardinale,.B~J. (2011). Biodiversity improves water quality through niche pantigy. Nature,
472, 86—89. doi: 10.1038/nature09904.

Carpenter, S.'R., Kitchell, J. F., & Hodgson, J. R. (1985). Cascading trophic interactiorgeand la
productivity. BioScience, 35, 634—639.

CarreonMartinez, L., Johnson, T. B., Ludsin, S. A., & Heath, D. D. (2011). Utilization of
stomach content DNA to determine diet diversity in piscivorous fisleesnal of Fish Biology,
78, 1170-1182. doi: 10.1111/j.1095-8649.2011.02925.x.

Chatelier, A., McKenzie, D. J., Prinet, A., Galois, R., Robin, J., Zambonino, J., & Claireaux, G.
(2006)."Assaciations between tissue fatty acid comipasand physiological traits of

performance and metabolism in the seabass (Dicentrarchus lalotaxal of Experimental

Biology, 209, 3429-3439. doi: 10.1242/jeb.02347.

This article is protected by copyright. All rights reserved



654
655

656
657
658

659
660

661
662
663

664
665
666
667

668
669
670

671
672
673

674
675

676
677
678

Coombes, K. R. & Wang, M. (2018). PCDimension: Finding the number of signifidganipad

components.

Correa, S. B. & Winemiller, K. O. (2014). Niche partitioning among frugivorousdishe
response-torfluctuating resources in the Amazonian floodplain f&stogy, 95, 210-224. doi:
10.1890/13-0393.1.

Crowder, L. B. & Cooper, W. E. (1982). Habitat structural complexity and the interact
between bluegills and their precology, 63, 1802-1813. doi: 10.2307/1940122.

CruzRivera, E. & Hay, M. E. (2000). The effects of diet mixing on consumer fitness:
macroalgae, epiphytes, and animmdtter as food for marine amphipo@gcologia, 123, 252—
264. doi: 10:1007/s004420051012.

Czesny, S#d+"Rinchard, J., Hanson, S. D., Dettmers, J. M., Dabrowski, K., & Smith, R. (2011).
Fatty acidssignatures of Lake Michigan prey fish and invertebrates: aspeoges differences

and spatiotemporal variabilit¢anadian Journal of Fisheries and Aquatic Sciences, 68, 1211—

1230. doi: 10.1139/f2011-048.

Dietrich, J.P7, Morrison, B. J., & Hoyle, J. A. (2006). Alternative ecological pathwae
eastern Lak®ntario food web—round goby in the diet of lake trdatirnal of Great Lakes
Research, 382, 395-400. doi: 10.3394/0380-1330(2006)32[395:AEPITE]2.0.CO;2.

Doi, H., Kikuchi, E., Takagi, S., & Shikano, S. (2007). Changes in carbon and nitrogen stable
isotopes of chironomid larvae during growth, starvation and metamorpRaid.
Communications,in Mass Spectrometry, 21, 997-1002. doi: 10.1002/rcm.2925.

Ekl6v, P. &Joensson, P. (2007). Pike predators induce morphological changes in young perch
and roachJournal of Fish Biology, 70, 155-164. doi: 10.1111/j.1095-8649.2006.01283.x.

Eloranta, A. P., Vejtikova, L., Cech, M., Vejiik, L., Holubova, M., §mejkal, M., Frouzova, J.,
Kiljunen, M., Jones, R. |., & Peterka, J. (2017). Some like it deep: Intraspecific ngriegakon
in ruffe (Gymnocephalus cernua). Freshwater Biology, 62, 1401-1409. doi: 10.1111/fwb.12953.

This article is protected by copyright. All rights reserved



679
680
681

682
683
684

685
686
687

688
689
690

691
692
693

694
695

696
697

698
699
700
701

702
703
704

Faulks, L., Svanback, R., Ragnarsson-Stabo, H., Eklov, P., & Ostman, O. (2015). Intraspecific
niche variation drives abundance-occupancy relationshifpeshwater fish communitie$he
American Naturalist, 186, 272—283. doi: 10.1086/682004.

Feiner, Z7 S%*Coulter, D. P., Guffey, S. C., & HO0k, T. O. (2016). Does overwinter temperature
affect maternal'body composition and egg traits in yellow pleecta flavescens? Journal of
Fish Biology, doi: 10.1111/jfb.12929.

Feiner, Z.'S., Foley, C. J., Bootsma, H. A., Czesny, S. J., Janssen, J. A., Rinchard, J., & HO0k, T.
0. (2018a). Species identity matters when interpreting trophic markers incafqoatiwebs.
PLOSONE; 13,7€0204767. doi: 10.1371/journal.pone.0204767.

