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Frontispiece. Lake Michigan showing place names discussed in text
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ABSTRACT

To improve understanding dfow recentchanges in lowetrophic levelsin Lake Michigan

could be affectingreyfish biomass and productipthe Lake Michigan Committee (LMC)
convened a Lower Trophic Levela$k Group and provided several charges that are
respnded to in this report.ifst, we compiled a comprehensive summary of lowephic

level data in Lake Michigan, separating out nearshore versus offsterds over time
Declining trends were prevalent in offshore time series for phosphorus, chlorephyll
biomass of total crustacean zooplankton, biomass of herbivorous cladocerans, and density of
Diporeia spp.In the nearshore, declining trends were evident only for bisroasyclopoid
copepods and density @iporeia spp Second we hypothesized specific mechanisms by
which changes in lowetrophic levels could affegprey-fish biomass androductionand
described the degree of empirical support for each mechahibet-supported hypothesis

was that declining invertebrate prey (especiBligoreia spp.) was responsiblerfdeclining

growth of prey fish especially over the last decade when competition for prey resources
should otherwise have been lessened due to deglipreyfish densities. As a result,
declining growth potentially limits the prdish biomass that could have been attained had
growth been maintained at the levels that were achieved in the 1980s and earlierwéhir
prioritized several lowetrophiclevel indicators that fishery managers abuise to better
inform decisionmaking. The topanked indicator was annual reporting of Alewifdasa
pseudohareng)sondition. Fourth, we prioritized the key monitoring and research gaps that
limit our curent understanding of how lowerophic levels influence fish production. The
highestpriority monitoring gap was coordinated sampling of the nearshore, which, if
accomplished, would complement annuaparting on offshore sampling.he topranked
knowledge gp was identifying bottlenecks that regulate fish recruitment, given that recent
changes in zooplankton distribution and abundance could be suppressing survival of larval
fish and, ultimately, the bioass and production of prey fiskVe provided three spéici
recommendations for the LMC to consider as thesgksto better incorporate lower trophic

level changes into their management decision process: (1) implement a coordinated and
standardized nearshore monitoring program, (2) encourage funding agenciss twur
prioritized lists in their decision processand (3) foster the alreadynproved dialogue
between those researching lowrephic levels and those researching fisheries.



INTRODUCTION

Several of the Laurentian Great Lakes have undergone declines in offshore nutrients and primary production
over the past several decades owing to reduced total phosjihBjusputs resultig from implementation of

the bnational Great Lakes Water Qualiygreement (signed in 1972; amended in 1983, 186d@2012) and

the shunting of phosphorus to benthic habitats resulting from the proliferation -oridiganous dreissenids
(Dreissena bugensi®. polymorphd (Evans et al. 2011; Bunnell et al. 201&)shery managers are well
informed of the declining trends in prfigh biomass that began in the 1990gp lakewide surveys (e.g.,
bottom trawlandacoustics with midwater trawijdicatebiomass of prey fish in 2012017wasat least 88%

lower than theveagebiomass in the 19908®BB, CPM, DMW, unpublished data

Theory predicts that prefish biomass is regulated by both predatory demand as well as resource limitation
(Carpenter et al. 1985; Downing and Plante 19P8¢dator demand in Lake Michiganvigll described by

models that were developed in close consultation with fishery managers (e.g., Tsehaye et al. 2014), but
managers are less certain about the effects of declining nutrients and primary productiorfish piesnass

and productionThe Lale Michigan Committee (LMG)comprising senior state and tribal fishery managers

and operating under the aegis of the Great Lakes Fishery Commission, created a Lower Trophic Level Task
Group in 2016 to provide the LMC with a bettarderstandingf the extat that declines in lower trophic

level productiorare limiting the capacitpf the lake to support prey fisfihe LMC seeks to coordinate inter
jurisdictional fisheries management by pursuiiigh community objectiveqFCQOs) developed n 1995
(Eshenrodeet al. 1995)0One of the objectives for planktivores (referring to prefp,faich as AlewifdAlosa
pseudoharengisBloater (Coregonus hoyj and Rainbow SmelfOsmerus mordgxstates that their biomass
should be maintained at a level that matches both primary production and predator demands.

