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PERSPECTIVE

Dynamics of the Lake Michigan food web,
1970-2000
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Abstract: Herein, we document changes in the Lake Michigan food web between 1970 and 2000 and identify the fac
tors responsible for these changes. Control of sea lamptelyofmyzon marinysand alewife Alosa pseudoharengus
populations in Lake Michigan, beginning in the 1950s and 1960s, had profound effects on the food web. Recoveries of
lake whitefish Coregonus clupeaformiisand burbot Cota lota) populations, as well as the buildup of salmonine popu
lations, were attributable, at least in part, to sea lamprey control. Based on our analyses, predation by salmonines was
primarily responsible for the reduction in alewife abundance during the 1970s and early 1980s. In turn, the decrease in
alewife abundance likely contributed to recoveries of deepwater sculpyoxocephalus thompsgniyellow perch

(Perca flavescens and burbot populations during the 1970s and 1980s. Decrease in the abundance of all three domi-
nant benthic macroinvertebrate groups, includigoreia, oligochaetes, and sphaeriids, during the 1980s in nearshore
waters €50 m deep) of Lake Michigan, was attributable to a decrease in primary production linked to a decline in
phosphorus loadings. Continued decreas®iiporeia abundance during the 1990s was associated with the zebra mussel
(Dreissena polymorphainvasion, but specific mechanisms for zebra mussels affe@ipgreia abundance remain un-
identified.

Résumé: On trouvera ici une étude des changements dans le réseau alimentaire du lac Michigan de 1970 a 2000 et
des facteurs qui en sont responsables. Le contrdle des populations de la grande lamproieRe@oimgZon marinys

et du gaspareauA(osa pseudoharengysqui a débuté dans les années 1950 et 1960, a eu un impact considérable sur
le réseau alimentaire. Le rétablissement des populations du grand coré&mmgadnus clupeaformjist de la lotte

(Lota lota) et I'accroissement des populations de salmonidés sont dus, au moins en partie, au contrdle de la lamproie.
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D’aprés nos analyses, la réduction de la densité des gaspareaux dans les années 1970 et au début des années 1980 es!
due principalement & la prédation par les salmonidés. A son tour, la réduction des gaspareaux a sans doute contribué

au rétablissement des populations du chabot de profondiéymxpcephalus thompsgnide la perchaudePgrca flaves

ceng et de la lotte dans les années 1970 et 1980. Durant les années 1980, la décroissance de la densité des trois grou
pes dominants de macroinvertébrés benthiqDgsoreia, les oligochetes et les sphériidés, dans les eaux cotieres

(<50 m de profondeur) du lac Michigan est attribuable a une diminution de la production primaire lié a une réduction

des apports de phosphore. La poursuite du déclin des densit@gpdeeia dans les années 1990 est associée a

I'invasion de la moule zébréeDteissena polymorpha



rus is also the easiest nutrient to control, primarily because
phosphorus has no gaseous phase. Thus, regulation of phos
phorus has been the primary management strategy for con
trolling eutrophication in the Great Lakes. Billions of dollars
have been spent to reduce phosphorus inputs to the Great
Lakes, and success has been documented in the lower Great
Lakes (Johengen et al. 1994).

Phosphorus control programs substantially reduced phos-
phorus loadings to Lake Michigan (Fig. 1). Total annual
loading decreased from over 6.5 kilotonnes (kt) in 1980 to
about vioie



et al. 1998). Diatoms have composed the bulk of the
phytoplankton community during the spring isothermal mix
ing period since 1970.

In Lake Michigan, a deep chlorophyll layer typically
forms in the upper hypolimnion and lower metalimnion
during summer stratification, and this layer contributes
between 5 and 10% of the annual total chlorophyll and an
nual primary production within the lake (Fahnenstiel and
Scavia 198B). Size of the deep chlorophyll layer -in
creased between the 1970s and 1980s. This increase was
attributed to greater light penetration caused by increased
grazing due to increased abundance of the very large-
bodied zooplankteD. pulicaria (Scavia et al. 1986). This
change in epilimnetic zooplankton composition did not
persist for more than a few years (Evans 1992), and a shift
back to smaller-bodied zooplankton apparently led to-a re
duction in the size and concentration of the deep chloro
phyll layer (Fahnenstiel and Scavia 198%. Fahnenstiel,
unpublished data).

