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Using various available time series for Lake Michigan, we examined changes in the Lake Michigan food web
following the dreissenid mussel invasions and identified those changes most likely attributable to these
invasions, thereby providing a synthesis. Expansion of the quagga mussel (Dreissena rostriformis bugensis)
population into deeper waters, which began around 2004, appeared to have a substantial predatory effect on
both phytoplankton abundance and primary production, with annual primary production in offshore (N50 m
deep) waters being reduced by about 35% by 2007. Primary production likely decreased in nearshore waters as
well, primarily due to predatory effects exerted by the quagga mussel expansion. The drastic decline in Diporeia
abundance in LakeMichigan during the 1990s and 2000s has been attributed to dreissenidmussel effects, but the
exactmechanism bywhich themusselswere negatively affectingDiporeia abundance remains unknown. In turn,
decreased Diporeia abundance was associated with reduced condition, growth, and/or energy density in alewife
(Alosa pseudoharengus), lakewhitefish (Coregonus clupeaformis), deepwater sculpin (Myoxocephalus thompsonii),
and bloater (Coregonus hoyi). However, lake-wide biomass of salmonines, top predators in the food web,
remained high during the 2000s, and consumption of alewives by salmonines actually increased between the
1980–1995 and 1996–2011 time periods.Moreover, abundance of the lakewhitefish population, which supports
LakeMichigan's most valuable commercial fishery, remained at historically high levels during the 2000s. Appar-
ently, counterbalancing mechanisms operating within the complex Lake Michigan food web have enabled
salmonines and lake whitefish to retain relatively high abundances despite reduced primary production.

Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.
Introduction

Since the late 1980s, two species of dreissenidmussels have success-
fully invaded Lake Michigan. The zebra mussel (Dreissena polymorpha)
was the first to invade, starting during the late 1980s (Marsden,
1992). By 1993, the zebra mussel population in Lake Michigan was
well established (Nalepa et al., 1998). The quagga mussel (Dreissena
rostriformis bugensis) was first observed in Lake Michigan in 1997
(Nalepa et al., 2001), and the quaggamussel population had established
itself throughout the lake by 2004 (Nalepa et al., 2009). In fact, the
quagga mussel displaced the zebra mussel as the dominant dreissenid
by 2005, when the quaggamussel comprised 98% of the total dreissenid
population. In addition, the profundal form of the quagga mussel
).

tional Association for Great Lakes Re
colonized the offshore (N50 m deep) waters of Lake Michigan during
2004–2007 (Bunnell et al., 2009; Nalepa et al., 2009). Quagga mussels
had attained extremely high densities in Lake Michigan by 2010,
when lake-wide biomass density of quagga mussels was estimated to
be 20 g/m2 (dry-weight shell-free basis). In contrast, the peak lake-
wide biomass density of Diporeia, a native amphipod, observed in Lake
Michigan during the 1980s was 6 g/m2 (Nalepa et al., 2009). Moreover,
even allowing for the substantially higher energy density of Diporeia
compared with dreissenid mussels, the amount of energy represented
by the biomass of dreissenid mussels in Lake Michigan in 2007
exceeded the energy represented by peak Diporeia biomass in
Lake Michigan by twofold. Thus, the quagga mussel invasion of
Lake Michigan eventually led to a substantial increase in the flow of en-
ergy to the benthicmacroinvertebrate community, despite the dramatic
decrease in Diporeia abundance during the 1990s and 2000s (Nalepa
et al., 2009). To accurately interpret changes in the Lake Michigan
search.
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food web following the dreissenid mussel invasions, this increase in
the flow of energy to the benthic macroinvertebrate community must
be considered. The decrease in Diporeia abundance has been attributed
to the dreissenid mussel invasions, although the exact mechanisms
by which the dreissenid mussels are negatively affecting Diporeia
abundance remain unidentified. Clearance rates of dreissenids are
high even in cold water, and they filter feed on a broad range of phyto-
plankton, protozoa, and other seston (Vanderploeg et al., 2002, 2010;
Lavrentyev et al., 2014). This filtering by dreissenidmussels has contrib-
uted to a substantial increase (110% in spring; 68% over annual cycle) in
water clarity in Lake Michigan (Vanderploeg et al., 2010, 2012). In turn,
this increasedwater claritymay serve to increase the foraging efficiency
of certain visual predators, such as invasive cladocerans Bythotrephes
longimanus and Cercopagis pengoi, as hypothesized by Vanderploeg
et al. (2002, 2012). In addition, this increased water clarity appeared
to contribute to an increased abundance of the benthic green algae
Cladophora in the nearshore zone of Lake Michigan (Bootsma et al.,
2015; Brooks et al., 2015). Further, energy sources for fishes and
invertebrates appeared to switch from pelagic to nearshore benthic
during the course of this dreissenid mussel expansion period in
Lake Michigan, based on documenting changes in stable isotope signa-
tures for carbon in these animals over time (Turschak et al., 2014).

Dynamics of the Lake Michigan food web during 1970–2000 were
characterized by Madenjian et al. (2002), who identified the prelimi-
nary effects of the dreissenid mussel invasions on the food web. These
researchers concluded that the dreissenid mussel invasions had not
yet caused a significant decline in primary production in the offshore
waters of Lake Michigan. The decline in Diporeia abundance during
the 1990s was attributed to the dresissenid mussel invasions.
Madenjian et al. (2002) also concluded that the abundances of impor-
tant fish populations in LakeMichigan apparently had not yet decreased
in response to the dreissenid mussel invasions. However, decreases in
growth and condition of lake whitefish (Coregonus clupeaformis) and
alewives (Alosa pseudoharengus) during the late 1990s were attributed,
at least in part, to decreased Diporeia abundance (Madenjian et al.,
2002; Pothoven et al., 2001), and subsequent research has corroborated
these contentions (DeBruyne et al., 2008; Madenjian et al., 2003, 2006;
Pothoven and Madenjian, 2008). The importance of Diporeia in the diet
of both lake whitefish and alewives in Lake Michigan substantially
decreased with the decline of Diporeia abundance in the 1990s, appar-
ently leading to decreased growth and condition of both fishes. Alewife
energy density also decreased between the 1979–1981 and 2002–2004
periods likely due to decreased importance of Diporeia in alewife diet
(Madenjian et al., 2006).

The expansion of quagga mussels into deeper waters coupled with
the extremely high quagga mussel densities during the late 2000s has
sparked further research into the effects of the quagga mussel invasion
on the Lake Michigan lower food web (Fahnenstiel et al., 2010a).
Emerging evidence has indicated that the filtering activities of quagga
mussels caused a disappearance of the spring diatom bloom in the
offshore waters of Lake Michigan during the late 2000s, resulting in a
significant reduction in annual primary production (Fahnenstiel et al.,
2010b; Mida et al., 2010; Pothoven and Fahnenstiel, 2013;
Vanderploeg et al., 2010). During the 2000s, zooplankton community
structure in Lake Michigan has become more similar to that of Lake
Superior, as cladocerans and cyclopoid copepods have decreased
in abundance while the calanoid copepod Limnocalanus macrurus has
increased in abundance (Barbiero et al., 2012; Bunnell et al., 2014;
Vanderploeg et al., 2012). Vanderploeg et al. (2012) hypothesized that
the changes in cyclopoid copepod abundance may be partially
influenced by the quagga mussel expansion.

Our intent here is to formulate an updated synthesis on the changes
in the Lake Michigan food web following the dreissenid mussel inva-
sions, with an emphasis on foodweb changes accompanying the quagga
mussel expansion. We use an approach similar to the one used by
Madenjian et al. (2002) in that we examine time series for various
components of the food web and review the pertinent literature.
Then, we characterize the changes in the food web following the
dreissenid mussel invasions, and we identify those changes most likely
attributable to the dreissenid mussel invasions. Likewise, we identify
the food web changes that were probably not due to the dreissenid
mussel invasions. For purposes of this synthesis, the period of dreissenid
mussel establishment corresponds with the years following 1993,
and the start of the quagga mussel expansion is identified as 2004. In
developing our synthesis, we consider the findings and ideas of
Bunnell et al. (2014), Rogers et al. (2014), and Turschak et al. (2014),
who have provided new perspectives on the recent changes in the
Lake Michigan food web, in identifying those changes likely due to the
dreissenid mussel invasions and those changes not likely attributable
to the dreissenid mussel invasions. Finally, we offer some suggestions
for future research directed at trying to disentangle the effects of the
dreissenidmussel invasions from the effects of other factors influencing
the Lake Michigan food web.