In this report, we define théower food webas biotic components (bacteria, phytoplankton, protists,
zooplankton, and benthic invertetas) that are consumed either directly or indirectly by fish and abiotic
factors (nutrients such as phosphorus and water clarity) that can inflwepb& interactionsDreissenig

have been hypothesizathd demonstrateith exert largescale changes wme components of tHewer food

web, including to phytoplankton ardiporeia spp.(Nalepa et al. 20Q9/anderploeg et al. 2002010, but

their effects orfish arelesswell understoodsee Madenjian et al. 2015yishery scientists and managers
typically consider how mesozooplankton (20@00 pm), such adimnocalanusmacrurus cyclopoid
copepods, diaptomid copepodBaphnia galeata mendotgeor Bythotrepheslongimanus individually
influence fish because they are primary prey for juvenile and aduiktplarous prey fish. However,
mesozooplankton are not supported simply by fAphytor
plankton and phototrophic plankton that vary in size fror2002um (picoplankton),-20 um (nanoplankton),

and 20200 um (microplankton) (Fig. 1). We also note that larval fish feed on microzooplankton such as
rotifers, dreissenid veligers (hereafter, veligers), and copepod nauplii. The key concept is that dreissenids are
relatively unique because they can filter not onlgnaplankton (like diatoms) but also the smaller raanal
picoplankton. Hence, dreissenids are competing with daphnids and calanoids for prey resources. Prior to the
dreissenid invasions, these migranane, and picoplankton would have been linked moresally to
planktivorous fish through their consumption of daphnids and copepods. Becalsefafpe such as Alewife,

Bloater, and Rainbow Smelt, do not consume settled dreissenids, energy transfer to fish is likely not as
efficient now as in earlier dedas. A moraletailed explanation of linkages and their significance to the
trophic pathways leading to fish is given in Appendix B.



The LMC charged th@askgroup in a letter of December 11, 2015, (th) summarize current status and trends
in primary production, zooplankton biomassidabenthic invertebrate biomad®) describe empirical or
modekd linkages between primary and secondary production anefigineiomass (3) identify data and
knowledg gaps(4) recommend research prioritig€5) identify new imlicators of the status of low#&ophic
levels;and (6) recommend additional resources needed to provide continuing updatesfishgreymass and
the prospects for mefertpieynfighBecaue thd ddriclassons drdmj tlee anipgicente
state of Lake Michigameport (Robillard et al. 2012) indicatedcommitment of the LMC to reexamine the
FCOs given the changing conditions in the lake, this report should provide a fourfdatiature efforts
aimed at revisinghe objective for planktivores.

Fig. 1. Schematic trophic interactions of mesozooplankton {2000 um) and dreissenids with different size
categories of phototrophic (righiandside, in green) and heterotrophieffthand side, in brown) components of
microbial and classic food webs modified from Fenchel (1988) for marine food webs: picoplankton (<2 um),
nanoplankton (20 pm), and microplankton (2800 um).Arrows show simplified relationg/hile interactions from
dissolvedorganiecmatter recycling are not showiesozooplankton illustrations (from left to right) include
Limnocalanus macrurufLi); a representative cyclopoid copep@iacyclops thomasiCy, mostly carnivorous); a
representative calanoid copepod (esgented by diaptomid${), omnivorous); and an herbivorous daphrizh,(
filter feeder).D. thomasiand diaptomids are primary prey laimnocalanugqLi), and daphnids are a major prey of
Bythotrephes longimanu@y). Arrows on the far right side leadingp to daphnids, diaptomids, and dreissenid
mussels indicate their ability to access nnly phototrophic componentsit also heterotrophic components (not
shown) within a size rangeDaphnids areefficient at capturing (filtering) many components of piand
nanoplankton; diaptomids are efficient at capturing many components of theamahmicroplankton, particularly
motile (often heterotrophic) preyand D. thomasiis an obligate predator of motile prey, particularly
microzooplanktonDreissenid are dle to access many components of pie-, nane, and microplanktorbut, at

the same timecan be selective in their feeding in all size ragdisroplankton illustrations (from left to right) are a
ciliate, a rotifer, and an assortment of large diatofordes and cellsNanoplankton illustrations (left to right) are
heterotrophic flagellates, a detrital particle with bacteria, an assortment of phototrophic flggefidtes small
diatom. The picoplankton illustrations (left to right) are various baatemd archaea (brown) and the smallest
phytoplankton (green).
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TRENDS IN LOWER TROPHIC LEVELS