Feiner, Z."ST&H0o0k, T. O. (2015). Environmental biology of percid fishes In: Kestemont, P.,
Dabrowski; K& Summerfelt, R. C. (edBiology and culture of percid fishes. Springer
Netherlandsl. Ed. , 61-100.

Feiner, Z./S., Swihart, R. K., Coulter, D. P., & H60k, T. O. (2018b). Fatty acids in an iteroparous
fish: variable complexity, identity, and phenotypic correlaBamadian Journal of Zoology, doi:
10.1139/cjz-2017-0148.

Finke, D. L. & Denno, R. F. (2004). Predator diversity dampens trophic casbatle®, 429,
407-410.'doi: 10.1038/nature02554.

Folch, J., Lees, M., & Sloane, S. G. H. (1957). A simple method for the isolation and purification
of total lipides.from animal tissueshe Journal of Biological Chemistry, 226, 497-509.

Foley, C. J., Henebry, M. L., Happel, A., Bootsma, H. A., Czesny, S. J., Janssen, J., Jude, D. J.,
Rinchard, J«&H00k, T. O. (2017). Patterns of integration of invasive round ebgopius
melanostomus).into a nearshore freshwater food webod Webs, 10, 26—-38. doi:
10.1016/j.feoweb.2016.10.001.

Galloway, A. W. E. & Winder, M. (2015). Patrtitioning the relative importance of phylogad
environmental conditions on phytoplankton fatty acRISOSONE, 10, e0130053. doi:
10.1371/journal.pone.0130053.

This article is protected by copyright. All rights reserved



705
706
707
708

709
710
711

712
713
714
715

716
717
718

719
720
721
722

723
724
725
726

727
728
729

730
731

Gardner, W. S., Lavrentyev, P. J., Cavaletto, J. F., McCarthy, M. J., Eadie, B. J., Johengen, T.
H., & Cotner, J. B. (2004). Distribution and dynamics of nitrogen and microbial plankton in
southern Lake Michigan during spring transition 1999-2000r.nal of Geophysical Research:
Oceans, 109, C03007. doi: 10.1029/2002JC001588.

Garza, E.[L. & Whitman, R. L. (2004). The nearshore benthic invertebrate community of
southern Lake Michigan and its response to beach nourishioamal of Great Lakes
Research, 30, 114-122. doi: 10.1016/S0380-1330(04)70334-2.

Ghomi, M. R., Yon Elert, E., Borcherding, J., & Fink, P. (2014). Fatty acid composition and
content ofsround gobyNeogobius melanostomus Pallas 1814) and monkey goliyepgobius
fluviatilis Pallas 1814), two invasive gobiid species in the lower Rhine River (Gerndaay)al
of Applied Ichthyology, 30, 527-531. doi: 10.1111/jai.12312.

Griffin, J. N., de la Haye, K. L., Hawkins, S. J., Thompson, R. C., & Jenkins, S. R. (2008).
Predator diversity and ecosystem functioning: density modifies the effezdource
partitioning.Ecology, 89, 298-305. doi: 10.1890/07-1220.1.

Hanson, B. J»Cummins, K. W., Carqill, A. S., & Lowry, R. R. (1985). Lipid contatty, &cid
compositiong.and the effect of diet on fats of aquatic ins€otspar ative Biochemistry and
Physiology Part B: Comparative Biochemistry, 80, 257-276. doi: 10.1016/0305-0491(85)90206-
8.

Happel, A Creque, S., Rinchard, J., Ho6k, T., Bootsma, H., Janssen, J., Jude, D., & Czesny, S.
(2015). Exploring yellow perch diets in Lake Michigan through stomach contentaéadiy, and

stable isotope ratiodournal of Great Lakes Research, 41, 172-178. doi:

10.1016/}.jglr.2015.03.025.

Happel, A., Pattridge, R., Walsh, M., & Rinchard, J. (2017). Assessing diet compositlaiseof
Ontariofpredators using fatty acid profiles of prey fisliestnal of Great Lakes Research, 43,
838-845. doi: 10.1016/j.jglr.2016.12.008.

Happel, A., Stratton, L., Kolb, C., Hays, C., Rinchard, J., & Czesny, S. (2016). Evaluating
guantitative fatty acid signature analysis (QFASA) in fish using contrédleding experiments.

This article is protected by copyright. All rights reserved



732
733

734
735
736
737

738
739

740
741
742

743
744

745
746

747
748

749
750
751

752
753
754
755

Canadian Journal of Fisheries and Aquatic Sciences, 73, 1222-1229. doi: 10.1139/cjfas-2015-
0328.