Although a long-term series of observations on
phytoplankton abundance was not available for most of the
1970-2000 time period, the available data suggested that
phytoplankton abundance and production in nearshore wa
ters of Lake Michigan have decreased during the past
30 years. Schelske et al. (1980) intensively surveyed spring
TP and chlorophylk concentrations in nearshore waters of
the eastern side of the lake during 1972. Nearshore waters
in the vicinity of the Cook Power Plant in the southeastern
section of the lake was consistently sampled for chloro-
phyll a concentration during 1973-1981. Similar sampling
was conducted during the recent Episodic Events — Great
Lakes Experiment (EEGLE) study from 1998-2000 in the
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in Lake Michigan, andDiporeia exhibits a higher lipid con  and Jude (1986) and Evans (1992), and for a large portion of
tent than other benthic macroinvertebrates (Gardner et athe offshore region (>50 m deep) during 1983-1992 by
1985). If Diporeia were sufficiently reduced in abundance Makarewicz et al. (1995). In deeper (30- to 40-m) waters
on a lake-wide basis, then fish heavily reliantDiporeiaas  sampled by Evans and Jude (1986), summer daphnid assem
a food source would have to switch to other prey. Censeblage shifted from a 1972-1976 community strongly domi
guences of such diet switching on the growth and survival ohated by the medium-bodiddaphnia retrocurvato a 1977—
these fishes remain unknown. 1981 community strongly dominated by the large-bodied
Although surveys by Nalepa (1987) and Nalepa et alD. galeata mendotgdo a 1982—1984 community dominated
(1998) have documented changes in macroinvertebrate corby the very large-bodie®. pulicaria. In contrast,Daphnia
munities in areas deeper than 15 m, community changesetrocurva dominated the daphnid community in shallower
have also occurred in shallower regions of Lake Michiganwaters in the Cook Plant vicinity from 1972 to 1984. Addi
The zebra mussel invasion has resulted in increased-abutionally, abundance of daphnids in shallower waters was
dance of chironomids and the amphipG&mmarusin the  substantially higher during 1972-1980 than during 1981-
shallow, rocky habitats of southern Lake Michigan (Kuhns1984. Evans and Jude (1986) attributed this decrease in
and Berg 1999). daphnid abundance to increased predation pressure exerted
by the yellow perchRerca flavescengpopulation, which in
creased dramatically in size between 1980 and 1984. Evans
and Jude (1986) concluded that the appearance of the very
Long-term trends in zooplankton community structure andarge-bodiedD. pulicaria in the deeper waters during 1982—
abundance have been documented for nearshore watet884 was possibly related to a decline in alewife abundance
(<50 m deep) of southeastern Lake Michigan in the vicinityduring the 1970s and early 1980s. Wells (1970) contended
of the Cook Power Plant between 1972 and 1984 by Evanthat increased alewife abundance in offshore waters of Lake

Dynamics of zooplankton
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ing from the lake by 1987 (Makarewicz et al. 1995). Over
all, Diaptomusdominated the zooplankton community eur
ing 1983-1992. Increases in rotifer biomass between 1983
and 1992 were correlated with increases in unicellular algae
(Makarewicz et al. 1995). Based on correlation analysis,
Makarewicz et al. (1995) suggested that alewives during
1983-1992 were probably not playing a dominant role in af
fecting zooplankton biomass and size structure except for
the size structure of calanoid copepods. However, alewife
abundance remained relatively low during this time period
- (Fig. 4). Preliminary examination of zooplankton samples
during 1994-1999 suggested that no major changes in spe
cies composition or abundance had occurred since the
- Makarewicz et al. (1995) study (J. Cavaletto, NOAA Great
N Lakes Environmental Research Laboratory, Ann Arbor, Ml
48105, U.S.A., personal communication).

Invasion of Lake Michigan by the predatory cladoceran
Bythotrephes cederstroenm 1986 appeared to have caused
- some changes in zooplankton community structure
(Makarewicz et al. 1995). For example, the decrease in
Daphnia retrocurvaabundance after 1986 was most likely
o : : : : : attributable to predation byBythotrephes(Lehman and

Céceres 1993).

Other than the increase in rotifer biomass between 1983
and 1992, evidence for changes in zooplankton community
structure and abundance originating from bottom-up effects
was not strong (Makarewicz et al. 1995). Furthermore, the
issue of whether changes in top-down control from alewives
or from Bythotrepheded to changes in phytoplankton abun-
dance or composition remains contentious (Evans 1992;
Makarewicz et al. 1998).

