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ABSTRACT  

To improve understanding of how recent changes in lower trophic levels in Lake Michigan 

could be affecting prey-fish biomass and production, the Lake Michigan Committee (LMC) 

convened a Lower Trophic Level Task Group and provided several charges that are 

responded to in this report. First, we compiled a comprehensive summary of lower trophic-

level data in Lake Michigan, separating out nearshore versus offshore trends over time. 

Declining trends were prevalent in offshore time series for phosphorus, chlorophyll a, 

biomass of total crustacean zooplankton, biomass of herbivorous cladocerans, and density of 

Diporeia spp. In the nearshore, declining trends were evident only for biomass of cyclopoid 

copepods and density of Diporeia spp. Second, we hypothesized specific mechanisms by 

which changes in lower trophic levels could affect prey-fish biomass and production and 

described the degree of empirical support for each mechanism. The best-supported hypothesis 

was that declining invertebrate prey (especially Diporeia spp.) was responsible for declining 

growth of prey fish, especially over the last decade when competition for prey resources 

should otherwise have been lessened due to declining prey-fish densities. As a result, 

declining growth potentially limits the prey-fish biomass that could have been attained had 

growth been maintained at the levels that were achieved in the 1980s and earlier. Third, we 

prioritized several lower trophic-level indicators that fishery managers could use to better 

inform decision making. The top-ranked indicator was annual reporting of Alewife (Alosa 
pseudoharengus) condition. Fourth, we prioritized the key monitoring and research gaps that 

limit our current understanding of how lower trophic levels influence fish production. The 

highest-priority monitoring gap was coordinated sampling of the nearshore, which, if 

accomplished, would complement annual reporting on offshore sampling. The top-ranked 

knowledge gap 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 biomass and production of prey fish. We provided three specific 

recommendations for the LMC to consider as they seek to better incorporate lower trophic-

level changes into their management decision process: (1) implement a coordinated and 

standardized nearshore monitoring program, (2) encourage funding agencies to use our 

prioritized lists in their decision processes, and (3) foster the already improved dialogue 

between those researching lower trophic levels and those researching fisheries. 
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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 phosphorus (TP) inputs resulting from implementation of 

the binational Great Lakes Water Quality Agreement (signed in 1972; amended in 1983, 1987, and 2012) and 

the shunting of phosphorus to benthic habitats resulting from the proliferation of non-indigenous dreissenids 

(Dreissena bugensis, D. polymorpha) (Evans et al. 2011; Bunnell et al. 2014). Fishery managers are well 

informed of the declining trends in prey-fish biomass that began in the 1990s; two lakewide surveys (e.g., 

bottom trawl and acoustics with midwater trawl) indicate biomass of prey fish in 2010-2017 was at least 88% 

lower than the average biomass in the 1990s (DBB, CPM, DMW, unpublished data).  

Theory predicts that prey-fish biomass is regulated by both predatory demand as well as resource limitation 

(Carpenter et al. 1985; Downing and Plante 1993). Predator demand in Lake Michigan is well 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 production on prey-fish biomass 

and production. The Lake Michigan Committee (LMC), 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 better understanding of the extent that declines in lower trophic-

level production are limiting the capacity of the lake to support prey fish. The LMC seeks to coordinate inter-

jurisdictional fisheries management by pursuing fish community objectives (FCOs) developed in 1995 

(Eshenroder et al. 1995). One of the objectives for planktivores (referring to prey fish, such as Alewife (Alosa 
pseudoharengus), Bloater (Coregonus hoyi), and Rainbow Smelt (Osmerus mordax) states that their biomass 

should be maintained at a level that matches both primary production and predator demands.  