Hecky, R. E., Smith, R. E., Barton, D. R., Guildford, S. J., Taylor, W. D., Charlton, M. N., &
Howell, T. (2004). The nearshore phosphorus shunt: a consequence of ecosystem emgineerin
dreissenids in the Laurentian Great LaKeanadian Journal of Fisheries and Aquatic Sciences,

61, 1285-1293. doi: 10.1139/f04-065.

Hessen, D. O, & Leu, E. (2006). Trophic transfer and trophic modification of fatty ichigh
Arctic lakes.Freshwater Biology, 51, 1987-1998. doi: 10.1111/j.1365-2427.2006.01619.x.

Houghton, C. J. & Janssen, J. (2015). Changes in age-0 yellow perch habitat and prey selection
across a round goby invasion froddurnal of Great Lakes Research, 41, Supplement 3, 210—
216. doi: 10:1016/j.jgIr.2015.10.004.

Houle, D.rGovindaraju, D. R., & Omholt, S. (2010). Phenomics: the next challdaigee
Reviews Genetics, 11, 855-866. doi: 10.1038/nrg2897.

Hubbell;"S. P. (2005). Neutral theory in community ecology and the hypothesis of functional
equivalenceFunctional Ecology, 19, 166—172. doi: 10.1111/j.0269-8463.2005.00965.x.

Hutton Stadig, M. (2016). Lower food web dynamics in lakes Michigan and Huron: Spatial and

temporal responses to recent oligotrophication. MS Thesis. Purdue University.

Ilverson, S:"dsFrost, K. J., & Lang, S. L. (2002). Fat content and fatty acid composfboagef
fish and invertebrates in Prince William Sound, Alaska: factors contributingdagiand within
species variabilityMarine Ecology Progress Series, 241, 161-181.

lves, J. T., Marty, J., de Lafontaine, Y., Johnson, T. B., Koops, M. A., & Power, M. (2013).
Spatial variability in trophic offset and food sources of Hemimysis anomagatic bnd lotic
ecosystems within the Great Lakes badwarnal of Plankton Research, 35, 772—-784. doi:
10.1093/plankt/fbt040.

This article is protected by copyright. All rights reserved



756
757
758

759
760
761
762

763
764
765

766
767
768

769
770
771
772

773
774
775
776

777
778
779
780

Jackson, A. L., Inger, R., Parnell, A. C., & Bearhop, S. (2011). Comparing isotopic niche widths
among and within communities: SIBERStable Isotope Bayesian Ellipses inJBurnal of
Animal Ecology, 80, 595-602. doi: 10.1111/j.1365-2656.2011.01806.x.

Jansseny A Berg, M. B., & Lozano, S. J. (2005). Submerg¢grda incognita: Lake Michigan’s
abundant/but known rocky zones In: Edsall, T. A. & Munawar, M. (8ahie of |ake michigan:
ecology, health and management. Aquatic Ecosystem Health and Management $pcld 3—
139.

Johnson, T. B.,/Bunnell, D. B., & Knight, C. T. (2005). A potential new energy pathway in
central Lake Erie: the round goby connectidgournal of Great Lakes Research, 31, 238-251.
doi: 10.1016/S0380-1330(05)70317-8.

King, R. ATTRead, D. S., Traugott, M., & Symondson, W. O. C. (2008). Molecular analysis of
predation: a review of best practice for DNdAsed approachdglolecular Ecology, 17, 947—
963. doi: 10.1111/j.1365-294X.2007.03613.x.

Kuhns, L. A. & Berg, M. B. (1999). Benthic invertebrate community responses to round goby
(Neogobius melanostomus) and zebra musseD(eissena polymorpha) invasion in southern Lake
Michigan.Journal of Great Lakes Research, 25, 910-917. doi: 10.1016/S0380-1330(99)70788-
4.

Larson, J. Hs=Richardson, W. B., Evans, M. A., Schaeffer, J., Wynne, T., Bartsch, M., Bartsch,
L., Nelson,J..C., & Vallazza, J. M. (2015). Measuring spatial variation in secondaryfonduc
and food quality using a common consumer approach in LakeHedkagical Applications, doi:
10.1890/15-0440.1.

Larson, J. H., Richardson, W. B., Knights, B. C., Bartsch, L. A., Bartsch, M. R., Nelson, J. C.,
Veldboom, J. A., & Vallazza, J. M. (2013). Fatty acid composition at the base of aquatic food
webs istinfluenced by habitat type and watershed l@ed®LoS ONE, 8, e70666. doi:
10.1371/journal.pone.0070666.