Abundance ofMysis relicta a common prey of alewife,
bloater, rainbow smelidsmerus mordgxand lake whitefish
(Coregonus clupeaformisin southern Lake Michigan has
remained relatively stable from the 1970s through 1998
(Pothoven et al. 2000)Mysis is an important predator of
zooplankton in Lake Michigan. Whereas micrograzers {pro
tozoans and ciliates) are an important component of the
Lake Michigan food web (Fahnenstiel et al. 1998), insuffi
cient data are available to characterize temporal trends in

_— . _their abundance or their community structure.
Michigan during the late 1950s and early 1960s led to a shift I . ! unity structu

in the size structure of the summer zooplankton community
from large-bodied to small-bodied copepods andDynamics of the prey fish community
cladocerans. Evidence to support the contention that high
abundance of alewives in 1966 resulted in a zooplanktolewife
community dominated by small-bodied forms was compel The alewife invasion during the 1940s greatly altered the
ling; however, relatively low alewife abundance did notnec fish community of Lake Michigan. Declines in abundances
essarily imply that very large-bodied zooplankters wouldof emerald shinerNotropis atherinoides deepwater sculpin
dominate the zooplankton community (Evans 1992). (Myoxocephalus thompsgniyellow perch, and bloater dur
Although species composition of the crustacean zooplanking the 1960s have been attributed to the alewife invasion
ton community changed considerably during 1983-1992 ifWells and McLain 1973). Also, alewife predation on lake
offshore waters of Lake Michigan, crustacean zooplanktorirout (Salvelinus namaycu}lfiry may represent a serious im
biomass varied without trend during that time (Makarewiczpediment to lake trout rehabilitation in the lower four Great
et al. 1995). Furthermore, in comparing their data with ob Lakes (Krueger et al. 1995).
servations by Scavia et al. (1986), Makarewicz et al. (1995) One of the reasons for launching a major stocking- pro
concluded that crustacean zooplankton biomass during thgram for salmon and trout in Lake Michigan in 1965 was to
summer in offshore waters of Lake Michigan showed noreduce alewife abundance, which had reached nuisanee lev
trend between 1975 and 19%aphnia pulicariawas an im  els during the 1960s (Hatch et al. 1981; Rutherford 1997).
portant constituent of the daphnid community in 1983, butAlewives have dominated the diet of these stocked
subsequently declined in abundance until nearly disappeasalmonines (Stewart and lbarra 1991; Madenjian et al.
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199&), and to a lesser extent, have also been eaten by
burbot (Fratt et al. 1997).

Stocking of salmonines appeared to be effective in-con
trolling alewife abundance. Alewife abundance decreased
during the 1970s and early 1980s, coincident with the
buildup of salmonines (Fig. 4). Alewife abundance has nei
ther trended upward nor downward since the early 1980s,
concomitant with relatively high levels of salmonine bio
mass within the lake. Lake-wide alewife biomass in 1973,
based on bottom trawl surveys conducted by the U.S.-Geo
logical Survey (USGS) Great Lakes Science Center (GLSC),
was estimated at 125 kt, whereas lake-wide biomass esti
mates averaged only 37 kt between 1984 and 1999 (&ig. 4
Furthermore, additional GLSC trawling data indicated that
the alewife decline was well underway by 1970 (Krause
1999). Although the lake-wide surveys of prey fish popula
tions did not begin until 1973, GLSC bottom trawling was
conducted at selected ports along the eastern and southern
portions of the lake since 1962 (Hatch et al. 1981). Krause
(1999), accounting for the reduced set of sampling locations
during 1962-1972 by using a mixed model approach; esti
mated that lake-wide abundance of alewives in Lake Michi
gan was about twice as high in 1969 than it was in 1973.
Further, the 1966 abundance was estimated at more than five
times higher than the 1969 abundance. However, the de-
crease between 1966 and 1969 was partially attributable to a
die-off occurring in 1967 (Brown 1972). Finally, Madenjian
et al. (1986), using trend analysis, demonstrated a significant
decline in alewife abundance in southeastern waters of Lake
Michigan between 1973 and 1982.

Eck and Brown (1985) proposed that cold temperatures
regulated alewife abundance in Lake Michigan, because a
portion of the decline in alewife abundance during the 1970s
and early 1980s coincided with relatively cold weather.
However, 1973-1999 data for alewife abundance and tem
perature do not support this contention. The alewife pepula
tion did not rebound even though the cold years of 1977—
1982 were followed by relatively warm years of 1983 and
1985-1992 (Fig. & T. Karl, NOAA National Climatic Data
Center, Asheville, NC 28801, U.S.A., unpublished data).



bloater reproduction (Wells and McLain 1973). However,
alewife abundance was relatively low during 1992-1999,
when bloater year-class strength was very low. Jude and
Tesar (1985) proposed that release from commercial exploi
tation, more than release from alewife interference, stimu
lated bloater recovery beginning in the late 1970s. However,
exploitation rate on bloaters during the late 1980s and early
1990s was only about 1% per year, yet bloater abundance
has been declining since 1989. We propose a new hypothe
sis to explain the pattern in bloater abundance in Lake Mich
igan for the past 40 years: bloater abundance in Lake
Michigan follows a cycle with a period of about 30 years.
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(Oncorhynchus kisutgh rainbow trout Qncorhynchus
mykis$, and brown trout $almo truttd.