In this report, we define the lower food web as biotic components (bacteria, phytoplankton, protists, 

zooplankton, and benthic invertebrates) that are consumed either directly or indirectly by fish and abiotic 

factors (nutrients such as phosphorus and water clarity) that can influence trophic interactions. Dreissenids 

have been hypothesized and demonstrated to exert large-scale changes to some components of the lower food 

web, including to phytoplankton and Diporeia spp. (Nalepa et al. 2009; Vanderploeg et al. 2002, 2010), but 

their effects on fish are less well understood (see Madenjian et al. 2015). Fishery scientists and managers 

typically consider how mesozooplankton (200-2,000 µm), such as Limnocalanus macrurus, cyclopoid 

copepods, diaptomid copepods, Daphnia galeata mendotae, or Bythotrephes longimanus, individually 

influence fish because they are primary prey for juvenile and adult planktivorous prey fish. However, 

mesozooplankton are not supported simply by ñphytoplanktonò but from a complex array of heterotrophic 

plankton and phototrophic plankton that vary in size from 0.2-2.0 µm (picoplankton), 2-20 µm (nanoplankton), 

and 20-200 µm (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 only microplankton (like diatoms) but also the smaller nano- and 

picoplankton. Hence, dreissenids are competing with daphnids and calanoids for prey resources. Prior to the 

dreissenid invasions, these micro-, nano-, and picoplankton would have been linked more directly to 

planktivorous fish through their consumption of daphnids and copepods. Because age-1+ fish, 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 decades. A more-detailed explanation of linkages and their significance to the 

trophic pathways leading to fish is given in Appendix B. 
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The LMC charged the task group in a letter of December 11, 2015, to: (1) summarize current status and trends 

in primary production, zooplankton biomass, and benthic invertebrate biomass; (2) describe empirical or 

modeled linkages between primary and secondary production and prey-fish biomass; (3) identify data and 

knowledge gaps; (4) recommend research priorities; (5) identify new indicators of the status of lower trophic 

levels; and (6) recommend additional resources needed to provide continuing updates of prey-fish biomass and 

the prospects for meeting the LMCôs objectives for prey fish. Because the conclusions from the most-recent 

state of Lake Michigan report (Robillard et al. 2012) indicated a commitment of the LMC to reexamine their 

FCOs given the changing conditions in the lake, this report should provide a foundation for future efforts 

aimed at revising the objective for planktivores.  

 

Fig. 1. Schematic trophic interactions of mesozooplankton (200-2,000 µm) and dreissenids with different size 

categories of phototrophic (right-hand side, in green) and heterotrophic (left-hand side, in brown) components of 

microbial and classic food webs modified from Fenchel (1988) for marine food webs: picoplankton (<2 µm), 

nanoplankton (2-20 µm), and microplankton (20-200 µm). Arrows show simplified relations while interactions from 

dissolved-organic-matter recycling are not shown. Mesozooplankton illustrations (from left to right) include 

Limnocalanus macrurus (Li); a representative cyclopoid copepod, Diacyclops thomasi (Cy, mostly carnivorous); a 

representative calanoid copepod (represented by diaptomids (Di), omnivorous); and an herbivorous daphnid (Da, 

filter feeder). D. thomasi and diaptomids are primary prey of Limnocalanus (Li), and daphnids are a major prey of 

Bythotrephes longimanus (By). Arrows on the far right side leading up to daphnids, diaptomids, and dreissenid 

mussels indicate their ability to access not only phototrophic components but also heterotrophic components (not 

shown) within a size range. Daphnids are efficient at capturing (filtering) many components of pico- and 

nanoplankton; diaptomids are efficient at capturing many components of the nano- and microplankton, particularly 

motile (often heterotrophic) prey; and D. thomasi is an obligate predator of motile prey, particularly 

microzooplankton. Dreissenids are able to access many components of the pico-, nano-, and microplankton but, at 

the same time, can be selective in their feeding in all size rages. Microplankton illustrations (from left to right) are a 

ciliate, a rotifer, and an assortment of large diatom colonies and cells. Nanoplankton illustrations (left to right) are 

heterotrophic flagellates, a detrital particle with bacteria, an assortment of phototrophic flagellates, and a small 

diatom. The picoplankton illustrations (left to right) are various bacteria and archaea (brown) and the smallest 

phytoplankton (green).  
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- Illustrations by Kim Kraeer, Tracey Saxby, Jane Thomas, and Lucy Van Essen-