This article is protected by copyright. All rights reserved



781
782
783

784
785
786

787
788

789
790
791

792
793
794

795
796
797

798
799
800

801
802
803

804
805
806

Lau, D. C. P., Vrede, T., Pickova, J., & Goedkoop, W. (2012). Fatty acid composition of
consumers in boreal lakesariation across species, space and tkneshwater Biology, 57,
24-38. doi: 10.1111/j.1365-2427.2011.02690.X.

Laymany"C=Ax"Quattrochi, J. P., Peyer, C. M., & Allgeier, J. E. (2007). Niche width caltapse
a resilient'top predator following ecosystem fragmentaioaology Letters, 10, 937-944. doi:
10.1111/5.1461-0248.2007.01087 .x.

Leclerc, J. (2018). Patterns of spatial variability between contrastinggatabs bouldefield
study.Marine Ecology Progress Series, 597, 23—-38. doi: 10.3354/meps12585.

Locke, S.'A,, Marcogliese, D. J., & Valtonen, E. T. (2014). Vulnerability and diet breadtbtpredi
larval and“adult parasite diversity in fish of the Bothnian Baegologia, 174, 253—-262. doi:
10.1007/s00442-013-2754 -

MacPherson;*A:, Hohenlohe, P. A., & Nuismer, S. L. (2015). Trait dimensionality explains
widespread vanation ilocal adaptationProceedings of the Royal Society of London B:
Biological Sciences, 282, 20141570. doi: 10.1098/rspb.2014.1570.

Marion, Z.H7 Fordyce, J. A., & Fitzpatrick, B. M. (2015). Extending the concept of diversi
partitioning to characterize photypic complexityThe American Naturalist, 186, 348—-361. doi:
10.1086/6823609.

Marsden, J. E. & Robillard, S. R. (2004). Decline of yellow perch in southwestern Lake
Michigan, 1987-—-199MNorth American Journal of Fisheries Management, 24, 952—-966. doi:
10.1577/M02-195.1.

McMeans;B«.C:, McCann, K. S., Tunney, T. D., Fisk, A. T., Muir, A. M., Lester, N., Shuter, B.,
& Rooney;:N«(2016). The adaptive capacity of lake food webs: from individuals to esosyst
Ecological Monographs, 86, 4—19. doi: 10.1890/15-0288.1.

Merrick, R. L., Chumbley, M. K., & Byrd, G. V. (1997). Diet diversity of Steller lsaas
(Eumetopias jubatus) and their population decline in Alaska: a potential relation€apadian
Journal of Fisheries and Aquatic Sciences, 54, 1342-1348. doi: 10.1139/f97-037.

This article is protected by copyright. All rights reserved



807
808

809
810
811

812
813

814
815

816
817
818

819
820

821
822
823
824

825
826
827

828
829
830

831
832

Metcalfe, L. D. & Schmitz, A. A. (1961). The rapid preparation of fatty acid esiegab
chromatographic analysi@nalytical Chemistry, 33, 363—364. doi: 10.1021/ac60171a016.

Minagawa, M. & Wada, E. (1984). Stepwise enrichment of 15N along food chains: Further
evidence"and'the relation between 615N and animal age. Geochimica et Cosmochimica Acta, 48,
1135-1140. doti: 10.1016/0016-7037(84)90204-7.

NOAA CSC (2013). Lake Michigan Basin Land Cover Change Report 1985-2010. NOAA

Coastal Services Center.

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’'Hara, R. B., Simpson, G.
L., Solymas; P., Stevens, M. H. H., & Wagner, H. (2013). vegan: Community ecology package.

Olsson, J., Svanback, R., & Eklov, P. (2007). Effects of resource level and habitat type on
behavioralrand"morphological plasticity in Eurasian peBseologia, 152, 48-56. doi:
10.1007/s00442-006-0588-8.

Paine, R. . (1966). Food web complexity and species divefsigyAmerican Naturalist, 100,
65-75.

Paterson;"Gi"Rush, S. A., Arts, M. T., Drouillard, K. G., Haffner, G. D., Johnson, T. B., Lantry,
B. F., Hebert, C. E., McGoldrick, D. J., Backus, S. M., & Fisk, A. T. (2014). Ecological tracers
reveal resource convergence among prey fish species in a large lake ecdsestemater

Biology, 59, 2150-2161. doi: 10.1111/fwb.12418.