Phytoplankton and primary production

Phosphorus has been identified as the major nutrient limiting
primary production in Lake Michigan (Schelske and Stoermer, 1971;
Schelske et al., 1974). In response to a control program, phosphorus
loadings to Lake Michigan substantially decreased during the 1980s
(Bunnell et al., 2014; Madenjian et al., 2002). Phosphorus loadings
to Lake Michigan have varied without trend since 1990 (Bunnell et al.,
2014).

Annual primary production in the offshore waters of Lake Michigan
has been estimated to have decreased by 35% between the 1983–1987
and 2007–2008 periods, and this decreasewas attributed to thefiltering
activities of quagga mussels during spring mixing (Fahnenstiel et al.,
2010b; Vanderploeg et al., 2010). During the spring isothermal period,
the entire water column may be influenced by quagga mussel filtering.
A spring diatom bloom was a prominent feature of the annual
phytoplankton dynamics in offshore waters of Lake Michigan during
1983–1998, but this bloom had disappeared by 2007. Based on filtering
rate calculations by Vanderploeg et al. (2010), quagga mussels alone
could account for the reduction in phytoplankton biomass during
the spring between the 1983–1987 and 2007–2008 periods. Thus, the
quagga mussel population appeared to be exerting some degree of
consumer control on phytoplankton during the spring by 2007 in
Lake Michigan's offshore waters (Fahnenstiel et al., 2010b; Mida et al.,
2010; Vanderploeg et al., 2010). Spring chlorophyll a concentration,
an indicator of phytoplankton biomass in the spring, showed a modest
decrease between the 1983–1987 and 1995–1998 periods in the
offshore waters of Lake Michigan, but then decreased substantially by
2007–2008 (Fig. 1). Spring total phosphorus concentration (TP), an in-
dicator of primary production, in the offshore waters of Lake Michigan
exhibited a temporal pattern similar to that of spring chlorophyll a
concentration (Fig. 1).

Although the above-mentioned temporal trends in primary produc-
tion and spring phytoplankton biomass were based on sampling the
110-m bottom depth site off Muskegon, MI by the National Oceanic
and Atmospheric Administration (NOAA) Great Lake Environmental
Research Laboratory (GLERL), these trends appear to be reflective of
the entire lake. These trends at Muskegon were in accord with the
trends documented by the lake-wide survey conducted by the U. S. En-
vironmental Protection Agency (USEPA) Great Lakes National Program
Office (GLNPO) at 16 offshore sites in April and August of each year,
1998–2011. The GLNPO survey also documented substantial decreases
in both spring TP and spring chlorophyll a concentration in the offshore
waters during the quagga mussel expansion (Barbiero et al., 2012).
Similarly, satellite-derived estimates of spring chlorophyll a concentra-
tions, on a lake-wide basis, indicated a considerable reduction in spring
phytoplankton biomass in offshore waters of Lake Michigan during the
quagga mussel expansion (Lesht et al., 2013).
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Fig. 1.Average spring total phosphorus (TP) concentration (upper panel) and average
spring chlorophyll a concentration (lower panel) (from March until water tempera-
ture reached 4 °C) at an offshore (110-m bottom depth) station off Muskegon, MI in
Lake Michigan during three time periods between 1983 and 2011. Refer to
Fahnenstiel et al. (2010b) and Mida et al. (2010) for sampling details.
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The magnitude of the deep chlorophyll layer (DCL) in offshore
waters of southeastern Lake Michigan substantially decreased between
the 1995–2000 and 2007–2011 periods (Pothoven and Fahnenstiel,
2013). This decrease occurred despite the increase in water clarity.
Moreover, this decrease has been attributed to the quagga mussel
expansion: (1) causing the elimination of the spring diatom bloom,
and (2) altering the flowof nutrients from the nearshore to the offshore.
Pothoven and Fahnenstiel (2013) also concluded that although chloro-
phyll a concentration in the summertime surface mixed layer in the
offshore waters of southeastern Lake Michigan did not significantly
change between the 1995–2000 and 2007–2011 periods, chlorophyll a
concentration in the near bottom zone (bottom 20 m of water column)
decreased by 63% and 54% in the early summer and late summer,
respectively, between these two periods. Reasons given for this
decrease in near bottom chlorophyll a were identical to the reasons
given for the reduced DCL.

Themost significant change in the phytoplankton community struc-
ture of Lake Michigan's offshore waters between 1983 and 2007–2008
was the dramatic decrease in diatom (Bacillariophyceae) biomass in
spring between the 1995–1998 and 2007–2008 periods (Fahnenstiel
et al., 2010b). Similarly, biomass of Chrysophyceae and small flagellates
underwent a drastic decrease in spring between 1995–1998 and 2007–
2008. While diatom biomass substantially decreased in the mid-
stratification period (typically July through September) between
1995–1998 and 2007–2008, biomass of cyanobacteria and chlorophytes
actually increased between these two periods of time. Biomass of
Chrysophyceae and small flagellates in the late-stratification period
(October through December) was more than 5 times higher during
1995–1998 and 1983–1987 than that during 2007–2008 (Fahnenstiel
et al., 2010b). In examining changes in the b53 μmand N53 μmsize frac-
tions of chlorophyll a concentration between these two time periods,
Vanderploeg et al. (2010) noted the greater decrease in the N53 μm
size fraction, which is typically dominated by colonial diatoms (Bundy
et al., 2005).

Based on results from remote sensing imagery and primary produc-
tion modeling, Yousef et al. (2014) estimated that spring primary
production in southern Lake Michigan declined to a greater degree in
waters between 30 and 90 m deep than in waters N90 m deep during
1998–2010. Further, these researchers attributed these decreases in
primary production to predatory effects exerted by quagga mussels.
Coincidentally, quaggamussels attained their highest biomass densities
in the 31 to 50mbottomdepth range, and their second highest biomass
densities in the 51 to 90 m bottom depth range during 2005–2010 in
southern Lake Michigan (Nalepa et al., 2009). Although Yousef et al.
(2014) concluded that the reduced primary production in southern
Lake Michigan was driven by grazing effects of the quagga mussel
expansion on phytoplankton lake-wide biomass, they acknowledged
that the reduction in phosphorus loadings to Lake Michigan during
the 1980s and sequestration of nutrients by the expanded quagga
mussel population may have made minor contributions to the reduced
primary production since quagga establishment. The findings from
Yousef et al. (2014) indicated that the effects exerted by the quagga
mussel population on phytoplankton biomass occurred in both the
offshore and nearshore (≤50 m deep) waters of Lake Michigan,
with primary production reduced in both regions of the lake during
1998–2010.

Although not assessed by Yousef et al. (2014), benthic primary
production in nearshore waters of Lake Michigan has increased since
1990 (Bootsma et al., 2015; Brooks et al., 2015). This increase in benthic
primary production has been driven by an increase in the abundance of
the green algae Cladophora in association with increased water clarity
brought about, at least in part, by the dreissenid mussel invasions.
This increased benthic primary production in the nearshore zone
would partly compensate for the above-mentioned reduction in pelagic
primary production in the nearshore zone of Lake Michigan (Bootsma
et al., 2015; Brooks et al., 2015). In addition, sloughed-off Cladophora
and associated periphyton from the nearshore zone has been suspected
of being transported offshore, thereby providing a subsidy to the off-
shore zone (Bootsma et al., 2015; Turschak et al., 2014). If this subsidy
is indeed being realized, then the increase in Cladophora abundance,
as well as the increase in abundance of periphyton associated with
Cladophora, may be having far-reaching effects on the Lake Michigan
food web. Note that spatial distribution of Cladophorawithin the near-
shore zone of Lake Michigan was extremely patchy, with Cladophora
being abundant in some areas and absent in others.
Benthic macroinvertebrates

Diporeia abundance in LakeMichigan dramatically decreased during
1994–2005, whereas quagga mussels rapidly increased in abundance
during 2000–2010 (Fig. 2). Decreased Diporeia abundance has been
attributed to the dreissenid mussel invasions, but the mechanisms by
which the dreissenid mussels may have caused a reduction in Diporeia
abundance have yet to be identified (Fahnenstiel et al., 2010a; Nalepa
et al., 1998, 2000, 2009). In the southern basin, biomass density of
quagga mussels was greatest in the 31–50 m bottom depth range, and
reached a peakdensity of N40 g/m2 by2008, and then slightly decreased
during 2008–2010 (Fig. 3). Quagga mussel biomass density was second
highest in the 51–90 m bottom depth region, and steadily increased
during 2000–2010. Quagga mussel biomass density in the 16–30 m
bottom depth region attained a peak density of about 7 g/m2 in 2006,
and then decreased during 2007–2010 (Fig. 3). Lowest biomass densi-
ties of quagga mussels were observed in the N90 m bottom depth
region, but densities in this region appear to still be increasing. Zebra
mussel biomass density was greatest in the 31–50 m bottom depth
region, where a peak density of about 7 g/m2 was observed in 2003,
but zebra mussel biomass densities quickly declined during 2003–
2006 (Fig. 3). This decline has been attributed to the rapid increase of
quagga mussel abundance (Nalepa et al., 2009). Nalepa et al. (2010)
observed a decrease in the condition index of quagga mussels in the
waters b50 m deep of southern Lake Michigan between 2004 and
2008, whereas lipid content and glycogen content of the quagga
mussels did not decline during this timeperiod. Given the huge increase
in quagga mussel abundance over this time period, at least part of this



Fig. 2. Changes in Diporeia numeric density in LakeMichigan during 1994–2010 (upper panel) and in quagga mussel numeric density in Lake Michigan during 1994–2010 (lower panel).
Note difference in numeric scales between the panels. This figure was modified from one presented by Nalepa et al. (2014b).
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decrease in condition index may be attributable to compensatory
density-dependent effects.