Long-term trends in biomass, production, and
consumption
Lake-wide biomass and production of the five salmonine
species was estimated using age-specific population models
to track abundance at age over time. For all species except
chinook salmon, our modeling approach was similar to the
one used by Jones et al. (1993) for Lake Ontario salmonines.
Using estimates of gross conversion efficiency (GCE) from
bioenergetics modeling (Stewart and Ibarra 1991), lake-wide
consumption of prey by salmonine populations was calcu
lated using the production—conversion efficiency method of
Ney (1990) where gross production is divided by GCE to es
timate consumption. For chinook salmon, population model
ing techniques outlined in Benjamin and Bence (2002) were
used to estimate biomass, production, and consumption. Re
cruitment was quantified as the number of individuals enter
ing the lake population, and equaled the sum of hatchery and
naturally reproduced production. Salmonine stocking records
Slimy sculpin have been summarized by the U.S. Fish and Wildlife Service

Slimy sculpin Cottus cognatushas typically been preyed (C. Bronte, Green Bay Flshery Resourcgs Office, Green Bay,
upon by juvenile lake trout in Lake Michigan, at least sinceW! 54311, U.S.A., salmonine stocking database) and
the 1970s (Madenjian et al. 1988 To a lesser degree, slimy Benjamin (1998). Natural reproduction by chinook and coho
sculpins are also eaten by burbot (Fratt et al. 1997). Longsalmon, as well as rainbow trout, was quantified using previ-
term trends in slimy sculpin abundance, as determined b@usly developed methods (Rutherford 1997). We assumed
bottom trawl surveys, appeared to be related to changes #hat natural recruitment to Iake trout and brown trout popula-
the spatial distribution of newly stocked lake trout. Slimy tions has been negligible since 1965 (Holey et al. 1995;
sculpin abundance decreased during the 1970s and eafutherford 1997).
1980s, remained relatively low during most of the 1980s, Salmonine biomass in Lake Michigan increased from
and then increased during the 1990s (Fig. 6). Prior to 1986)-039 kt in 1965 to nearly 27 kt in 1986, then declined dur-
most of the lake trout stocking in Lake Michigan occurreding the late 1980s, driven by a decline in abundance of chi-
relatively close to shore, but stocking emphasis was placefiook salmon, which has accounted for over 40% of the total
on offshore refuge areas beginning in 1986 (Holey et alsalmonine biomass since 1980 (Figo)4This decrease in
1995). An increase in predation on slimy sculpins with in chinook salmon biomass has been attributed to an outbreak
creased lake trout population size during the 1970s probabl9f bacterial kidney disease (BKD) within the chinook
caused the decrease in slimy sculpin abundance during ttf&@lmon population (Kabre 1993). Presumably due to a de
1970s (Eck and Wells 1987). With the shift to predominantlycrease in BKD-induced mortality, chinook salmon biomass
offshore stocking in 1986, predation on slimy sculpins in ar increased during 1994-1998, and salmonine biomass was es
eas of the lake trawled by USGS-GLSC likely declined, andimated at nearly 30 kt in 1998 (Figh}i For the most part,
this decline in predation allowed the increase in slimy scul temporal trends in gross production mimicked trends in
pin abundance observed during the 1990s. Slimy sculpins ifalmonine biomass. Annual gross production of salmonine
Lake Michigan have fed predominantly dbiporeia since biomass increased from 0.235 kt in 1965 to nearly 23 kt in
the 1960s (Davis et al. 1997). 1998. Ratio of annual gross production to biomass (P/B)

generally varied from 0.8 to 1.0.
Consumption of prey by Lake Michigan salmonines in

Dynamics of the salmonine community creased from only 1 kt in 1965 to 130.5 kt in 1998 (Fig. 8).
Since 1977, the chinook salmon population has been respon
Background sible for approximately 50% of the consumption by