PeresNetq, P. R., Jackson, D. A., & Somers, K. M. (2005). How many principal components?
stopping rules for determining the number of iowial axes revisitedComputational Statistics
& Data Analysis; 49, 974—-997. doi: 10.1016/j.csda.2004.06.015.

Pool, T. K., Cueherousset, J., Boulétreau, S., Villéger, S., Strecker, A. L., & Grenouillet, G
(2016). ‘Increased taxonomic and functional similarity does not increase the tropladtygiof
communitiesGlobal Ecology and Biogeography, 25, 46-54. doi: 10.1111/geb.12384.

Post, D. M. (2002). Using stable isotopes to estimate trophic position: models, methods, and
assumptions=cology, 83, 703. doi: 10.2307/3071875.

This article is protected by copyright. All rights reserved



833 Pothoven, S. A. & Madenjian, C. P. (2013). Increased piscivory by lake whitefish in Lake
834  Huron.North American Journal of Fisheries Management, 33, 1194-1202. doi:
835 10.1080/02755947.2013.839973.

836  Price, EFMR™&Guglielmo, C. G. (2009). The effect of muscle phospholipiddeitty

837 composition on exercise performance: a direct test in the migratory-thhoi@ed sparrow
838  (Zonotrichia albicollis). American Journal of Physiology - Regulatory, Integrative and

839  Comparative Physiology, 297, R775-R782. doi: 10.1152/ajpregu.00150.2009.

840 Quevedo, M., Svanbéack, R., & Ekldv, P. (2009). Intrapopulation niche partitioning in a
841  generalistgpredator limits food web connectiviEgology, 90, 2263—-2274. doi: 10.1890/07-
842  1580.1.

843  Ray, W. J"&Corkum, L. D. (2001). Habitat and site affinity of thencbgoby.Journal of Great
844  LakesResearch, 27, 329-334. doi: 10.1016/S0380-1330(01)70848-

845 Robinson; B. W. & Wilson, D. S. (1998). Optimal foraging, specialization, and a solution to
846 Liem’s ParadoxThe American Naturalist, 151, 223-235. doi: 10.1086/286113.

847 Roswell, C#R., Pothoven, S. A., & HO0k, T. O. (2013). Spatio-temporal, ontogenetic and
848 interindividual variation of age-0 diets in a population of yellow pdechlogy of Freshwater
849  Fish, 22, 479-493. doi: 10.1111/eff.12041.

850 Rude, N. P., Trushenski, J. T., & Whitledge, G. W. (2016). Fatty acid profiles are biomarkers of
851 fish habitat.use.in a river-floodplain ecosystétydrobiologia, 773, 63—-75. doi:
852  10.1007/s20750-016-2679-9.

853  Sass, G. GuGille, C. M., Hinke, J. T., & Kitchell, J. F. (2006). Waite-influences of littoral
854  structural complexity and prey body morphology on fish predator—prey interaditmhsgy of
855  Freshwater Fish, 15, 301-308. doi: 10.1111/j.1600-0633.2006.00158.x.

856  Sawyer, J. M., Arts, M. T., Arhonditsis, G., & Diamond, M. L. (2016). A general model of
857  polyunsaturated fatty acid (PUFA) uptake, loss and transformation in fresliisiat&cological
858  Modelling, 323, 96—-105. doi: 10.1016/j.ecolmodel.2015.12.004.

This article is protected by copyright. All rights reserved



859
860
861
862

863
864
865

866
867
868
869
870
871
872
873
874

875
876
877
878

879
880
881
882

883
884
885

Scharold, J., Corry, T. D., Yurista, P. M., & Kelly, J. R. (2015). Benthic macroinvertebrate
assemblages in the US nearshore zone of Lake Erie, 2009: Status and linkages feelandsca
derived stressorgournal of Great Lakes Research, 41, 338-347. doi:
10.1016/}.jgIr.2015.03.020.

Schindler| D. E;, Hilborn, R., Chasco, B., Boatright, C. P., Quinn, T. P., Rogers, L. A, &
Webster, M. S. (2010). Population diversity and the portfolio effect in an exploited species
Nature, 465, 609-612. doi: 10.1038/nature09060.