Fishman; Integration and Application Network; University of Maryland Center for 

Environmental Science (http://ian.umces.edu/symbols/). 
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TRENDS IN LOWER TROPHIC LEVELS  

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

in Lake Michigan (see Bunnell et al. 2014; Madenjian et al. 2015). A unique aspect of this synthesis is that it 

examines trends in nearshore (<30 m) and offshore (>30 m) habitats whereas these environments are typically 

combined in lakewide accounts such as this. Our delineation of the nearshore follows the convention of Edsall 

and Charlton (1997) where the 30-m depth contour approximates where the thermocline intersects the lake bed 

in late summer-early fall. Time series were compiled across all available relevant data from monitoring 

agencies and from universities that conduct research on Lake Michigan. For each time series, we conducted a 

Spearman rank correlation to determine if a trend was evident (Ŭ = 0.05).  

Nutrients 

Annual TP inputs (loadings) from tributaries were compiled by Dave Dolan and colleagues between 1978 and 

2008 (Dolan and Chapra 2012). Loadings in 1978-1979 averaged 6,953 metric tonnes but then, over the next 

29 years, dropped to levels always lower than 5,000 metric tonnes (Appendix A, Fig. A1). Between 1980 and 

2008, annual loadings averaged 3,653 metric tonnes but were variable and without trend (r = -0.27, P = 0.16). 

Offshore TP concentrations in spring, monitored by the Environmental Protection Agency (EPA) Great Lakes 

National Program Office at 16 stations since 1983, have decreased by more than 50% between 1996 (5.84 

µg/L) and 2015 (2.81 µg/L; Fig. 2). Chapra and Dolan (2012) and R.P. Barbiero (unpublished data) have 

developed models to estimate offshore TP concentrations that should have been realized based on TP loadings, 

retention time, and settling coefficients (i.e., ignoring within-lake TP cycling processes). The 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. A1). These models suggest that within-lake TP cycling, 

perhaps caused by sequestration of TP by dreissenids, can explain the continued decline in offshore TP 

concentrations since the 1990s.  

Fig. 2. Time series of offshore (open 

circles, left axis) and nearshore (black 

symbols, right axis) spring total 

phosphorus (TP) concentrations. 
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At nearshore (i.e., <30-m bottom depth) sites, however, spring TP concentrations were generally higher than in 

the offshore and have not declined since 1999 near Muskegon, Michigan, (SAP, unpublished data; Fig. 2) or 

2006 near Milwaukee, Wisconsin (HAB, unpublished data; Fig. 2). Nearshore TP concentrations revealed 

considerable temporal variation. These nearshore time series are relatively recent and localized and should be 

considered provisional. Spring nearshore TP collected in 1996, 2014, and 2015 off of Grand Haven, which can 

be affected by high loadings from the Grand River, had values of 85, 16, and 12 µg/L, respectively (SAP, 

unpublished data). 

Water Clarity 

Mean Secchi-disk depth measured during spring and summer offshore EPA surveys underwent a remarkable 

step-wise increase in 2004: Secchi depths averaged 8.6 m in 1983-2003 and 13.9 m in 2004-2015, a 5.3-m 

increase (Fig. 3). No time series of clarity were available for the nearshore, but Auer et al. (2010) reported a 

decline in nearshore light extinction coefficients from 1975-1990 to 2002-2006. Our assumption is that water 

clarity has increased more in the offshore over the past decade or so than in the nearshore. Nearshore water 

clarity is highly episodic driven by loading and resuspension of sediments (see Vanderploeg et al. 2015). 