Zooplankton

Total zooplankton biomass in offshore waters of Lake Michigan
showed wide variation across years but trended neither downward
nor upward during 1994–2011 (Fig. 4), suggesting that the dreissenid
mussel invasions did not affect total zooplankton biomass. However,
zooplankton community structure underwent major changes during
this time period (Vanderploeg et al., 2012). Calanoid copepod biomass
density appeared relatively stable during 1994–2011, whereas
cyclopoid copepod biomass density showed an overall decreasing
trend during the 2000s (Fig. 4). Although biomass density of herbivo-
rous cladocerans declined during the 2000s, biomass density of certain
omnivorous and predatory zooplankters, including Leptodiaptomus
ashlandi, Leptodiaptomus sicilis, Epischura lacustris, L. macrurus, and
B. longimanus, increased during the 2000s (Vanderploeg et al., 2012).
These changes in zooplankton community structure have been primar-
ily attributed to depressed abundance of age-1 and older alewives
during the late 2000s and an associated increase in B. longimanus
abundance, but quagga mussel effects were also likely involved.
B. longimanus abundance increased during the late 2000s, due at least
in part to depressed levels of age-1 and older alewives which serve as
predators on B. longimanus. With increased light penetration arising
from filtering activities of quagga mussels, foraging efficiency of
B. longimanus likely increased (Vanderploeg et al., 2012). In turn,
increased abundance and foraging efficiency of B. longimanus likely led
to decreased abundance of certain herbivorous cladocerans, including
Daphniamendotae, and cyclopoid copepods, notably Diacyclops thomasi.
Not only is B. longimanus capable of preying upon these zooplankters,
but increased abundance of B. longimanus could also have had impor-
tant indirect negative effects on the abundances of these zooplankters,
by causing them to undertake greater diel migrations into cold water,
where feeding rate and growth potential could potentially be lower
(Pangle and Peacor, 2006). The increase in L. macrurus abundance
during the late 2000s may also have been partly attributable to the
depressed abundance of age-1 and older alewives (Vanderploeg et al.,
2012). In addition, Vanderploeg et al. (2012) hypothesized that
the D. thomasi crash was partly due to a decline in protozoan



Fig. 3.Biomass densities (in gramsof shell-free, ash-freedryweight perm2) of zebramussels and quaggamussels in four bottomdepth zones of the southernbasin of LakeMichiganduring
1998–2010. This figure was modified from one presented by Nalepa et al. (2013).
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microzooplankton associated with quagga mussels cropping the proto-
zoan microzooplankton and their phytoplankton prey; D. thomasi is
heavily dependent on microzooplankton for food. Finally, Vanderploeg
et al. (2012) concluded that the strong alewife year-class of 1998 was
likely a driver of low zooplankton abundance in 1999.

The GLNPO time series for total zooplankton biomass in offshore
waters of Lake Michigan showed a decreasing trend during 1998–
Fig. 4.Biomass densities (in gramsof dryweight perm3) of calanoid copepods, cyclopoid copepo
depth) station off Muskegon, MI in Lake Michigan during 1994–2011. Nauplii were not includ
were included in the calculation of total zooplankton biomass density. Refer to Vanderploeg et
2011 (Barbiero et al., 2012; R. Barbiero, CSC and Loyola University
Chicago, 1359 W. Elmdale Ave., Chicago, IL 60660, personal commu-
nication, 7/16/2014), while the GLERL time series lacked a long-term
trend. This discrepancy between the GLNPO and GLERL time series
was apparently not driven by the difference in spatial coverage
between the two surveys. The GLNPO time series was based on a
lake-wide survey of offshore waters of Lake Michigan, whereas the
ds, herbivorous cladocerans, and all crustacean zooplankton at an offshore (110-mbottom
ed in the biomass density calculations for calanoid copepods and cyclopoid copepods, but
al. (2012) for sampling details.

Image of Fig. 3
Image of Fig. 4


Fig. 6. Summer numeric densities ofMysis diluviana in Lake Michigan during 1985–2010.
Data taken from Lehman et al. (1990), Pothoven et al. (2004), and D. M. Warner (unpub-
lished data). Refer to text for additional sampling details.
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GLERL survey was based on sampling the 110-m bottom depth site
off Muskegon, MI. Rather, the decreasing trend in the GLNPO time
series was likely a consequence of the time series being based on
once-a-year sampling in August. In contrast, the GLERL time series
was based on sampling at least once amonth fromMarch/April through
November/December. Selection of only the August observations in the
GLERL data set, and then calculation of an average August value for
each year, yielded a time series exhibiting a downward trend during
1998–2011 (Fig. 5). In essence, the August time series from the GLERL
data set mimicked the GLNPO time series. These results indicated that
even though total zooplankton biomass in August declined during
1998–2011, annual total zooplankton biomass in the offshore waters
did not decline.

Although a long-term time series for total zooplankton biomass in
the nearshore waters of Lake Michigan is unavailable, Pothoven and
Fahnenstiel (2015) contended that total zooplankton biomass in near-
shore waters decreased in response to the quagga mussel expansion
in Lake Michigan. Their contention was based on tracking zooplankton
biomasses at the 15-m, 45-m, and 110-m sites off Muskegon, MI across
seasons during 2007–2012, and then comparing their estimates of total
zooplankton biomasswith those at similar depths fromprevious studies
conducted during the late 1970s in southeastern Lake Michigan. If their
contention is correct, it would suggest that the reduction in primary
production in nearshore waters, which was a consequence of the quag-
ga mussel expansion, led to a decline in total zooplankton biomass in
nearshore waters via bottom-up effects. Again, this reduced primary
production has been attributed primarily to grazing effects of the quag-
ga mussels on phytoplankton biomass (Yousef et al., 2014).

Mysis diluviana

Based on the available data, long-term trends in opossum shrimp
M. diluviana abundance in Lake Michigan during 1985–2010 were not
readily apparent (Fig. 6), indicating that the dreissenidmussel invasions
had not affected M. diluviana abundance. Data on M. diluviana
abundance in Lake Michigan at the lake-wide scale are quite limited.
Lehman et al. (1990) sampled in August 1985–1989 across a wide
geographic scale at 5–10 sites per year with bottom depths up to
210m. In 2000, Pothoven et al. (2004) sampled seasonally (spring, sum-
mer, and fall) at 16 sites over a wide geographic range at bottom depths
≤100 m. Unpublished data (D.M. Warner) from August 2005–2010
were based on sampling 12–30 sites each year with bottom depths
ranging from 18 m to over 200 m. In all three studies, vertical tows
were made using nets with a 1-m diameter, but Lehman et al. (1990)
used mesh sizes ranging from 130–300 μm, whereas 1000-μm mesh
was used in the other two studies. Chipps and Bennett (1996) found,
based on comparing performances between 333-μm and 1000-
μm mesh sizes, that M. diluviana catch did not significantly vary
between the two mesh sizes. Similarly, using the data from Lehman
et al. (1990), we found that M. diluviana density did not significantly
Fig. 5. Biomass densities (in grams of dry weight per m3) of all crustacean zooplankton at
an offshore (110-m bottom depth) station off Muskegon, MI in Lake Michigan during
August, 1994–2011. Refer to Vanderploeg et al. (2012) for sampling details.
vary between the 130-μm and 300-μm mesh sizes (t test: t = 0.19;
P = 0.42; N = 5 per mesh size). Thus, the Lehman et al. (1990) data
should be at least roughly comparable with the data from the two
more recent studies. In another study in waters 45-m to 110-m deep
off Muskegon, MI, Pothoven et al. (2010) documented a decrease in
M. diluviana abundance during 1995–2008. One plausible explanation
for this abundance decline at Muskegon was that a portion of the
M. diluviana population moved to deeper waters, perhaps triggered by
increased water clarity brought about by the dreissenid mussel inva-
sions.M. diluviana has been shown to have a high degree of light sensi-
tivity (Gal et al., 1999). Moreover,M. diluviana abundance at the 110-m
deep site at Muskegon during 2007–2008 was similar to M. diluviana
abundance at a 100-m deep site off Grand Haven, MI (just 20 km from
the Muskegon site) during 1985–1989, suggesting no change in
abundance between the two time periods (Pothoven et al., 2010).