Siefert, A\, \Violle, C., Chalmandrier, L., Albert, C. H., Taudiere, A., Fajardo, A..s&éard_. W.,
Baraloto, €.,/Carlucci, M. B., Cianciaruso, M. V., de L. Dantas, V., de Bello, F., Duafe

S., Fonseca, C. R., Freschet, G. T., Gaucherand, S., Gross, N., Hikosaka, K., Jackson, B., Jung,
V., Kamiyama, C., Katabuchi, M., Kembel, S. W., Kichenin, E., Kraft, N. J. B., Lagerstrom, A.,
Bagousse-Pinguet, Y. L., Li, Y., Mason, N., Messier, J., Nakashizuka, T., Overton, J. M.,
Peltzer, DaAs-RPéreRamos, I. M., Pillar, V. D., Prentice, H. C., Richardson, S., Sasaki, T.,
Schamp, B.'S.; Schob, C., Shipley, B., Sundqvist, M., Sykes, M. T., Vandewalle, M., & Wardle,
D. A. (2015). A global metanalysis of the relative extent of intraspecific trait variation in plant
communitiesEcology Letters, n/a-n/a. doi: 10.1111/ele.12508.

Smyntek, P. M., Teece, M. A., Schulz, K. L., & Storch, A. J. (2008). Taxonomic differences in
the essential fatty acid composition of groups of freshwater zooplankton relepedductive
demands and.generation tinkeeshwater Biology, 53, 1768—-1782. doi: 10.1111/}.1365-
2427.2008.02001.x.

Snorrason, S. S., Skdlason, S., Jonsson, B., Malmquist, H. J., Jénasson, P. M., Sandlund, O. T.,
& Lindem, T.(1994). Trophic specialization in Arctic ch&atvelinus alpinus (Pisces;
Salmonidae):mrphological divergence and ontogenetic niche stitdogical Journal of the

Linnean Society, 52, 1-18. doi: 10.1111/j.1095-8312.1994.tb00975.x.

SvanbackR. & Ekl6v, P. (2003). Morphology dependent foraging efficiency in perch: a
trade off for ecologic al specialization®ikos, 102, 273-284. doi: 10.1034/j.1600-
0706.2003.12657 ..

This article is protected by copyright. All rights reserved



886
887

888
889
890

891
892
893

894
895
896

897
898
899

900
901
902
903

904
905
906

907
908
909
910

911
912

Svanback, R. & Ekl6v, P. (2006). Genetic variation and phenotypic plastigityes of

morphological variation in Eurasian peré&volutionary Ecology Research, 8, 37—49.

Svarback, R. & Persson, L. (2004). Individual diet specialization, niche width and population
dynamics: implications for trophic polymorphisndsurnal of Animal Ecology, 73, 973—-982.
doi: 10.1111/j.0021-8790.2004.00868.x.

Tierney, K. B., Kasurak, A. V., Zielinski, B. S., & Higgs, D. M. (2011). Swimming performanc
and invasion potential of the round goByvironmental Biology of Fishes, 92, 491-502. doi:
10.1007/s10641-011-9867-2.

Truemper, H. A. & Lauer, T. E. (2005). Gapmitation and piscine prey siselection by
yellow perch'inithe extreme southern area of Lake Michigan, with emphasis exdtic prey
items.Journalof Fish Biology, 66, 135-149. doi: 10.1111/j.0022-1112.2005.00588.x.

Turschak,B¥Az Bunnell, D., Czesny, S., Ho0k, T. O., Janssen, J., Warner, D., & Bootsma, H. A.
(2014). Nearshore energy subsidies support Lake Michigan fishes and investédilaténg
major changes in food web structuieology, 95, 1243-1252. doi: 10.1890/13-0329.1.

Turschak, BA., Czesny, S. J., Doll, J. C., Grunert, B. K., H6dk, T. O., Janssen, J. A., &
Bootsma, H. A. (2018). Spatial variation in trophic structure of nearshore fishaken L
Michigan as it relates to water claritganadian Journal of Fisheries and Aquatic Sciences, doi:
10.1139/cjfas=2017-0390.

Vander Zanden, M. J. & Rasmussen, J. B. (2001). Variation in §"°N and 8*°C trophic
fractionation: lmplications for aquatic food web studlasinology and Oceanography, 46,
2061-2066wdoi: 10.4319/10.2001.46.8.2061.

Vander Zanden, M. J., Shuter, B. J., Lester, N. P., & Rasmussen, J. B. (2000). Within- and
among-population variation in the trophic position of a pelagic predator, lake Sabed inus
namaycush)."Canadian Journal of Fisheries and Aquatic Sciences, 57, 725-731. doi:
10.1139/f00-011.

Vanderploeg, H. A., Pothoven, S. A., Fahnenstiel, G. L., Cavaletto, J. F., Liebig, J. R., Stow, C.
A., Nalepa, T. F., Madenjian, C. P., & Bunnell, D. B. (2012). Seasonal zooplankton dynamics in

This article is protected by copyright. All rights reserved



913  Lake Michigan: Disentangling impacof resource limitation, ecosystem engineering, and
914  predation during a critical ecosystem transitidournal of Great Lakes Research, 38, 336—-352.
915 doi: 10.1016/}.jglr.2012.02.005.