Fig. 3. Time series of offshore Secchi-disk depth 

collected by the EPA (compiled by RPB) 

averaged for April and August each year in Lake 

Michigan. Dashed lines indicate averages for 

1983-2003 and 2004-2014. 
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Phytoplankton 

Phytoplankton abundance, as reflected by chlorophyll a concentrations (a proxy of biomass), declined in both 

the nearshore and offshore zones in Lake Michigan from the early 1970s to 1994-1995 when an intensive 

spatiotemporal sampling effort occurred (Carrick et al. 2001). An analysis of time-series data covering more-

recent years revealed divergent patterns between nearshore and offshore sites. A steep decline in satellite-

derived estimates of offshore epilimnetic chlorophyll a (April to May) was observed from the late 1990s (~1.4 

ɛg/L) to the 2010s (~0.70 ɛg/L; Fig. 4, open circles) (B.M. Lesht, University of Illinois at Chicago and RPB, 

unpublished data). Time series of in situ nearshore chlorophyll a have been compiled for waters near 

Muskegon (1999-2015, SAP, unpublished data; Fig. 4, closed circles) and Milwaukee (2006-2015, HAB, 

unpublished data; Fig. 4, closed triangles). Neither nearshore time series revealed any trend in spring 

chlorophyll a concentrations during the period when dreissenids were present.  

Fig. 4. Time series for indices of spring 

primary production in Lake Michigan. Open 

circles indicating the time series for offshore 

(Barry M. Lesht, University of Illinois-

Chicago, 2017) remotely sensed chlorophyll a 

are plotted on the left axis. Black symbols 

indicating the time series for nearshore in situ 

chlorophyll a for Muskegon (circles, NOAA, 

compiled by SAP) and Milwaukee (triangles, 

University of Wisconsin-Milwaukee, 

compiled by HAB), are plotted on the right 

axis. 

 

 

 

Phytoplankton taxonomic composition at an offshore site near Muskegon, Michigan, has undergone dramatic 

changes since 1980. Prior to 1995, the assemblage was typically composed of a mixed assemblage of 

phototrophic pico- (cyanobacteria), nano- (chrysophytes, cryptophytes), and micro- (diatoms) plankton 

(Carrick et al. 2001; Fahnenstiel et al. 2010b). The assemblage exhibited considerable shifts in composition 

around 2007 when the spring diatom bloom nearly disappeared (Fahnenstiel et al. 2010a, 2010b). An analysis 

of the Muskegon offshore phytoplankton assemblage in 2013 indicated a shift towards pico- and nanoplankton 

dominance as compared with the assemblage present in 1987 (Carrick et al. 2015). Specifically, the percent 

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 µm in size. 
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Primary production in offshore waters near Muskegon has also undergone significant decadal changes since 

1983 (Fahnenstiel et al. 2010b). While production levels have been stable during mid- and late-stratification 

periods, production during the spring period has declined 78% from 1983-1987 to 2007-2008. Furthermore, in 

low-productivity systems like Lake Michigan, the highest chlorophyll a or primary production values during 

stratification are commonly within the deep chlorophyll layer (DCL) below the epilimnion (i.e., in the 

metalimnion or even hypolimnion). At two sites (45 m, 110 m) offshore of Muskegon that are sampled 

monthly, the DCL has been decreasing in size since the late 1990s (Pothoven and Fahnenstiel 2013; Pothoven 

et al. 2016), and the likely mechanisms are declining availability of phosphorus and filtration by dreissenids 

(especially at the 45-m site).  

Benthic Macroalgae 

Cladophora spp. and other benthic macroalgae appear to have benefited from higher nearshore TP (relative to 

the offshore) and increasing water clarity, both of which could be influenced by excretion of phosphorus and 

nitrogen by dreissenids (Carrick and Lowe 1988, 2007; Bootsma et al. 2015). Brooks et al. (2015) validated a 

remote sensing method to generate a time series of submerged aquatic vegetation (SAV) presumably 

dominated by Cladophora spp. near Sleeping Bear Dunes National Lakeshore, Michigan, and Milwaukee, 

Wisconsin. SAV increased at least fourfold at both sites between 1994 and 2009, a time period corresponding 

to increased abundance of zebra and quagga mussels in the nearshore zone. During the 1980s, the nearshore 

benthic algal assemblage was dominated by a diverse, native diatom assemblage (see Kingston et al. 1983).  

Microzooplankton 

The available time series for microzooplankton (e.g., protists, rotifers, veligers, copepod nauplii) are limited. 