This compilation of lower trophitevel data is not the first to document significant changes that have occurred

in Lake Michigan(see Bunnell eal. 2014; Madenjian et al. 2015} unigue aspect of this synthesis is that it

examines trends in nearshore (<30 m) and offsh¥8@ n) habitats whereas these environments are typically
combined in lakewide accounts such as this. Our delineation ak#drshore follows the convention of Edsall

and Charlton (1997) where the-80depth contour approximates where the thermocline intersects the lake bed

in late summeearly fall. Time series were compiled across all available relevant data from monitoring
agencies and from universities that conduct researdrake Michigan. For each time series, we conducted a
Spearman rank correlation to determine if a trend w:e

Nutrients

Annual TP inputs(loadings) from tributaries were compiled byv@aDolan and colleagues between 1978 and
2008 (Dolan and Chapra 2012)oadings in 1978979 averaged 6,953 metric tonrag then over the next
29 yearsdropped to levels always lower than 5,000 metric tonnes (Appendix A, FigBAtlyeen 1980 and
2008 annual loadings averaged 3,653 metric tonnes but were variable and without tred@7,P = 0.16).

Offshore TP concentrations in spring, monitoredh®/Environmental Protection Agen¢PA) Great Lakes

National Program Officet 16 stations since 1983, have decreased by more than 50% betwegh.8996

pg/L) and 2015 (2.81 upg/LFig. 2). Chapra and Dolan (2012) andPR.Barbiero (unpublishedatg have
developed models to estimate offshore TP concentrations that should havedized based on TP loadings,
retention time, and settling coefficients (i.e., ignoring witlaike TP cycling processed)he results predicted

that TP concentrations would undergo steep declines between 1978 and the 1990s but would be relatively
unchanged between 1998 and 2011 (Appendix A, Fig. Ahese models suggest that wittéke TP cycling,

perhaps caused by sequestration of TP by dreissenids, can explain the continued decline in offshore TP
concentrations since the 1990s.
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At nearshore (i.e., <3th bottom depth) sites, however, spring TP concentrations were generally higher than in
the offshoreand have not declined since 1999 near Muskegon, Michigan, (SAP, unpublished data; Fig. 2) or
2006 near Milwaukee, Wisconsin (HAB, unpublished data; Figh@yrshore TP concentrations revealed
considerable temporal variatiofhese nearshore time series eelatively recent and localizeeid should be
considered provisionabpring nearshor&P collected in 1996, 2014nd2015 off of Grand Havenvhich can

be affected by higlbadings from theGrand Riverhadvalues of 85, 16, and 12 pg/L, respectivEhAP,
unpublished daja

Water Clarity

Mean Secchdisk depth measured during spring and summer offshore EPA surveys underwent a remarkable
stepwise increase in 2004: Secchi depths averaged 8.6 m in2l@&and 13.9 m in 2062015, a 5.3n
increase (Fig3). No time series of clarity weravailable for the nearshore, but Auer et al. (2010) reported a
decline in nearshore light extinction coefficients from 12890 to 2002006.0ur assumption is that water
clarity has increased more in the offshore dber past decade or so than in the nearsidearshore water

clarity is highly episodidriven by loading and resuspension of sedimesge\(anderploeg et al. 2015).