916 Violle, C Enquist, B. J., McGill, B. J., Jiang, L., Albert, C. H., Hulshof, C., Jung, V., &
917 Messier, J. (2012). The return of the variance: intraspecific variabilitynmmmity ecology.
918 Trendsin Ecology & Evolution, 27, 244252. doi: 10.1016/j.tree.2011.11.014.

919 Ward, J. M. & Ricciardi, A. (2007). Impacts Df eissena invasions on benthic
920 macroinvertebrate communities: a matalysis: Metaanalysis of dreissenid invasions.
921  Diversity and Distributions, 13, 155-165. doi: 10.1111/j.1472-4642.2007.00336.x.

922

923 AUTHORCONTRIBUTION STATEMENT

924  Conceived.and.designed the investigation: ZSF, TOH, RKS. Performed field abotaitday
925 work: CJF,,TOH, JJ, HB, SC, JR. Analyzed the data: ZSF, CJF. Contributed reateagents,
926 and/or analysistools: TOH, JR, JJ, SC, HB. Wrote the paper: ZSF. Revised th&ZB&p€JF,
927 RKS, HB, S€7J3J, JR, TOH

928 TABLES

929 TABLE 1 Sample size (N) and mean + standard deviation (SD) of total length (TL, mm) of
930 round goby and yellow perch collected at six sites during two seasons in Lakgavithat

931  were usedfogut contentfatty acid, and stae isotope analyses. Note that, due to lack of
932 isotopic'baseline data, no isotopic information was used from site AR in eithezsspeci

N Mean + SD TL
Summer  Fall Summer Fall
Site Round Goby
FP 4 6 87.8+20.5 654+48
HP 7 6 86.4 +22.3 59.2+59
CA 5 25 65.4 + 3.6 76.6 +154
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SA 2 6 90.0+453 923+31.1
AR 0 8 -- 84.8+24.2
SB 2 3 66.3+4.5 66.0+1.5
Yellow perch

FP 8 0 247.2+554 --

HP 3 3 96.1+56 117.8+13.7
CA 3 6 89.0+15.1 106.7 +84.0
SA 2 4 2385+23.3 743+22
AR 0 8 -- 91.7 +£23.0
SB 0 0 -- --
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935
936
937

TABLE 2. Summary schematic of study focal questions, data uses (gut con@@idatty acids- FA, stable isotopesSd),

analytical methods, general conclusions, and relevant tables and figures $tigatians of patterns and relationships in trophic

composition (i.e., mean abundances of identified components) and trophic diversity (itsityddfecomponents, measured using

Shannon’s effective diversifip) in round goby and yellow perch across six sites in Lake Michigan, USA.

Question

Data

Analysis

Geneal Conclusions

Relevant section

Does trophic

GC,

Speciesspecific PERMANOVA

Yes- southwestern sites reliant

Tables S4S8; Figures 2, 3,

compositiomyvary FA, | for differences in sites; on benthic energy, eastern siteg S1
among sites? S| | visualization via PCA (GC, FA) | reliant on pelagic energy

or biplot (SI)
How is trephic GC, | Combined PERMANOVA with | Sitellevel variation equal to Results Section 3.1
composition partitioned FA, | site, season, season x site, and| speciedevel variation, minor
amonggseasons, sites,| Sl | species as predictors variation by season
and species?
Does trophic diversity | GC, | GC and FA: Bootstrapped site- | Yes/No- FA diversity lower at | Figures 4, S2
vary among sites? FA, | level“D; SI: Comparison of southwestern sites; no differences

S| | Bayesian standard ellipse areas| in GC diversity; inconsistent

among sites differences in Sl niche size
How is trephic diversityl GC, | Groupwise partitioning ofD Sitellevel variationequal to Figure 5
partitioned among FA speciedevel variation, different

individualsy'seasons,

sites, and species?

contributions of individual

variation (high in FA, low in GC)
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Does diet drive fatty
acid diversity?