Growth and reproductive characteristics of M. diluviana did not
appear to have been affected by the quagga mussel expansion in
Lake Michigan, as these characteristics did not change between the
1995–2002 and 2007–2008 periods (Pothoven et al., 2010). However,
lipid content of M. diluviana from Lake Michigan was lower during
2009–2010 than during the 1980s, 1990s, or early 2000s, and this rela-
tively low lipid content was attributed to the disappearance of the
spring diatom bloom and the DCL decline, both of which were believed
to be consequences of the quagga mussel expansion (Pothoven et al.,
2012a,b). The M. diluviana population in Lake Michigan has provided,
and continues to provide, a high-energy food source for many
planktivorous and benthivorous fishes (Bunnell et al., 2015; Davis
et al., 2007; Hondorp et al., 2005; Wells, 1980).

Prey fish

Alewife

The alewife population in Lake Michigan has been under top-down
control by salmonines since the early 1980s (Madenjian et al., 2002,
2005b; Tsehaye et al., 2014a). Accordingly, biomass density of YAO
(yearling and older) alewives has generally remained at relatively
low levels since 1982 (Fig. 7). Biomass density of YAO alewives was ex-
ceptionally low during 2004–2011, concomitant with increased
predation by salmonines (Fig. 8; Tsehaye et al., 2014a,b). This increased
predationwas attributable to: (1) increased production of wild Chinook
salmon smolts from tributaries to Lake Huron during the late 1990s
serving as a new source of recruitment to the Lake Michigan Chinook
salmon population, because Chinook salmon have been documented
to migrate from Lake Huron to Lake Michigan (Adlerstein et al., 2007;
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Fig. 7.Biomass densities (wet-weight basis) of preyfish in LakeMichigan during 1973–2011, based on theU. S. Geological Survey (USGS) Great Lakes Science Center (GLSC) annual bottom
trawl survey (Madenjian et al., 2014). Note that vulnerabilities to the bottom trawl may vary across prey fish species.

Fig. 8. Lake-wide biomass (wet-weight basis) of salmonines in Lake Michigan (upper
panel) and annual lake-wide consumption of alewives (wet-weight basis) by the
salmonine populations in Lake Michigan (lower panel), as estimated by the Tsehaye
et al. (2014a,b) predator–prey model, during 1965–2011. Salmonines included lake
trout (light shading), brown trout (dark shading), rainbow trout (open), coho salmon
(vertical bars), and Chinook salmon (solid).
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Tsehaye et al., 2014a,b; Williams, 2012), (2) increased importance of
alewives in the diet of Lake Michigan Chinook salmon during the late
1990s or 2000s (Jacobs et al., 2013), and (3) an increase in feeding
rates of individual Chinook salmon that was likely linked to a decrease
in energy density of adult alewives during the late 1990s (Madenjian
et al., 2006). This decrease in adult alewife energy density, as well as
decreases in alewife growth and condition (Madenjian et al., 2003),
were most likely due to decreased importance of Diporeia in adult
alewife diet brought about by the decrease in Diporeia abundance.
Because the drop in Diporeia abundance is presumed to be an effect of
the dreissenid mussel invasions, these declines in alewife energy densi-
ty, growth, and condition are also considered consequences of
the dreissenid mussel invasions. Adult alewife condition dropped in a
stepwise fashion in 1995, but has not exhibited any further declines
since that time (Fig. 9). Earlier research suggested that cold winters
had a negative influence on alewife abundance in Lake Michigan (Eck
and Brown, 1985), but results from regression analyses applied to the
Great Lakes Science Center (GLSC) bottom trawl time series indicated
otherwise. Specifically, results from linear regression modeling of
the spawner–recruit relationship indicated that winter severity
did not have a significant effect on alewife recruitment in Lake
Michigan, and a similar conclusion was reached for Lake Huron as well
(Collingsworth et al., 2014;Madenjian et al., 2005b). In addition, results
from bioenergetics modeling applied to predator populations showed
that predation was an important driver of the alewife collapse during
2002–2004 in Lake Huron (He et al., 2015). Several researchers have
attributed decreases in alewife abundance in Lakes Huron and Ontario
to relatively cold winter water temperatures (Dunlop and Riley, 2013;
O'Gorman and Schneider, 1986; Ridgway et al., 1990). Perhaps relative-
ly cold winters do contribute, in some cases, to enhanced overwinter
mortality of alewives. Perhaps sudden drops in water temperature
during the spring and early summer can also lead to enhancedmortality
of alewives in some cases, as hypothesized by Stanley and Colby (1971).
Nevertheless, the population modeling by Tsehaye et al. (2014a) indi-
cated that predation by salmonines has been, and continues to be, the
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Fig. 9. Wet weight of a 175-mm (total length) alewife from Lake Michigan during
1979–2011, based on length–weight regression analysis applied to data from the
GLSC annual bottom trawl survey (Madenjian et al., 2014).
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primary driver of alewife abundance in Lake Michigan, and predation
mortality has remained the predominant source of mortality experi-
enced by alewives in the lake since the early 1980s.

Apparently, the dreissenid mussel invasions have not impaired the
ability of alewives to reproduce in Lake Michigan. According to the
predator–prey statistical age-structured model developed by Tsehaye
et al. (2014a), predicted alewife year-class strength was higher, on
average, during 1994–2010 (9.2 billion fish) than during 1973–1993
(6.7 billion fish) (Fig. 10). Further, according to the modeling results,
the largest alewife year-class produced in Lake Michigan since 1970
was the 1998 year-class. Thus, even when alewife condition was
relatively low, the alewife population was still capable of producing
very large year-classes. In addition, acoustic survey estimates of alewife
year-class strength indicated that the frequency of large year-classes did
not change between the 1992–1996 and 2002–2010 periods (Warner
et al., 2014), further supporting the contention that the quagga mussel
expansion has not affected the alewife population's capacity to
reproduce. The 1992–1996 period yielded one strong year-class (1995
year-class), and the 2002–2010 period yielded two strong year-classes
(2005 and 2010 year-classes). Moreover, results from linear regression
modeling of the spawner–recruit relationship, using bottom-trawl esti-
mates, indicated that primary production did not have a significant
effect on alewife recruitment in Lake Michigan during 1962–2002
(Madenjian et al., 2005b).
Fig. 10. Year-class strengths of alewives, as determined from the Tsehaye et al. (2014a)
predator–prey model estimates of number of age-0 alewives in Lake Michigan during
the fall, for years 1973–2010.
Bloater

YAO bloater (Coregonus hoyi) biomass density dramatically declined
during the late 1990s and 2000s (Fig. 7), and this decline has been
attributed to a prolonged period of generally low recruitment during
1992–2011 (Bunnell et al., 2009;Madenjian et al., 2014). This prolonged
period of low recruitment was probably not attributable to the
dreissenid mussel invasions, because bloater recruitment in Lake
Superior exhibited a temporal pattern similar to that in Lake Michigan
even though dreissenid mussels have not successfully invaded
Lake Superior (Madenjian et al., 2008; Bunnell et al., 2010). Moreover,
strong year-classes of bloaters have been produced in Lake Huron
during the past five years despite the increasing population biomass of
quagga mussels in the lake (Riley et al., 2014). Surveillance via bottom
trawling and via acoustics coupled with midwater trawling indicated
that the bloater population in Lake Michigan showed some signs of
recovery during the late 2000s, but the recovery has stalled
(Madenjian et al., 2014; Warner et al., 2014). This stall in the recovery
could possibly be explained by: (1) predation on juvenile bloaters
preventing the recovery (seeWarner et al. (2008) for a specific example
of a potential mechanism), or (2) movement of bloaters to deeper
waters. Warner et al. (2008) suggested that predation on juvenile
bloaters by juvenile Chinook salmon could potentially represent an
impediment to bloater recovery in Lake Michigan. Reports from
Lake Michigan commercial fishers have suggested that a substantial
portion of the bloater population has moved to waters deeper than
those sampled by the GLSC bottom trawl survey (i.e., 9–110 m bottom
depths). If bloaters have indeed moved to deeper waters in Lake
Michigan, perhaps this movement was driven by the apparent migra-
tion to deeper waters by M. diluviana, which has become the predomi-
nant prey of bloaters during the 2000s (Bunnell et al., 2015). Bloater
biomass in Lake Michigan could possibly have increased since 2010,
but the GLSC bottom trawl survey has been unable to detect this poten-
tial increase due to changes in bloater depth distribution and behavior.