Fig. 3. Time series of offshore Secettisk depth 18
collected by the EPA (compiled by RPI 4
averagedor April and August each yeam Lake ]
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Phytoplankton

Phytoplankton abundance, as reflected lprophyll a concentrations (a proxy of biomass), declined in both
the nearshore and offshore zones in Lake Michigan from the early 197@94d995when an intensive
spatiotemporal sampling effort occurred (Carrick et al. 20@d)analysis of timeseries data covimg more
recent years revealed divergent patterns between nearshore and offshore stidep decline in satellite
derived estimates of offshore epilimnetic chloroplayApril to May) was observed from the late 1990s (~1.4
eg/ L) to thellE@ 2, o®pen drcled).(BIM Leshy Wersity of lllinois at Chicagand RPB,
unpublished data)Time series ofin situ nearshore chlorophyla have been compiled for waters near
Muskegon (1992015, SAP, unpublished data; Fig. 4, closed circles) and Milwaukee -220@ HAB,
unpublished data; Fig. 4, closed triangleNeither nearshore time series revealed any trend in spring
chlorophylla corcentrations during the period when dreissenids were present

Fig. 4. Time series for indices of sprin 1.8
primary productionin Lake Michigan.Open
circles indicating the time series for offsha 16
(Barry M. Lesht, University of lllinois ___ " 1 —~
Chicago, 201y remotdy sensed chlorophyth < <ol)
are plotted on thdeft axis. Black symbols 2 1.4 - =
indicating the time series for nearshamesitu >~ T{
chlorophyll a for Muskegon (circlesNOAA, E 1.2 4 =
compiled by SAP and Milwaukee (triangles 6 O
University of WisconsinMilwaukeeg 010 3 @
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Phytoplankton taxonomic composition at an offshore site near Muskegon, Michigan, has undergone dramatic
changes since 198Brior to 1995, the assemblage was typically composed of a mixed assemblage of
phototrophic pice(cyanobacteria), nargchrysophytes, cryptophytes), and micfdiatoms) plankton

(Carrick et al. 2001Fahnenstiel et al. 2010b)he assemblage exhibited considerabifissim composition

around 2007Tvhen the spring diatom bloom nearly disappearetr{€astiel et al. 2010a, 20108 analysis

of the Muskegon offshore phytoplankton assemblage in 2013 indicated a shift towardmg@inanoplankton
dominance as compared with the assemblage present if@&8ick et al. 2015)Specifically, the percdn
composition of picoplankton within total chlorophyll increased twofold from 1987 to 2013, resulting in more
than 50% of the chlorophyll in 2013 being less than 2 um in size.



Primary production in offshore waters near Muskegon has also undesigmifecant decadal changes since
1983 (Fahnenstiel et al. 2010&Yhile production levels have been stable during raidl latestratification
periods, production during the spring period has declined 78% from11983to 20072008.Furthermore, in
low-productivity systems like Lake Michigan, the highest chloropalt primary production values during
stratification are commonly withité deep chlorophyll layer (DClbelow the epilimnion (i.e., in the
metalimnion or even hypolimnionht two sites (45n, 110 m) offshore of Muskegon that are sampled
monthly, the DCL has been decreasing in size since the late ((B@8sven and Fahnenstiel 2013; Pothoven
et al. 2016)and the likely mechanisms are declining availability of phosphorus and filtratiorisgetrids
(especially at the 4 site).

Benthic Macroalgae

Cladophoraspp. and other benthic macroalgae appear to have benefited from higher nearshore TP (relative to
the offshore) and increasing water clartipth of which could be influenced by excretion of phosphorus and
nitrogen by dreissenid€arrick and Lowe 1988, 200Bootsma et al. 2015Brooks et al. (2015yalidated a

remote sensing method to generate a time series of submerged aquatic vegsfsprprésumably
dominated byCladophoraspp. near Sleeping Bear Dunégational LakeshoreMichigan, and Milwaukee,
Wisconsin.SAV increased at leagburfold at both sites between 1994 and 2009, a time period corresponding

to increased abundance of zebral @uagga mussels in the nearshore zDuoeing the 1980s, the nearshore
benthic algal assemblage was dominated by a diverse, native diatom asseselgldigg$ton et al. 1983).