GC,
FA

Random effects regression
between FA diversity and GC

diversity or composition

Round goby fatty acid diversity
related to diet content, no
relationship in yellow perch

Table 3; Figures 6, S3
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940
941
942
943
944
945
946
947

948

949

TABLE 3 Linear mixedmodeling results for relationships between fatty acid diversity and

either diet diversity{g = 1) or gut content composition (significant principal components) for

round goby and yellow perch sampled at six sites in Lake Michigan. Modblsandom

intercepts for site and random slopes for the effect of the explanatoryngeiceariable within
site were tested first; if random slopes were not significant (NS), a nmaiiadiing only random
intercepts were fitted. Mean and bootstrapped 95% confidence intervals (CI) are given for the
standard deviation of random interceptscepy and slopesdsiope When significant), the effect
of the given predictor variable (Bx), and the effect of total length (Br.). Bold values indicate
significant fixed effects (95% CI did not overlap zero).
Species Parameter Diet diversity Diet PC 1 Diet PC 2
Round goby Gintercept 1.3913 1.2645 14132
Cl (05226 - 2.2681)  (0.4777-2.0446)  (0.5655 - 2.3046)
Gslope NS NS 0.3377
Cl NS NS (0.0198 - 0.7136)
Bx -0.1222 -0.1496 -0.0958
Cl (-0.2742 - 0.0333) (-0.2618--0.0198) (-0.4558 - 0.2544)
BrL 0.0085 0.0099 0.0088
Cl (0.0011- 0.0167)  (0.0026-0.0177)  (0.0003 - 0.0163)
Yellow perch Gintercept 0.3246 0.49
Cl (0 - 0.9565) (0 -1.1198)
Gslope NS NS
Cl NS NS
Bx -0.5543 -0.0225
Cl (-1.2867 - 0.2872) (-0.3218 - 0.2747)
BrL -0.0047 -0.0033
Cl (-0.0103 - 0.0014) (-0.0099 - 0.0029)
FIGURES

This article is protected by copyright. All rights reserved



950 FIGURE 1 Sample sites where round goby, yellow perch, benthic invertebrates, and

951  zooplankton were collected in summer and fall 2010 in Lake Michigan, USA, including Fox
952  Point, WI (FP); Highland Park, IL (HP); Calumet, IN (CA), Saugatuck(8H), Arcadia, Ml

953  (AR), and Sturgeon Bay, WI (SBDarkened area represettisextent of Lake Michigan

954  watershed.

955 FIGURE 2 Principal components analydigplots demonstrating spatial patterns in gut content

956 (a,c) and fatty acid composition (b,d) of round goby (a,b) and yellow perch (c,d) ddnophe

957 Lake Michigamat six sites (FP: blapkints HP: redcircles, CA: greesquaresSA: blue

958 diamondsAR=orangeupward triangleSB: pinkinverted triangleabbreviations for site names

959 in Figure 3. Points represent individual fish and ellipses represent one standard deviation. Text

960 indicates leadings ajut items and fatty acidaultiplied by6 and 15, rgpectively, for clarity.

961 FIGURE 3 _Small sample sizeorrected standard ellipse areas (gE€orrected for spatial
962  variation in-baseline 8*°C and 8N for a) round goby and b) yellow mér collected from six
963 Lake Michiganssites (FP: blagoints HP: redcircles, CA: greesquaresSA: blue diamonds,
964  SB: pinktriangles; abbreviations for site names in FiguteR9ints are individual fish and

965 ellipsesencompas80% of the data.

966 FIGURE4=Variation inmean individual &) diversity of gut contentga, c;black and hatched

967 bars) and fatty ac&(b, d; gray and white bars) with low weightinpg<1; a, b) and high

968  weighting@="4; c, d) of component abundance for round goby (gray, black) and yellow perch
969  (white, hatched) sampled at six sites in Ldkehigan. Error bars represent 95% confidence

970 intervals, where non-overlapping intervals indicate significant differencexdeteby dferent

971 letters A and B for round goby, C and D for yellow perch). No letters signify that theeevee
972  significant dfferences across all sites for that species.

973 FIGURE 5 _Partitioning of total observeg)(diversity ingut contents (a) and fatty acids (b)
974  detected inroeund goby and yellow perch across six sites in Lake Michijjaersity was

975 measurediat six levels abundance weighting;(different stacks of bargnd partitioned among
976 levelsof organization, from bottom to top: within-individual diversjgray), among individuals
977  within a sampling event (site/seasoed), among seasons within sit@geen) amongsites

978  within seasongyellow), within species across all sitggue) and between speciéxrange)
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980
981
982
983
984

FIGURE 6 Relationship between round goby fatty acid diversjty (., corrected for fish total
length), and the first principal component of round goby gut content composition, neioigse
gradient between consumption of Dreissenidae mussels and non-molluscan bentleioratestt
Points represent fish collected at six sites around Lake Micliifarblack points, HP: red
circles, CA..green squares, SA: blue diamonds, AR: orange upward triangle, SBrveiried

triangle; abbreviations for site names in Figure 1)
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