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Declines in benthic macroinvertebrate
populations in southern Lake Michigan,
1980-1993

Thomas F. Nalepa, David J. Hartson, David L. Fanslow, Gregory A. Lang, and
Stephen J. Lozano

Abstract: Densities of the major benthic macroinvertebrate groups declined dramatically at sites shallower than 50 m

in southern Lake Michigan between 1980 and 1993. DeclineBijporeia, Oligochaeta, and Sphaeriidae ranged from

40 to 75% at these depths. Total densities declined from 16 880amM.980-1981 to 4800-Thin 1992—-1993 at sites

in the 16-30 m depth interval and from 21 300 to 11 306-at sites in the 31-50 m depth interval. Changes at sites
deeper than 50 m were minimal; only sphaeriids declined to any extent. Declines in oligochaetes and sphaeriids
occurred uniformly throughout the nearshore region and over the entire sampling period. Declines in these two groups
were most likely related to reductions in phosphorus loads and a general decrease in productivity in the nearshore area
over the sampling period. On the other hand, declineBiporeia occurred mainly in the later portion of the sampling

period and were greatest in the southeastern region of the lake. Densities at many sites in the southeastern region were
<100-m? in 1993, down from 3000-8000-%in 1980-1987. We hypothesize that the filtering activities of large

populations ofDreissena polymorph& nearshore waters may be having a negative impadDiporeia in deeper

waters by decreasing the amount of food available to this surface-feeding detritivore.

Résumé: La densité des principaux groupes de macroinvertébrés benthiques a fortement diminué entre 1980 et 1993
dans les zones peu profondes (<50 m) du sud du lac Michigan. Les déclins observéiptrein, les oligochéetes et

les sphaeriides atteignaient 40 & 75% a ces profondeurs. Les densités totales sont passées de? Hh8EBMR-1981

a 4 800-m? en 1992-1993 dans les zones de 16 & 30 m de profondeur et de 21 300 a 17 3Gwsnles zones de 31

a 50 m de profondeur. Dans les secteurs plus profonds, les changements étaient de facon générale peu importants, les
seuls déclins prononcés ayant été observés chez les sphaeriides. Les déclins chez les oligochétes et les sphaeriides se
sont produits de fagon uniforme a I'échelle de toute la zone cotiere et durant toute la durée de I'échantillonnage. Les
déclins chez ces deux groupes étaient vraisemblablement attribuables a des réductions des charges de phosphore et a
une diminution générale de la productivité dans la zone c6tiere durant la période d'échantillonnag®iftheiz, les

déclins ont été observés principalement durant la derniére portion de la période d’échantillonnage et se sont révélés
plus prononcés dans la région sud-est du lac. En plusieurs endroits de cette région, les densités sont passées de 3 000 &
8 000-nT? en 1980-1987 a <1007ten 1993. Nous croyons que la filtration exercée par les fortes populations de
Dreissena polymorphaans les eaux c6tieres pourrait avoir nui aux population®igereia établies en zones plus

profondes en réduisant la quantité de nourriture disponible pour cette espece détritivore se nourrissant en surface.

[Traduit par la Rédaction]

Introduction planned reduction of nutrient loads and the establishment of

Over the past few decades, nearshore regions of the Greg%e zebra musselD(eissena polymorpha Reductions in
osphorus inputs have led to declines in phytoplankton

Lakes have undergone dramatic changes in real and peP—

ceived trophic status as a result of two important events: thdoundances and shifts in algal species composition in near-
P P shore waters (Edsall and Charlton 1996) whereas the filter-