Stocking of salmonine fishes into Lake Michigan has hadsalmonines (Fig. &. Most predation by salmonines in Lake
a profound effect on the lake’s food web. Large-scale stockMichigan has been directed at alewives (Fig).8Alewives
ing of salmonines began in 1965, and has continued to théoth small and large sizes combined) represented, on aver
present. The rationale for stocking salmonines widstd ~ age, 69.2% of total annual consumption from 1985 to 1998,
control abundance of alewives, which had become a nuiwith @ maximum of 79.7% in 1998. Annual consumption of
sance, if) to initiate a valuable sport fisheryiji() to possibly — alewives by salmonines exceeded 90 kt in 1996 and 1998.
initiate naturalized populations of introduced salmoninesChinook salmon have been responsible for 62% of the pre
and {v) to rehabilitate the lake trout population (Holey et al. dation on alewives by salmonines since 1980.
1995; Rutherford 1997). The five species of salmonines cur An important factor driving salmonine biomass and-pro
rently stocked in Lake Michigan are lake trout, chinook duction, as well as consumption of prey by salmonines, was
salmon Oncorhynchus tshawytscha coho salmon trends in the recruitment of young fish to the salmonine
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stocks. Natural recruitment of chinook salmon has increased
from 1970 to the present. We estimated that annual natural
recruitment of chinook salmon approached 2 million smolts
during the 1990s. In some years, natural recruitment repre
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fish per 305 m of gill net during the late 1990s and a-sub

stantial proportion of these spawners was composed of fish

>10 years old, yet no signs of natural recruitment have beefrom wounding rate, for Lake Michigan lake trout was rela
observed (M. Toneys and P. McKee, Wisconsin Departmentively low, averaging less than 7% for most years during
of Natural Resources, Sturgeon Bay, WI 54235, U.S.A-, un1984-1998.

published data). Perhaps alewife predation on lake trout fry

has also been playing an important role in suppressing natu-ake whitefish

ral reproduction by lake trout (Krueger et al. 1995). Lake whitefish is the most important commercial fish in
Lake Michigan. Tribal and state-licensed commercial fishers
Dynamics of other fish populations from Michigan and Wisconsin continue to exploit lake
whitefish. Lake whitefish are taken in trap nets, gill nets,
Sea lamprey trawls, and pound nets.

Treatment of Lake Michigan tributaries, beginning in the Since 1970, annual commercial harvest of lake whitefish
late 1950s, with the lampricide 3-trifluoromethyl-4- has more than tripled (Fig. 9), reflecting a lake-wide in-
nitrophenol (TFM) led to an estimated 80—-90% decline increase in abundance. A dramatic decline in lake whitefish
the abundance of adult sea lamprey in Lake Michigan byabundance during the late 1950s was linked primarily with
1966 (Lavis et al. 2002). Lampricide treatment in streamssea lamprey predation (Wells and McLain 1972). Thus, there
continues to be the primary strategy for controlling the seacan be little doubt that the impressive recovery of the lake
lamprey population in Lake Michigan. whitefish population in Lake Michigan since 1970 was-par

Population sizes of spawning-phase sea lamprey in alfially driven by sea lamprey control (Eck and Wells 1987).
Lake Michigan tributaries each year since 1977 have beeBtocking of lake trout also afforded extra protection from
estimated using a regression model, which incorporated relsea lamprey predation because lake trout are favored prey
tive abundance data from assessment traps in tributaries afok sea lampreys (Wells and McLain 1972). The decrease in
estimates of stream discharge rates (Lavis et al. 2002). Thimean size of adult rainbow smelt during the 1970s and
long-term series indicates that numbers of spawning se&980s and decreased rainbow smelt abundance during the
lampreys in Lake Michigan tributaries increased during1990s may have also contributed to the lake whitefish recov
1977-1984, showed no trend between 1984 and 1995, arety because large rainbow smelt may prey upon lake
then increased again during 1995-1999. The two increasesghitefish fry (Wells and McLain 1973). During the last 30
occurred primarily in northern tributaries to the lake. Theyears, exploitation has not impaired the ability of the adult
first increase was attributed to an immigration of adult sedake whitefish population to produce large year-classes. This
lampreys from northern Lake Huron, whereas the second inis true even though contemporary stocks of lake whitefish
crease was probably due to a decrease in sea lamprey conti@ve been subjected to high exploitation rates, leading-to to
measures for Lake Michigan (G. Christie, Great Lakes Fishtal annual mortality that sometimes exceeded 80% (M.
ery Commission, Ann Arbor, MI 48105, U.S.A., personal Ebener and J. Bence, unpublished data).
communication). Lake-wide estimates of spawning sea lam Lake whitefish size-at-age declined in Lake Michigan-dur
prey population size ranged between 32 000 and 117 000 sé&ag the 1990s. Moreover, condition factor dropped rapidly
lampreys (Lavis et al. 2002). between 1995 and 1998 (Fig. 10). Reduced growth rate dur