Microzooplankton

The available time series fonicrozooplanktor(e.g., protists, rotifers, veligersppepod naupliipre limited.

Carrick et al. (2015fompared the abundance of smaller microzooplankton (flagellated and ciliated protists)
between 1987 and 2013 at an offshore site near Muskegon, and they repoiterargigeclines in the
densities of ciliated protists, while the flagellated protist population remained Statdeseries data for other
microzooplankton from the EPA (includes epilimnetic estimates for nauplii, rotifers, and veligers) are being
recompled and were incomplete for this synthe3ikis is unfortunate, given that larval fish consume copepod
nauplii during thei first weeks of life, and moreecent analyses indicate that veligers are also being consumed
(Withers et al. 2015)The contributbn of protists to the diet of larval fish in Lake Michigan is currently
unknown, although these organisms are known to support fish production in marine sjs&tanshore
microzooplankton data were available only from the lllinois waters of the lakeedther rotifers nor nauplii
exhibited any linear trend between 1998 and 2015 (lllinois Natural History Survey (INHS), unpublished data;
Appendix A, Fig. A2)Results from observations with net tows and a Plankton Survey System during the 2015
CooperativeScience and Monitoring Initiative field year near Muskegon showed that veligers were the
dominant zooplankter in nearshore to rdiebth waters during June and a codomizaoplankter during July
(HAV, unpublished data).

Mesozooplankton

Two complementaryime series for mesozooplankton exist for the offshore: a lakewide survey (16 sites) that
the EPA conducts each April and August (data available from -P8Ad8) and a 1k site offshore of
Muskegon thathe National Oceanic and Atmospheric AdministratifOAA) surveys between March and
November (usually biweekly during the stratified period; data available from2@B® with misgig years in

1987 and 200£006) depending on weather conditionrBoth surveys use a 158n mesh né&t NOAA
samples the entire watcolumn and EPA samples down to a-t®@depth or to 2 m above the bottom at sites
shallower than 100 nfor each surveywe averaged biomass for broad taxa (i.e., herbivorous cladocerans,
calanoid copepods, cyclopoid copepods, predatory cladocerans$ aaropling months in each yeafe also



summed across the groups for an average annual crustacean biomass &staase the biomass estimates
are not comparable owing to differences in how arsraa¢é measured and which lengtbight regressions are
applied, we relativized each time series based on the year of maximum bitmntassnearshore, two surveys
were available: the Muskegon site {@bbottom depth) conducted by NOAA (data available 12985,
missing 2004006) at a monthly intervaimilar to the offshore survegind a biweekly survey between June
and October conducted llye INHS at two to threesites in lllinois waters at bottom depths ranging from 3 to
10 m (data available 1998013).

Total mesozooplankton biomasstire offshore declined over both of the soutHaasin time series: EPA (Fig.
5b, 19982013) and NOAA (Fig. 5c, 198P015). For the northern basin, however, the EPA time series
revealed no significant trend (Fig. 5&). the nearshore, total crustaceanniéss also exhibited a declining
trend from 1999 to 2015 in the NOAA time series (Fig. 6a) on the southeastern side of thioVedeer,on

the southwestern side of the lake, the INHS time series showed no significant decline fre201®YBig.
6b). Thes trends in total zooplankton biomass can obscure morespexific trends, which we describe
below.

Fig. 5. Time series of total crustacean relativized biomass at three different sites in the offshore waters of Lake
Michigan. No trend was detected ihé northern sites (panel B,= 0.4], collected by the EPA and compiled by
RPB). Significant linea trends were detected southern sitegpanelb, P = 0.003 EPA; panelc, P <0.003
collected by NOAA, compiled by SAP)
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Herbivorous cladocerans (prinilgir Daphnia galeata mendotaend Bosminaspp.) in the offshore declined in

all threetime seriesThe EPA time series revealed declines from 1998 to 2013 (northern Basif,01;
southern basin? = 0.01)while the NOAA time series for the southern basin revealed declines from 1986 to
2015 P = 0.03).In the nearshorehowever,herbivorous cladocerarsave not declinedsignificanty since