Dreissenid mussels may be affecting the bloater population in at
least two ways. First, bloater energy density appeared to have been
affected by the decreased abundance of Diporeia, as bloater energy
density in 2008–2009 was similar to that during 1998–2001 even
though YAO bloater biomass density was substantially higher in
1998–2001 than in 2008–2009 (Pothoven et al., 2012a,b). A substantial
increase in energy densitywas expected between 1998 and 2009 due to
density-dependent effects, but no increase was actually observed. In
contrast, lipid content, which is closely linked to energy density
(Madenjian et al., 2006), of Lake Michigan bloaters decreased by about
50% during the 1980s, when bloater population size underwent a
dramatic increase (Madenjian et al., 2002). Diporeia was an important
diet constituent for Lake Michigan bloaters during 1970–1995 (Davis
et al., 2007; Rudstam et al., 1994), but its importance in bloater diet
decreased during the 2000s (Bunnell et al., 2015; Hondorp et al.,
2005). Second, dreissenid mussels could be reducing catchability of
bloaters in the GLSC daytime bottom trawl survey, perhaps by
increased water clarity or by inducing bloaters to move to deeper
waters and/or to spend more time off the lake bottom.

Rainbow smelt

YAO rainbow smelt (Osmerus mordax) biomass density in Lake
Michigan remained relatively high through the 1980s, but then
underwent a drastic decrease during 1993–2001, and has remained at
relatively low levels thereafter (Fig. 7). These long-term temporal
trends were not well explained by predation effects imposed by
salmonines (Tsehaye et al., 2014a), and this time series remains a
difficult one to interpret (Madenjian et al., 2002, 2014). O'Brien et al.
(2014) found that spring precipitation was an important factor
regulating rainbow smelt recruitment in Lake Huron, and these re-
searchers proposed that spring precipitation influenced the availability
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of stream-spawning habitat for rainbow smelt. However, a similar
regression analysis for LakeMichigan revealed that spring precipitation
did not significantly affect rainbow smelt recruitment in Lake Michigan
(Feiner et al., 2015).

Sculpins

Deepwater sculpin (Myoxocephalus thompsonii) biomass density
remained at moderately high levels during the 1990s and early 2000s,
but then rapidly declined during 2005–2011 (Fig. 7). This rapid decline
has been attributed to movement of the bulk of the deepwater sculpin
population towaters deeper than 110m, and coincidedwith the quagga
mussel expansion (Madenjian et al., 2014). If M. diluviana did move to
deeper waters during the 2000s, then this apparent movement by
deepwater sculpins may have been in response to aM. diluvianamigra-
tion. Madenjian and Bunnell (2008) documented a trend toward
occupying deeper water for deepwater sculpins beginning in the late
1980s and continuing through the early 2000s, and by 2007 most of
the population may have moved outside the range of the bottom
trawl survey. Supplementary bottom trawl tows at depths ranging
between 128 and 132 m performed during September 2013 supported
this contention of movement to deeper waters (Madenjian et al.,
2014). Energy density of Lake Michigan deepwater sculpins decreased
by 26% during 2001–2009, and this decrease was attributed to de-
creased importance of Diporeia in deepwater sculpin diet (Pothoven
et al., 2011). By 2009, M. diluviana represented nearly all of the diet of
deepwater sculpins, while Diporeia greatly declined in diet importance
due to its decreasing abundance (Bunnell et al., 2015).

Slimy sculpin (Cottus cognatus) biomass density in Lake Michigan
appeared to be considerably influenced by predation by juvenile lake
trout (Salvelinus namaycush) (Madenjian et al., 2005a, 2014). Slimy
sculpins are favored prey items for juvenile lake trout. Slimy sculpin
abundance decreased when lake trout stocking was focused in
nearshore waters during 1965–1985, but slimy sculpin abundance
within the waters covered by the bottom trawl survey increased during
1985–2006 when lake trout stocking becamemore focused on offshore
reefs that were not located within the area covered by the survey. The
decrease in slimy sculpin biomass density following 2009 was concom-
itant with a substantial increase in the rate of stocking lake trout into
Lake Michigan and an increase in abundance of wild juvenile lake
trout in the lake, especially in the southern portion (Lake Trout
Working Group, 2014; Madenjian et al., 2014).

Ninespine stickleback

The dreissenid mussel invasions appeared to benefit the ninespine
stickleback (Pungitius pungitius) population in Lake Michigan, as
ninespine stickleback biomass density increased more than fivefold
between the 1973–1995 and 1996–2007 periods (Fig. 7). Madenjian
et al. (2010a) hypothesized that the increased biomass of green algae
Cladophora associated with the dreissenid mussel invasions improved
spawning habitat for ninespine sticklebacks, thereby facilitating
increased abundance. Ninespine sticklebacks are nest builders, and
they prefer to use aquatic vegetation in constructing their nests. In
support of the Madenjian et al. (2010a) hypothesis, the time series de-
veloped by Brooks et al. (2015) for spatial extent of submerged aquatic
vegetation (including Cladophora) in two areas of Lake Michigan were
well synchronizedwith the GLSC bottom trawl time series for ninespine
stickleback biomass density during years 1973–2007. Ninespine stickle-
back biomass density fell precipitously during 2007–2011, and this sud-
den drop has been attributed to increased predation from salmonines.
Ninespine sticklebacks were not found in the stomachs of Chinook
salmon caught during 1994–1996, but accounted for 1.6% of the diet
of large Chinook salmon during 2009–2010 (Jacobs et al., 2013). With
YAO alewives at very depressed levels of abundance during the late
2000s, apparently Chinook salmon had begun to incorporate ninespine
sticklebacks into their diet. Similarly, the decrease in ninespine stickle-
back abundance in Lake Superior between the 1978–1999 and 2000–
2007 periods was attributed to increased predation by siscowet lake
trout (Madenjian et al., 2010a).

Round goby

Round gobies (Neogobius melanostomus) invaded Lake Michigan
during the 1990s and have been observed in harbors and bays since
1993, with some sightings in the southern main basin of the lake as
early as 1997 (Clapp et al., 2001). Round gobies were not captured in
the GLSC bottom trawl survey of Lake Michigan until 2003, but round
goby biomass density rapidly increased during 2003–2011 (Fig. 7).
Round goby biomass density may already have leveled off in Lake
Michigan, and signs of predatory control have been detected
(Madenjian et al., 2014). Several piscivorous fishes prey upon
round gobies in Lake Michigan, and estimates of annual mortality
rates for adult round gobies during 2008–2012 ranged from 79 to
85%, which are comparable to the mortality rates currently experi-
enced by Lake Michigan adult alewives (Huo et al., 2014; Tsehaye
et al., 2014a).

Salmonines

The salmonines represent the predominant top predators in the
Lake Michigan food web (Claramunt et al., 2012; Madenjian et al.,
2002). A major salmonine stocking program for Lake Michigan was
launched in 1965, and has continued to the present (Madenjian et al.,
2002; Tsehaye et al., 2014b). The five species currently stocked are
lake trout, Chinook salmon, coho salmon (Oncorhynchus kisutch), rain-
bow trout (Oncorhynchus mykiss), and brown trout (Salmo trutta). On
average, Chinook salmon accounted for roughly 40% of the total
salmonine biomass, while lake trout and rainbow trout each contribut-
ed about 25% to the total salmonine biomass (Tsehaye et al., 2014b).
During the 2000s, about 60% of the Chinook salmon caught in Lake
Michigan were wild, rather than hatchery, fish (Williams, 2012). In
contrast, natural reproduction by lake trout in Lake Michigan has been
limited (Lake Trout Working Group, 2014). Although the percentage
of wild lake trout taken in the spring gillnet surveys increased during
2005–2013, the percentage remained under 10% on a lake-wide basis.
The recent increase in lake trout natural reproduction was most likely
due to the recently depressed levels of adult alewife abundance in the
lake; alewives can impair lake trout natural reproduction via predation
on lake trout fry and via thiamine deficiency (Fitzsimons et al., 1999;
Lake Trout Working Group, 2014; Madenjian et al., 2008). A diet rich
in alewives can lead to thiamine deficiency in lake trout, and a
sufficiently low thiamine level in lake trout eggs can lead to reduced
egg survival.