Long-term trends for incidence of fresh sea lampreying the 1990s may have resulted from density-dependent
wounds on lake trout in Lake Michigan mimicked long-term factors, as sustained high levels of lake whitefish abundance
trends for sea lamprey abundance. Wounding rates in southesulted in increased intraspecific competition for food re
ern waters of the lake have remained nearly unchanged faources. Other factors may also have been involved. For ex
the last 25 years, whereas an increase in wounding rates hample, zebra mussel density increased substantially in
been observed in northeastern waters since 1978 (Lavis et alorthern Lake Michigan during the same time that lake
2002). Overall, lamprey-induced annual mortality, estimatedvhitefish condition declined precipitously (T. Nalepa,-un

© 2002 NRC Canada



published data). Hoyle et al. (1999) linked poor body cendi
tion of lake whitefish in Lake Ontario with zebra mussel
invasion of the lake; perhaps expansion of the zebra mussel
population also had a negative effect on lake whitefish-con
dition in Lake Michigan.

Burbot



exploitation and habitat degradation (Wells and McLainpartment of Natural Resources, Charlevoix, Ml 49720,
1973). During the 1990s, small populations of lake sturgeor.S.A., personal communication).

have been associated with at least 13 tributaries (Hay-

Chmielewski and Whelan 1997). With continued removal of . .

dams on tributaries anticipated in the near future, the size Oq:ontamlnants and global climate change
lake sturgeon population in Lake Michigan should increaseStressors

as more suitable spawning habitat becomes available. i
Contaminants

The issue of contaminants acting as stressors to Great
Lakes biota emerged in the 1970s (Evans 1988). Gonse
uently, the governments of the United States and Canada
egotiated the Great Lakes Water Quality Agreement in
1972, and revised this agreement in 1978. This agreement
rIed to many remedial actions to improve the quality of Great
Eakes waters. Additionally, production of polychlorinated
'biphenyls (PCBs) was banned, use of the pesticide DDT
(1,1,1-trichloro-2,2-bigj-chlorophenyllethane) was discon

Emerald shiner

The emerald shinemotropis atherinoidespopulation in
Lake Michigan crashed during the early 1960s, coinciden
with buildup of the alewife population (Wells and McLain
1973). Apparently, alewives fed on the pelagic eggs and lar
vae of the emerald shiner. Emerald shiner abundance has
mained at very low levels during 1970-2000 (D. Jude
unpublished data; J. Dettmers, lllinois Natural History -Sur

vey, Zion, IL 60099, U.S.A., unpublished data; R. Rost, Wis inued, and uses of the organochlorine pesticides chlordane

consin Department of Natural Resources, Peshtigo, W D : : :
54157, U.S.A., unpublished data), suggesting that the relacg?];d'g%t?ir\]/éetrﬁerigt;g:;ed in both the United States and

tively low alewife abundance during 1984-2000 was still suf As a consequence of the abovementioned measures, con