199 in either the NOAAP = 0.45 or INHS time seriesR= 0.07)



Fig. 6. Time series of total crustacean relativized biomass at two sites in the nearshore waters of southern Lake
Michigan. Significant linear tends were detected in panelRa5 0.02 collected by NOAA, compiled by SAPNo
trend was detected in par®{P = 0.38 collected by lllinois Natural History SurvélNHS), compiled by SM7.
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High abundance of cyclopoid copepods has occurred in Lake Michigan during periods of high abundances of
Alewife, which preferentially selects larger calanoid copepodsr smaller cyclopoidgWells 1970;
Vanderploeg et al. 2012Cyclopoid copepodsre largely carnivorouglLeBlanc et al. 1997)and more
abundant in morproductive systems that support higher concentrations of microzooplankton and of visual
predatorgHessen et al. 1995Despite the reductions in offshore TP, only the NOAA time series detected a
significant decline ircyclopoids(P = 0.05 between 1986 and 201 the EPA time series, cyclopoids were
estimated to be at relatively low atalancein sevenout of nine years since 200But exhibited high biomass

levels in 2011 and 2013, which likely accounted for a-significant negative trendn the nearshore, both

time seriegNOAA, P = 0.045; INHSP = 0.02)revealed a significant declirie cyclopoids letween 1999 and

2014

Calanoid copepodsave been and still are dominant contributorgdoplanktonbiomassin Lake Michigan

and have increased relative to other crustacean groups since(¥Z80derploeg et al. 2012; Pothoven and
Fahnenstiel 2015)In paticular, cne keycalanoidspecies L. macrurus has increaskin Lake Michigan
recenly (Barbiero et al. 2009; Vanderploeg et al. 20R2thoven and Fahnenstiel 201Bpr all calanoids,
however, neither of the offshore EPA time seeakibitedincreasing biomass (EPA nortR,= 0.33; EPA
south,P = 0.14) between 1998 and 2018. fact, calanoid copepods actually declined in biomass in the
offshore NOAA time serieffom 19862015(P = 0.0003 even though they still dominate the biomass of the
meozooplankton communityn the nearshoreeithertime seriefNOAA, P = 0.21; INHS,P = 0.93) trended
significantlybetweenl999andeither2013 (INHS) or 2015 (NOAA)
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Trends in densities of predatory cladoceranshich include the noindigenous spinywater flea (B.
longimanu$ and fishhook water fle@Cercopagispengo) as well asthe native Leptodorakindtii, were not
significantin any of the offshoréEPA north,P = 0.48 19982013 EPA southP = 0.75, 1998013 NOAA,
P = 0.31, 1988015) or nearshore NOAA, P = 0.70, 1992015; INHS,P = 0.31, 1992013 surveys.
Alewife predation likely regulateB. longimanusdensities, especially in nearshore wat@sthoven et al.
2007; Keeler et al. 2015; Vanderploeg et al. 2015)

Mysis diluviana

Mysids are large (420 mm) omnivorous invertebrates that are important diet items for many prey fish
(Hondorp et al. 2005; Pothoven et al. 20Mjhough abundance trends blysisdiluvianavary by survey,
mysid densities in the pad0 years are lower tharsimated between 1995 and 2000t not markedly
different from 19851989. The U.S. Geological SurveyUSGS and Michigan DNRconductan annual
lakewide surveyN ~ 20 sitespachAugust since 2005 and found declining densities through 20£50(01,

Fig. 7). NOAA has conducted monthly sampling ofta0-m site offshore of Muskegon betwebfarch and
November dating back to 1985 but with gaps between 1990 and 1994 and in 2001 aBd@@@f densities

of 111/nf (SE = 27) from 1988989, 191/M(SE = 43) fran 19952000, and 72/M(SE = 10) from 2007
2015 (Fig. 7) were reported.

Fig. 7. Time series oMysis diluvianadensitiesin Lake Michiganestimated byNOAA (black bars, compiled by
SAP) andthe USGS and Michigan DNRyraybars, compiled by DM\
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