Lake-wide salmonine biomass, as estimated from the modeling
effort by Tsehaye et al. (2014b), increased steadily and rapidly dur-
ing 1965–1978, and then peaked in 1986 at 27.4 kilotons (kt, 1 kt =
1000 metric tons) (Fig. 8). Salmonine biomass declined by about 25%
during 1986–1990 but then increased during 1994–2007. This slight
depression in salmonine biomass during the late 1980s and early
1990s was attributable to the bacterial kidney disease (BKD) outbreak
in the Chinook salmon population (Madenjian et al., 2002). Overall,
salmonine biomass had reached a relatively high level by 1980 and
has remained at relatively high levels to the present time.

Alewives have served as the mainstay of the diet of salmonines in
LakeMichigan since 1965 (Madenjian et al., 2002). Alewives constituted
about 70% of the biomass of prey consumed by salmonines during
1965–1995. By the late 1990s, the percentage of alewife biomass in
salmonine diet increased to about 80%. Annual consumption of alewives
by salmonines increased from an average of 56 kt during 1980–1995
to an average of 72 kt during 1996–2011 (Fig. 8). Thus, on average,
predation exerted by salmonines on alewives increased between the



Fig. 11. Lake-wide biomass of age-3 and older lake whitefish in Lake Michigan (upper
panel), wet weight of a 500-mm (total length) lake whitefish in Lake Michigan (middle
panel), and number of age-3 recruits to the lake whitefish population in Lake Michigan,
during 1986–2011. Lake-wide lake whitefish population biomass and recruitment were
estimated via application of statistical catch-at-age (SCA) models (Ebener et al., 2005;
Madenjian et al., 2010b). Weight of a 500-mm lake whitefish was estimated via applica-
tion of length–weight regression analysis to data used in the SCA model applications.
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time periods. As previously mentioned, activation of a new source of
Chinook salmon recruitment to Lake Michigan during the late 1990s,
increased importance of alewives in Chinook salmon diet, and a
reduction in adult alewife energy density during the late 1990s or
early 2000s contributed to this increased predation on alewives. Due
to decreased adult alewife energy density, salmonines have to consume
a greater amount of alewife biomass during the low-energy-density era
than the high-energy-density era to attain equal amounts of growth
during both eras (Madenjian et al., 2006). Moreover, after allowing for
the alewife 1998 year-class to pass through the predatory gauntlet,
this increased predation could account for the unusually low YAO
alewife abundances during 2004–2011. The 1998 year-class was the
largest alewife year-class produced in Lake Michigan since 1970
(Tsehaye et al., 2014a), but the abundance of the year-class had been
greatly reduced via salmonine predation by 2004. The predator–prey
statistical age-structured model developed by Tsehaye et al. (2014a)
predicted both the increased predation on alewives during 1996–2011
and the unusually low YAO alewife abundance during 2004–2011.
These simulation modeling results clearly indicated that alewives have
been under top-down control by salmonines since the 1980s. The only
bottom-up effect included in the Tsehaye et al. (2014a) model was the
decrease in adult alewife energy density presumably brought about by
reduced importance of Diporeia in adult alewife diet. In addition, results
from linear regression modeling, using GLSC bottom trawl estimates
for alewife biomass, have also indicated top-down control of salmonines
on alewives (Madenjian et al., 2005b; Collingsworth et al., 2014).

Lake whitefish

The lake whitefish (C. clupeaformis) population in Lake Michigan
has supported the most important commercial fishery operating in the
lake for the past 3 decades (Brenden et al., 2013; Ebener et al., 2008).
Lake whitefish can be characterized as a benthivore with feeding habits
primarily targeting benthic macroinvertebrates (Scott and Crossman,
1973). Historically, the diet of lake whitefish in Lake Michigan was
predominantly Diporeia and M. diluviana, but the diet underwent
substantial changes after the dreissenid mussel invasions, with much
of the Diporeia component being replaced by dreissenid mussels during
the late 1990s and early 2000s (Pothoven and Madenjian, 2008).
Lake whitefish diet in Lake Michigan shifted yet again during the late
2000s, with part of the dreissenid mussel component being replaced
by round gobies (S. Hansen, Wisconsin Department of Natural
Resources, personal communication, 3/13/2014; Lehrer-Brey and
Kornis, 2014; Pothoven and Madenjian, 2013). The Lake Michigan lake
whitefish population continues to show great plasticity in its diet.
Similar shifts in lake whitefish diets have also been observed in the
main basin of Lake Huron (He et al., 2015; Pothoven and Madenjian,
2013). Stable isotopic signatures for carbon and nitrogen have also
been used to infer changes in Lake Huron lake whitefish diet over
time (Rennie et al., 2009). The carbon isotopic signature can be used
to distinguish between isotopically distinct energy sources, such as
littoral or nearshore versus pelagic or profundal sources. Turschak
et al. (2014) proposed that a shift to greater use of nearshore benthic
energy sources by fish in association with the dreissenid mussel
invasions of Lake Michigan, as revealed by carbon isotopic signatures,
may be due to transport of Cladophora and associated periphytic dia-
toms from the nearshore zone to the offshore zone, and Bootsma et al.
(2015) provided further evidence to support this contention.

The dreissenid mussel invasions did not yet appear to have a
negative effect on lake whitefish abundance in Lake Michigan. In
fact, as best we can estimate, lake whitefish abundances in Lake
Michigan during the 2000s were among the highest lake whitefish
abundances occurring in the lake since 1890. Commercial harvest of
lake whitefish from Lake Michigan during 1990–2009 was higher than
any other 20-year period since 1890, when the historical records
began (Brenden et al., 2013; Wells and McLain, 1973). According to
results from the statistical catch-at-age (SCA) modeling applied to
Lake Michigan lake whitefish (Ebener et al., 2005; Madenjian et al.,
2010b), lake-wide biomass of age-3 and older lake whitefish in Lake
Michigan peaked in 2005 at an estimated value of 57 kt, but then de-
creased to 38 kt by 2011 (Fig. 11). Overall, lake whitefish lake-wide bio-
mass was greater, on average, during 2000–2011 than during 1990–
1999 or during the late 1980s. Of additional note is that dreissenidmus-
sels have negatively affected the ability of commercial fishers to catch
lake whitefish in Lake Michigan (Ebener et al., 2008). Average depth
of fishing has increased in response to the dreissenid mussel invasions,
presumably due to increased bathymetric distribution of lake whitefish
as a consequence of increased light penetration in the water column
(due to mussels' filtering activity) and reduced Diporeia abundance.
Moreover, beginning as early as 1994, Cladophora has fouled both gill
nets and trapnets used to catch lakewhitefish to such a degree thatfish-
ing efficiency was severely reduced at times. As previously mentioned,
increased abundance of Cladophora was associated with the dreissenid
mussel invasions. In addition, dreissenid mussels themselves fouled
gill nets and trap nets, thereby reducing the fishing efficiency of these
gear.

The dreissenid mussel invasions have led to a reduction in lake
whitefish growth and condition during the late 1990s (Madenjian
et al., 2002; Pothoven et al., 2001), and these reductions have been
attributed, in part, to the above-mentioned diet shift (Pothoven and
Madenjian, 2008). Density-dependent effects also contributed to these
reductions (DeBruyne et al., 2008). Lake whitefish condition continued
to slowly decline through the early 2000s before leveling off (Fig. 11).
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Thus, the incorporation of round gobies into the diet of lake whitefish
did not result in an increase in lake whitefish condition. Similarly, lake
whitefish condition did not significantly increase in both northern and
southern Lake Huron when lake whitefish began to feed on round
gobies (Pothoven and Madenjian, 2013). Perhaps the incorporation of
round gobies into the diet of Lake Michigan lake whitefish prevented
further decreases in lake whitefish condition.

The dreissenid mussel invasions did not yet appear to negatively
influence lake whitefish recruitment. Muir et al. (2010) concluded
that declines in growth and condition of lake whitefish did not translate
into decreased recruitment potential, and Claramunt et al. (2010a,b)
determined that mechanisms influencing recruitment of lake whitefish
to the juvenile stage were independent of dreissenid mussel effects.
Moreover, according to the SCAmodeling results, lakewhitefish recruit-
ment at age 3 nearly tripled during 1989–2007, peaked in 2007,
and then just slightly (23%) decreased during 2007–2011 (Fig. 11).
Thus, recruitment of lake whitefish was apparently not impaired by a
reduction in condition, as was also the case for alewives.