ficiently high to interfere with emerald shiner reproduction. centrations of most contaminants in Lake Michigan biota de
creased substantially between 1970 and 2000. For example,
Round goby _ _ total PCB concentration in Lake Michigan zooplankton de
_The round goby, an invader from the Ponto-Caspian recreased between 1982 and 1995 (A. Trowbridge and D.
gion, established populations in Calumet Harbor (southersyackhamer, University of Minnesota, Minneapolis, MN
Lake Michigan) and in several harbors on both the east ands455 U.S.A., personal communication). Total PCB con-
west sides of Lake Michigan including Milwaukee, Sturgeoncentration inMysis Diporeia, prey fishes, and salmonines of
Bay, Escanaba, Grand Haven, Muskegon, and Charlevoixake Michigan decreased by roughly an order of magnitude
during the 1990s (Clapp et al. 2001). Zebra mussels form getween 1975 and 1995 (DeVault et al. 1996; Madenjian et
substantial portion of the diet of round gobies in the Greay, 1998, 199&). During the 1970s and early 1980s, de-
Lakes (C. Knight, Ohio Department of Natural Resourcescreases were observed in total DDT, dieldrin, and
Fairport, OH 44077, U.S.A., personal communication; M.oxychlordane concentrations in lake trout (DeVault et al.
Thomas, Michigan Department of Natural Resources, Mt1996), and in PCB, oxychlordane, DDT, and dieldrin con-
Clemens, MI 48045, U.S.A., personal communication). Incentrations in herring gullL@rus argentatuseggs (Pekarik
turn, round gobies are preyed upon by several species @fnd weseloh 1998). In contrast, toxaphene concentrations in
fish. The precipitous decline of mottled sculpil€dttus  |ake trout did not decrease between 1986 and 1992 (DeVault
bairdi) abundance in Calumet Harbor, as well as decreases; g|. 1996).
in abundances of johnny darteEtheostoma nigrujnand Very few lake-wide temporal changes in Lake Michigan
logperch Percina caprodepin Lake St. Clair, has been pigia hetween 1970 and 2000 have been shown to be directly
linked to the round goby invasion (Janssen and Jude 200%jhked to stressor effects exerted by contaminants. The dra
M. Thomas, Michigan Department of Natural Resourcesmatic increase in double-crested cormoraPhglacrocorax
Mt. Clemens, Ml 48045, U.S.A., personal communication).ayritus) population size during the late 1980s and 1990s was
It remains to be seen whether these seemingly negative efye, at least in part, to the substantial reduction of contami
fects of round gobies on sculpins and darters will be-conpgnt levels within the lake ecosystem during the 1970s
fined to shallow and protected waters of Lake Michigan. (weseloh et al. 1995). Number of double-crested cormorant
nests on islands within Lake Michigan (including Green
Lake herring Bay) increased exponentially from 75 nests in 1977 to 4743
Lake herring Coregonus artediwas once a prominent nests during 1989-1990, and then to 28 158 nests in 1997
member of the fish community in Lake Michigan, and the (F.J. Cuthbert, University of Minnesota, St. Paul, MN 55108,
lake herring population once supported a valuable commelJ.S.A., personal communication). Weseloh et al. (1983)
cial fishery (Wells and McLain 1973). The crash in the lakedocumented shell thinning with high egg breakage and high
herring population during the 1950s has been attributed tegg loss (95%) with concomitant reproductive failure in
overexploitation and interference by rainbow smelt with lakeGreat Lakes cormorants during the early 1970s, and also re
herring reproduction (Wells and McLain 1973). Although ported high DDE (a metabolite of DDT) concentrations in
there have been no signs of a lake-wide recovery, a recembrmorant eggs. Apparently, high concentration of DDE in
increase in lake herring abundance in Grand Traverse Bay ghe cormorants was causing eggshell thinning and reproduc
northern Lake Michigan has been observed. Sport harvest aive failure. Increased predation by the exploding population
lake herring in Grand Traverse Bay indicated the presence aif double-crested cormorants in Lake Michigan may have
lake herring at very low levels in 1985 and 1993, but sport
harvest increased three- to seven-fold during 1995-1998
compared with the 1993 harvest (G. Rakoczy, Michigan De



are not conclusive (D. Peterson, Central Michigan Univer
sity, Mt. Pleasant, Ml 48859, U.S.A., personal communica
tion). To the best of our knowledge, no lake-wide temporal
changes in phytoplankton communities, benthic invertebrate
communities, zooplankton communities, or fish communi
ties in Lake Michigan have been shown to be directly attrib
utable to contaminant effects (Evans 1988). Nevertheless,
contaminants may have influenced health of brown bullhead
(Ameiurus nebulosiis populations in certain tributaries
(Baumann et al. 1996).

Global climate change

An increase in atmospheric carbon dioxide enhances heat
retention (Regier et al. 1990). Burning fossil fuels and
changes in land use are correlated with an increase in carbon
dioxide concentration in the earth’s atmosphere, and there
fore global climate change likely represents an
anthropogenic stressor to the global environment. Although
not all climatologists agree as to the nature, extent, intensity,
and timing of the effects of increased carbon dioxide content
in the earth’s atmosphere, there is general consensus that cli
mate warming will occur (Regier et al. 1990; Doak and Mor
ris 1999).