Carrick et al. (2015) compared the abundance of smaller microzooplankton (flagellated and ciliated protists) 

between 1987 and 2013 at an offshore site near Muskegon, and they reported significant declines in the 

densities of ciliated protists, while the flagellated protist population remained stable. Time-series data for other 

microzooplankton from the EPA (includes epilimnetic estimates for nauplii, rotifers, and veligers) are being 

recompiled and were incomplete for this synthesis. This is unfortunate, given that larval fish consume copepod 

nauplii during their first weeks of life, and more-recent analyses indicate that veligers are also being consumed 

(Withers et al. 2015). The contribution 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 systems. Nearshore 

microzooplankton data were available only from the Illinois waters of the lake, and neither rotifers nor nauplii 

exhibited any linear trend between 1998 and 2015 (Illinois Natural History Survey (INHS), unpublished data; 

Appendix A, Fig. A2). Results from observations with net tows and a Plankton Survey System during the 2015 

Cooperative Science and Monitoring Initiative field year near Muskegon showed that veligers were the 

dominant zooplankter in nearshore to mid-depth waters during June and a codominant zooplankter during July 

(HAV, unpublished data). 

Mesozooplankton 

Two complementary time series for mesozooplankton exist for the offshore: a lakewide survey (16 sites) that 

the EPA conducts each April and August (data available from 1998-2013) and a 110-m site offshore of 

Muskegon that the National Oceanic and Atmospheric Administration (NOAA) surveys between March and 

November (usually biweekly during the stratified period; data available from 1986-2015 with missing years in 

1987 and 2004-2006) depending on weather conditions. Both surveys use a 153-µm mesh netðNOAA 

samples the entire water column and EPA samples down to a 100-m depth or to 2 m above the bottom at sites 

shallower than 100 m. For each survey, we averaged biomass for broad taxa (i.e., herbivorous cladocerans, 

calanoid copepods, cyclopoid copepods, predatory cladocerans) across sampling months in each year. We also 
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summed across the groups for an average annual crustacean biomass estimate. Because the biomass estimates 

are not comparable owing to differences in how animals are measured and which length-weight regressions are 

applied, we relativized each time series based on the year of maximum biomass. In the nearshore, two surveys 

were available: the Muskegon site (15-m bottom depth) conducted by NOAA (data available 1999-2015, 

missing 2004-2006) at a monthly interval similar to the offshore survey and a biweekly survey between June 

and October conducted by the INHS at two to three sites in Illinois waters at bottom depths ranging from 3 to 

10 m (data available 1999-2013). 

Total mesozooplankton biomass in the offshore declined over both of the southern-basin time series: EPA (Fig. 

5b, 1998-2013) and NOAA (Fig. 5c, 1986-2015). For the northern basin, however, the EPA time series 

revealed no significant trend (Fig. 5a). In the nearshore, total crustacean biomass also exhibited a declining 

trend from 1999 to 2015 in the NOAA time series (Fig. 6a) on the southeastern side of the lake. However, on 

the southwestern side of the lake, the INHS time series showed no significant decline from 1999-2013 (Fig. 

6b). These trends in total zooplankton biomass can obscure more taxa-specific 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 in the northern sites (panel a, P = 0.41, collected by the EPA and compiled by 

RPB). Significant linear trends were detected in southern sites (panel b, P = 0.003, EPA; panel c, P <0.001, 

collected by NOAA, compiled by SAP).  

 

 

Herbivorous cladocerans (primarily  Daphnia galeata mendotae and Bosmina spp.) in the offshore declined in 

all three time series. The EPA time series revealed declines from 1998 to 2013 (northern basin, P = 0.01; 

southern basin, P = 0.01) while the NOAA time series for the southern basin revealed declines from 1986 to 

2015 (P = 0.03). In the nearshore, however, herbivorous cladocerans have not declined significantly since 

1999 in either the NOAA (P = 0.45) or INHS time series (P = 0.07). 
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Fig. 6. Time series of total crustacean relativized biomass at two sites in the nearshore waters of southern Lake 

Michigan. Significant linear trends were detected in panel a (P = 0.02, collected by NOAA, compiled by SAP). No 

trend was detected in panel b (P = 0.38, collected by Illinois Natural History Survey (INHS), compiled by SMT). 