Burbot

Lake trout and burbot are the two native, coldwater top predators
in Lake Michigan (Wells and McLain, 1973). During the 1980s and
early 1990s, the burbot population in Lake Michigan exhibited a strong
recovery, which has been attributed to control of both sea lamprey
and alewives (Madenjian et al., 2002), but burbot biomass density
substantially decreased during 1997–2011 (Fig. 12). One plausible
explanation for the initial part of this decrease would be that burbot
population biomass had simply exceeded the carrying capacity of the
Lake Michigan ecosystem by the early 1990s, and this resulted in a neg-
ative feedback on burbot recruitment. The continued decrease in burbot
biomass density after 2007 may possibly have been due to a portion of
the burbot populationmoving to waters deeper than 110m in response
to a movement of deepwater sculpins, a favored prey of burbot, to
deeper waters (Madenjian et al., 2014). In shallower waters, burbot
had begun to incorporate round gobies into their diet as early as 2006,
or perhaps even earlier (Jacobs et al., 2010).

Yellow perch

The yellow perch population attained its highest biomass during
the late 1980s and early 1990s, owing to several unusually strong
year-classes in the 1980s (Clapp and Dettmers, 2004). The abrupt
decline in yellow perch recruitment, beginning in the late 1980s,
eventually led to the formation of the Yellow Perch Task Group in
1994, and a large group of scientists set out to test five hypotheses
related to this decline (Clapp and Dettmers, 2004). Dreissenid mussels
Fig. 12. Biomass densities (wet-weight basis) of burbot in Lake Michigan during 1973–
2011, based on the U. S. Geological Survey (USGS) Great Lakes Science Center (GLSC)
annual bottom trawl survey (Madenjian et al., 2014).
were indirectly implicated in one of these hypotheses that postulated
that relatively low zooplankton density was limiting larval yellow
perch survival after 1990. Some resultant empirical work suggested
that larval survival was, in fact, relatively low in the early 1990s
(Marsden and Robillard, 2004), and a positive correlation between
age-0 yellow perch abundance in the fall and nearshore zooplankton
density the previous June when larvae are first feeding provided
corroborative support (Dettmers et al., 2003; Clapp and Dettmers,
2004). At the same time, several other factors were believed to underlie
population declines, including overfishing that limited the spawning
stock biomass (Wilberg et al., 2005), and negative effects of alewife,
via predation on yellow perch larvae (Shroyer and McComish, 2000;
Redman et al., 2011). Although complete understanding of the factors
limiting yellow perch recruitment remains elusive, a recent “summit”
hosted by the Lake Michigan Committee of the Great Lakes Fishery
Commission concluded that, at present, the greatest impediment to
a recovery of yellow perch was a changing lake ecosystem, with
lower primary productivity and higher water clarity (affecting yellow
perch habitat selection), rather than overfishing (Lake Michigan
Committee, 2014). Dreissenid mussels, alone, were not the cause
of the yellow perch population decline, but likely were a contributing
factor if the mussels did indeed contribute to nearshore declines in
zooplankton abundance.

Discussion

Even though the negative effect of dreissenid mussels on primary
production has prompted some ecologists to view thedreissenidmussel
invasions as serving as a trigger for bottom-up effects throughout the
entire food web, changes in the Lake Michigan food web following the
dreissenid mussel invasions were inconsistent with classic bottom-up
theory. According to this theory, a reduction in primary production
would yield a decrease in the population biomass of first-order
consumers, which in turn would yield a decrease in the population
biomass of second-order consumers, which in turn would cause a
reduction in top predator population biomass of the food web
(Crowder et al., 1988; Hall et al., 1970; Menge, 1992). Primary produc-
tion in Lake Michigan has declined following the dreissenid mussel
invasions, and this decline has been attributed primarily to grazing
control by the quagga mussel expansion. However, the dreissenid
mussel invasionswere not accompanied by a decrease in the population
biomass of the first-order consumers, in large part because huge
biomasses of dreissenid mussels far outweighed any reductions in
other first-order consumers. Thus, first-order consumer biomass sub-
stantially increased following the dreissenid mussel invasions. For
simplicity, we will consider zooplankton and benthic macroinverte-
brates as first-order consumers. Zooplankton biomass in the offshore
waters of Lake Michigan has trended neither upward nor downward
in response to the dreissenidmussel invasions, whereas total zooplank-
ton biomass in the nearshore waters may have undergone a decrease
due to the quagga mussel expansion. Benthic macroinvertebrate
biomass during the late 2000s exceeded benthic macroinvertebrate
biomass during the1980s by threefold ormore, due to thehuge increase
in dreissenid mussel biomass. The apparent decrease in lakewide total
zooplankton biomass was more than compensated by the relatively
large increase in benthic macroinvertebrate biomass (primarily
dreissenid mussel biomass) following the dreissenid mussel invasions.
Across depths ranging from 15 to 110 m, total zooplankton biomass at
the Muskegon transect averaged about 1.5 g/m2 during 2007–2012
(Pothoven and Fahnenstiel, 2015). Even assuming an average lake-
wide total zooplankton biomass of 3 g/m2 prior to the quagga mussel
expansion, this proposed decrease of 1.5 g/m2 in total zooplankton bio-
mass would be dwarfed by the 14 g/m2 increase in benthic
macroinvertebrate accompanying the dreissenid mussel invasions. The
net result was a substantial increase in first-order consumer biomass.
Responses of the second-order consumers to the dreissenid mussel

Image of Fig. 12
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invasions were mixed. M. diluviana abundance, to date, did not appear
to be negatively affected by the dreissenid mussel invasions. Lake-
wide biomass of lake whitefish has remained at historically high levels
in the face of extremely high densities of quagga mussels. Although
total prey fish biomass, based on the GLSC bottom trawl survey, de-
clined by about tenfold during 1993–2011, factors other than reduced
primary production were at least partly responsible for this decline. Re-
duction in YAO alewife abundance can be accounted for as the direct re-
sult of increased predation by salmonines (Tsehaye et al., 2014a). The
decrease in deepwater sculpin abundance during 2006–2011 was
most likely due to movement of the bulk of the population to waters
deeper than those sampled by the bottom trawl survey, perhaps in re-
sponse to an apparent movement ofM. diluviana to deeper waters. Rea-
sons for the prolonged period of apparently low bloater recruitment
during 1992–2011 remain unknown, but are not believed to be caused
by bottom-up effects related to dreissenid mussels. Recent declines in
abundances of slimy sculpin and ninespine stickleback abundances
were most likely due to predation effects. Lake-wide biomass of the
top predators (third-order consumers), namely the salmonines, has
been relatively stable during 1995–2011, in the face of extremely high
quagga mussel densities and declining prey fish biomass. Thus, the top
predators of the foodweb appeared unaffected by the dreissenidmussel
invasions. In sum, a classic bottom-up response is an inaccurate charac-
terization of the changes in the Lake Michigan food web following the
dreissenid mussel invasions, to date.

Although the Lake Michigan food web did not exhibit a classic
bottom-up response to the dreissenid mussel invasions, signs of both
bottom-up and top-down interactions operating within the food web
were apparent. For example, total zooplankton biomass in the near-
shore waters of Lake Michigan appeared to decline in response to the
quagga mussel expansion, and such a decline signaled a bottom-up
effect on total zooplankton biomass. Another bottom-up example
was the decline inD. thomasi biomass density in offshorewaters accom-
panying the quagga mussel expansion, due in part to lowered
microzooplankton biomass density owing to water filtering by quagga
mussels. With regard to top-down examples, the population of the
invasive cladoceran B. longimanus appeared to apply some predatory
control over certain herbivorous cladocerans in offshore waters
(Vanderploeg et al., 2012). At times, large alewife year-classes were
likely responsible for top-down effects on not only the B. longimanus
population but also on total zooplankton biomass in offshore waters
(Pothoven et al., 2007; Vanderploeg et al., 2012).

Wemust also point out that reductions in growth, condition, and/or
energy density do not necessarily imply reductions in population
abundance or biomass. In fact, population abundance or biomass may
actually increase while growth, condition, and energy density of
individual fish in the population are decreasing. For example, lake
whitefish condition and growth declined during the 1990s and early
2000s, while population size and biomass substantially increased.
These decreases in growth and condition were partly attributable to
dreissenid mussel effects stemming from reduced Diporeia abundance,
but were also partly attributable to density-dependent effects. The
alewife population offers a somewhat different example. Alewife condi-
tion, growth, and energy density declined beginning in 1995 via
dreissenid mussel effects stemming from decreased Diporeia abun-
dance, despite an overall decrease in alewife population biomass during
1995–2011. The decrease in YAO alewife abundance between the 1990s
and the late 2000s was most likely attributable to increased predation
by salmonines. As previously discussed, the decreases in growth and
condition of alewives and lake whitefish did not appear to impair the
ability of both populations to reproduce.