Continued monitoring of prey fish populations, as well asdition may be due to bottom-up effects. Bloater growth rate
surveillance of other components of the ecosystem, shouldeclined between 1973 and 1994, during which time the
provide further understanding of the Lake Michigan foodpopulation increased tremendously in size. However, bloater
web. Such long-term studies are especially appropriate fogrowth rate has actually increased during 1994-1999, as the
ecosystem manipulations (Pace and Cole 1989). population has undergone a drastic decrease in size. 70 de
tect future impacts of bottom-up effects on fish populations,
surveillance of fish abundance, growth rates, lipid content,
Bottom-up effects and condition should be continued. Zebra mussel abundance

Several changes within the Lake Michigan ecosystem durin Lake Michi
. . gan has not yet peaked, and the quagga mussel
|r;_g 197.0_2080 r(r;ay be atgrlbultlab![(; to bogtom.-up ?ﬁegts'tk?e(Dreissena bugensisnvasion of Lake Michigan has just be
cline in abundance of a ree dominan en 'Cgun (Nalepa et al. 2001).

macroinvertebrate groups, includim@jporeia, oligochaetes,
and sphaeriids, between 1980 and 1993 in nearskd&@ in L i
deep) waters of Lake Michigan was believed to be ChieﬂyOverexplonatlon of fish stocks _
due to a decrease in primary production in nearshore waters, Overall, overexploitation of fish populations appeared to
Although long-term data for spring total phosphorus, an in play a relatlv_ely minor role in shaping _the Lake Michigan
dicator of primary production, in nearshore waters of Lakef0d web during 1970-2000. Commercial harvest of yellow
Michigan were not available, comparison of measurement@€rch during the 1990s may have contributed to a skewing
during 1998-2000 with measurements from the early 19708f the sex ratio (relatively low number of female spawners),
suggested a decrease in primary production over this tim@hich may have contributed to prolonging the period of low
period. In contrast, long-term data were readily available for€cruitment to the yellow perch population. Yellow perch re
offshore waters, and these data showed no long-term trend fuitment remained low during 1989-1997. Consequently,
primary production during 1973-1998. Similarly, abun the yellow perch commercial fishery in Lake Michigan was
dances of the three  major groups of benthicclosed by 1998.
macroinvertebrates in offshore waters did not trend upward
or downward during this time period. The apparent declineBythotrephesand round goby invasions
in primary production in nearshore waters of Lake Michigan Although invasions byBythotrephesind round goby have
between the 1970s and 1998-2000 was likely due to the de-
crease in phosphorus loadings between 1980 and 1987. The
continued decrease Diporeia abundance during the 1990s
in nearshore waters of southern and southeastern Lake Mich-
igan coincided with the zebra mussel invasion, although a
specific mechanism whereby zebra mussels may have re-
ducedDiporeia abundance remains unidentified.
Have bottom-up effects, including the apparent reduction
in nearshore primary production and the continued decline
of Diporeia, already precipitated a decrease in abundances
of important fish populations in Lake Michigan? No clear ef
fects are evident yet. The decrease in bloater abundanee dur
ing the 1990s was attributed to an extended period of very
low recruitment, which may be related to intraspecific mech
anisms rather than bottom-up effects. Lake-wide abundances
of alewife, salmonines, burbot, lake whitefish, and sculpins
have not decreased during the 1990s. Even though data from
lllinois waters suggested that bottom-up effects may have
partly contributed to a prolonged period of low yellow perch
recruitment, available data were insufficient to support the
contention that a long-term decrease in zooplankton abun
dance was primarily responsible for the extended period of
low recruitment. Rainbow smelt abundance decreased during
1992-1999; however, explanations for trends in rainbow
smelt abundance, as determined by GLSC bottom trawl sur
veys over the past 30 years, are not obvious. Eck and Wells
(1987) also experienced difficulty in interpreting long-term
trends in rainbow smelt abundance.
Have these bottom-up effects already influenced growth
rates or condition of Lake Michigan fishes? The decrease in
lake whitefish condition between 1995 and 1998 may have
been partially due to some bottom-up effects. An increase in
proportion of zebra mussels or a decrease in proportion of
Diporeia in lake whitefish diet could have led to reduced
lake whitefish condition. The recent decline in alewife €on
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population associated with Lake Michigan during the late
1980s and 1990s was partially due to substantial reduction
of contaminant levels within the lake ecosystem during the
1970s (Weseloh et al. 1995). To date, lake-wide cense
guences of this increase in cormorant abundance on the rest
of the lake ecosystem remain unclear.

We were unable to attribute any of the lake-wide changes
in the Lake Michigan food web between 1970 and 2000 to
global climate change effects. That is not to say that global
climate change has not already had some effect on the Lake
Michigan ecosystem. Rather, time series for water tempera
ture characteristics are not sufficiently long to resolve
whether recent trends were part of a natural cycle or were
forced by anthropogenic activity. Furthermore, insufficient
data were available to identify a common long-term trend in
water temperature characteristics across several locations in
the lake. We would expect that ecological changes associ
ated with global climate change would occur much more
slowly than changes induced by invasions of exotic species.
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