 

 

High abundance of cyclopoid copepods has occurred in Lake Michigan during periods of high abundances of 

Alewife, which preferentially selects larger calanoid copepods over smaller cyclopoids (Wells 1970; 

Vanderploeg et al. 2012). Cyclopoid copepods are largely carnivorous (LeBlanc et al. 1997) and more 

abundant in more-productive systems that support higher concentrations of microzooplankton and of visual 

predators (Hessen et al. 1995). Despite the reductions in offshore TP, only the NOAA time series detected a 

significant decline in cyclopoids (P = 0.05) between 1986 and 2015. In the EPA time series, cyclopoids were 

estimated to be at relatively low abundance in seven out of nine years since 2005 but exhibited high biomass 

levels in 2011 and 2013, which likely accounted for a non-significant negative trend. In the nearshore, both 

time series (NOAA, P = 0.045; INHS, P = 0.02) revealed a significant decline in cyclopoids between 1999 and 

2014.  

Calanoid copepods have been and still are dominant contributors to zooplankton biomass in Lake Michigan 

and have increased relative to other crustacean groups since 2004 (Vanderploeg et al. 2012; Pothoven and 

Fahnenstiel 2015). In particular, one key calanoid species, L. macrurus, has increased in Lake Michigan 

recently (Barbiero et al. 2009; Vanderploeg et al. 2012; Pothoven and Fahnenstiel 2015). For all calanoids, 

however, neither of the offshore EPA time series exhibited increasing biomass (EPA north, P = 0.33; EPA 

south, P = 0.14) between 1998 and 2013. In fact, calanoid copepods actually declined in biomass in the 

offshore NOAA time series from 1986-2015 (P = 0.0002) even though they still dominate the biomass of the 

mesozooplankton community. In the nearshore, neither time series (NOAA, P = 0.21; INHS, P = 0.93) trended 

significantly between 1999 and either 2013 (INHS) or 2015 (NOAA). 
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Trends in densities of predatory cladocerans, which include the non-indigenous spiny water flea (B. 

longimanus) and fishhook water flea (Cercopagis pengoi) as well as the native Leptodora kindtii, were not 

significant in any of the offshore (EPA north, P = 0.48, 1998-2013; EPA south, P = 0.75, 1998-2013; NOAA, 

P = 0.31, 1986-2015) or nearshore (NOAA, P = 0.70, 1999-2015; INHS, P = 0.31, 1999-2013) surveys. 

Alewife predation likely regulates B. longimanus densities, especially in nearshore waters (Pothoven et al. 

2007; Keeler et al. 2015; Vanderploeg et al. 2015). 

Mysis diluviana 

Mysids are large (4-20 mm) omnivorous invertebrates that are important diet items for many prey fish 

(Hondorp et al. 2005; Pothoven et al. 2010). Although abundance trends of Mysis diluviana vary by survey, 

mysid densities in the past 10 years are lower than estimated between 1995 and 2000 but not markedly 

different from 1985-1989. The U.S. Geological Survey (USGS) and Michigan DNR conduct an annual 

lakewide survey (N ~ 20 sites) each August since 2005 and found declining densities through 2015 (P = 0.01, 

Fig. 7). NOAA has conducted monthly sampling of a 110-m site offshore of Muskegon between March and 

November dating back to 1985 but with gaps between 1990 and 1994 and in 2001 and 2006. Average densities 

of 111/m
2
 (SE = 27) from 1985-1989, 191/m

2 
(SE = 43) from 1995-2000, and 72/m

2
 (SE = 10) from 2007-

2015 (Fig. 7) were reported.  

 

Fig. 7. Time series of Mysis diluviana densities in Lake Michigan estimated by NOAA (black bars, compiled by 

SAP) and the USGS and Michigan DNR) (gray bars, compiled by DMW). 

 

  

 






























