We recommend that Lake Superior be treated as an unaffected lake,
for comparison purposes, when attempting to disentangle the effects of
dreissenid mussels from other effects on the Lake Michigan food web.
To date, Lake Superior has not been invaded by dreissenid mussels on
a lake-wide basis (Grigorovich et al., 2003; Vanderploeg et al., 2002),
rather the dreissenid mussel distribution in Lake Superior is limited to
just a few harbors, bays, and coastal areas (Grigorovich et al., 2003).
This failure to invade Lake Superior was most likely due to calcium
levels not being sufficiently high to support dreissenid mussel growth.
Diporeia abundance in Lake Superior did not decrease during the
1990s or early 2000s, further supporting the contention that dreissenid
mussel invasions are responsible for decreased Diporeia abundance in
the lower four Great Lakes (Nalepa et al., 2005). Madenjian et al.
(2010a) treated Lake Superior as a control when assessing the effects
of the dreissenid mussel invasion on ninespine stickleback abundance
in Lake Michigan. Similarly, Madenjian et al. (2008) treated Lake
Superior as a control to evaluate the adverse effects of alewives on
Great Lakes fish communities, because alewives never became well
established in Lake Superior but did become well established in Lakes
Ontario, Michigan, and Huron.

Substantially more research will be needed to identify and quantify
the effects of dreissenid mussel invasions on abundances of many of
the populations of plants and animals comprising the Lake Michigan
food web, including some of the fish populations. To address these
research needs, surveillance of these populations must continue into
the future. In some cases, survey effort may have to be increased, or
perhaps new surveillance techniques may be needed, to improve the
accuracy of the lakewide estimate of population abundance or biomass.
For example, deepwater sculpins in Lake Michigan may have moved to
deeper waters in recent years. This movement appeared to have been
triggered by the quagga mussel expansion. Perhaps bloaters have also
moved to deeper waters in response to the quagga mussel expansion.
To obtain more accurate estimates of the lake-wide biomasses of this
fish, the bottom trawl survey would need to be expanded to deeper
waters, and the effect of increased water clarity would need to be
understood. In addition to continued surveillance in Lake Michigan,
researchers should continue to compare the dynamics of the Lake
Superior food web with Lake Michigan food web dynamics, as well as
the food web dynamics of other Great Lakes. In addition, use of stable
isotope analysis and food web modeling may provide other clues for
identifying the effects of the dreissenid mussel invasions on the
Lake Michigan food web (Rogers et al., 2014; Turschak et al., 2014).
Moreover, investigations on the mechanisms driving the microbial
food web may reveal key insights into the dynamics of the entire
Lake Michigan food web (Carrick et al., 1991, 2015).

Part of the difficulty in assessing the effects of dreissenid mussels
on the Lake Michigan food web is our incomplete understanding of:
(1) certain dreissenid mussel processes (Mosley and Bootsma, 2015;
Tang et al., 2014), (2) basic structure and function of the food web
(Carrick et al., 2015), (3) spatial connections among food web com-
ponents (Vanderploeg et al., 2015), and (4) the effects of ecosystem
engineering, especially increased light intensity, on food web pro-
cesses (Vanderploeg et al., 2002, 2012). Some progress has been made
on feeding preferences by dreissenid mussels (Lavrentyev et al., 2014;
Tang et al., 2014; Vanderploeg et al., 2010). However, the effects of
dreissenid mussels on phosphorus cycling are poorly understood
(Mosley and Bootsma, 2015; Johengen et al., 2013; Vanderploeg et al.,
2010). Both the GLNPO and GLERL annual surveys of the lower food
web have focused on nutrients, chlorophyll, and crustacean zooplank-
ton, with some work done on phytoplankton. Consequently, the old
paradigm of nutrients → phytoplankton → zooplankton → fish has
been emphasized (Carrick et al., 2015). However, the microbial food
web plays a major role in converting phytoplankton into a food source
for crustacean zooplankton (Bundy et al., 2005; Carrick et al., 1991). Un-
derstanding the role of this under-sampled pathway is critical to better
understanding the dynamics of the entire food web. This knowledge
gap is particularly important now that picoplankton (b2 μm) has be-
come the dominant size fraction of the Lake Michigan plankton, re-
versing the trend of nanoplankton (2–20 μm) and microplankton
(20–200 μm) dominance (Carrick et al., 2015). Finally, phytoplank-
ton, zooplankton, and fish can nowadays show high spatial overlap in
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the vertical dimension,which, alongwith increased light intensity, could
compensate for lowered primary production and phytoplankton bio-
mass (Vanderploeg et al., 2015).

Our synthesis provided additional insights into the workings of
the Lake Michigan food web beyond the findings of Bunnell et al.
(2014), who pooled the food web components into trophic-level
communities and then examined changes in community indices over
time. Using this trophic-level community approach, Bunnell et al.
(2014) addressed changing ecosystem dynamics in all five Laurentian
Great Lakes, and they focused their analyses on data sets that provided
adequate long-term coverage and were generated from lake-wide
surveys conducted across all five lakes. As a result, they were not able
to fully characterize changes in the Lake Michigan food web following
the dreissenid mussel invasions. For example, because only four years
of lake-wide survey data were available for dreissenid mussels in
Lake Michigan, dreissenid mussel biomass was not included in their
analyses, and consequently the grazing effect exerted by benthicmacro-
invertebrates on phytoplankton was not evaluated. Likewise, to assess
changes in phytoplankton and zooplankton biomass, Bunnell et al.
(2014) limited their data to the GLNPO time series for offshore waters,
whereas we also made use of the GLERL time series for offshore waters,
which provides greater seasonal resolution than the GLNPO time series,
as well as the available data for nearshore waters. In addition, we found
that lake whitefish abundance and lake-wide biomass appeared to be
unaffected by the dreissenid mussel invasions, to date, but changes in
the lake whitefish population were not addressed in the Bunnell et al.
(2014) analyses. All of these limitations were discussed by Bunnell
et al. (2014). Nonetheless, both the Bunnell et al. (2014) study and
our study provided evidence for bottom-up and top-down interactions
occurring within the Lake Michigan food web.

We are not claiming that the dreissenid mussel invasions have not
had any effects on fish abundances in Lake Michigan. Rather, we are
contending that much more research work will be required to identify
and quantify those effects on certain fish population abundances. The
bottom trawl time series indicated a positive effect of the dreissenid
mussel invasions on ninespine stickleback abundance in LakeMichigan.
Most likely, the dreissenid mussel invasions have had negative effects
on some of the other fish population abundances. But, more research
work will be needed to disentangle the effects of dreissenid mussels
from effects of other factors influencing the Lake Michigan food web.

Given the time course of the dreissenid mussel invasion in Lake
Ontario, we may expect that lake-wide biomass of quagga mussels in
Lake Michigan will soon peak and then decrease. Dreissenid mussel
abundance in Lake Ontario appeared to peak in 2003 and then
decreased (Birkett et al., 2015; Bunnell et al., 2014; Nalepa et al.,
2014a). A reduction in Lake Michigan quagga mussel biomass density
should lead to a reduction in the effects of dreissenid mussels on the
food web.

Our study results suggested that the effects of dreissenid mussel
invasions on the Lake Michigan food web are quite complex, more
subtle than once believed, and difficult to predict. Similarly, Strayer
et al. (2004, 2014a,b) concluded that the food web changes, especially
those changes for fish growth and populations sizes, in the Hudson
River ecosystem in response to the zebra mussel invasion were both
complex and subtle, as well as being nearly impossible to predict. Not
only did responses by fish populations to the zebra mussel invasion of
the Hudson River vary by species and occupied habitats, but the
responses changed over time. In response to the dreissenidmussel inva-
sions of Lake Michigan, some consumer populations decreased in
abundance whereas other consumer populations did not. For example,
the amphipod Diporeia exhibited a drastic decline in abundance follow-
ing the dreissenid mussel invasions. The cyclopoid copepod D. thomasi
population showed a substantial decrease in biomass immediately fol-
lowing the quagga mussel expansion beginning in 2004. Vanderploeg
et al. (2012) attributed this decrease, in part, to declines in the
prey abundance of D. thomasi brought about by the quagga mussel
expansion. Protozoan microzooplankton, particularly ciliates, are
favored prey of quagga mussels. Further, D. thomasi is totally depen-
dent on moving prey, namely microzooplankton, for food. Thus, the
response of the D. thomasi population to this apparent decrease in
microzooplankton abundance brought about by the quagga mussel
expansion has been a substantial decline in its own abundance. In
stark contrast, population biomass of lake whitefish and Chinook
salmon have remained at historically high levels in the 2000s, despite
establishment of the zebra mussel population in the early 1990s, estab-
lishment of the quagga mussel population in the early 2000s, and the
quagga mussel expansion in the late 2000s.
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