Received February 5, 1998. Accepted July 17, 1998. ing activities ofD. polymorphahave reduced phytoplankton,
J14409 increased water clarity, and shifted productivity from the
pelagic to the benthic region without any real change in
trophic status (Fahnenstiel et al. 1995199%). Because
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Fig. 1. Location of the 40 sampling sites in southern Lake Michigan. Depth contours of 30, 50, and 90 m define the depth intervals by
which the stations were grouped for data analysis. Each station represents a site that was originally sampled in the 1960s or earlier.
Derivation of site designations is described in Nalepa (1987).
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food inputs to the benthic region became abundant, whil¢hic populations has varied, depending on the feeding mode
more sensitive forms declined (see Cook and Johnson 197anhd life habit of the particular species or taxonomic group.
for review). Since the reduction of phosphorus loads, ther®reissena polymorph&as had a negative impact on some
has been a general shift to communities indicative of im-taxa via competitive exclusion (Nalepa et al. 1996; Dermott
proved conditions; changes in densities and species compand Kerec 1997), a positive impact by increasing habitat
sition have generally been the reverse of changes whetomplexity and detrital food (Stewart and Haynes 1994,
conditions were deteriorating (Johnson and McNeil 1986Botts et al. 1996), or no impact at all (Dermott and Kerec
Schloesser et al. 1995). For instance, in the Bay of Quintel997).
the density and biomass of some major benthic groups (oli- |n this study, we assess long-term changes in benthic
gochaetes, sphaeriids, and chironomids) declined betwegfacroinvertebrate populations of the southern basin of Lake
1966 and 1984 in response to a decline in phosphorus loadgichigan. Benthic communities in this basin are greatly in-
and bay productivity (Johnson and McNeil 1986). Also, influenced by changes in nutrient loads, since a large portion
western Lake Erie, declines in oligochaete abundances and39%) of suspended material and total phosphorus enters the
shifts in species composition in nearshore waters betweefake at the southern end (Robertson 1997). We collected
1961 and 1982 indicated improved water quality (Schloessesamples in 1986—1987 and in 1992—-1993 at the same sites
et al. 1995). that were sampled in 1980-1981 (Nalepa 1987). In the
The introduction and widespread abundanceDofpoly-  1980-1981 survey, densities of the major benthic macroin-
morpha have confounded our interpretations of trophicvertebrate groupsDiporeia (Amphipoda), Oligochaeta, and
trends using benthic macroinvertebrate communities. Th&phaeriidae) increased over twofold between the mid-1960s
overall impact ofD. polymorphés filtering activities on ben- and 1980-1981 at depths <50 m (Nalepa 1987). This finding
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followed a similar trend of increasing densities between thehe sampling sites into four depth intervals (16-30, 31-50,
early 1930s and 1964 (Robertson and Alley 1966). Bothb1-90, and >90 m) and calculating yearly means for the
studies attributed increased densities to accelerated nutrietiiree major macroinvertebrate groupBjporeia, Oligo-
loads and higher productivity within the lake between thechaeta, and Sphaeriidae. These depth intervals are consistent
1950s and early 1970s (Chapra 1977; Schelske 1978). vith prior characterization of depth—macroinvertebrate asso-
positive, direct relationship between pelagic productivityciations in Lake Michigan (Alley and Mozley 1975; Nalepa
and densities of amphipods, oligochaetes, and sphaeriids is1®87) and approximate regions of varying sediment resus-
common feature of large, deep lakes (Saether 1980). Redupension and deposition within the southern basin (Chambers
tions in phosphorus loads in the mid-1970s led to declines irand Eadie 1981; Eadie et al. 1984). Between 1980 and 1993,
total phosphorus, summer epilimnetic chlorophyll, and thethere was a general downward trend in density in each of the
intensity of the spring diatom bloom by the late 1970s —three macroinvertebrate groups at the 16-30 and 31-50 m
early 1980s (Vandercastle 1985; Scavia et al. 1986; Changtervals (Table 1). At these two shallowest intervals,
and Rossman 1988). Nalepa (1987) hypothesized thdbiporeia declined 68 and 43%, respectively, oligochaetes
macroinvertebrate densities in southern Lake Michigan indeclined 75 and 40%, and sphaeriids declined 75 and 72%.
1980-1981 had not yet reflected observed productivity de©verall, total mean density at the 11 sites in the 16-30 m in-
clines in the pelagic region. Since phosphorus loads haverval declined from 16 800-Th in 1980 to 4800-1% in
continued to decline through the 1980s (Johengen et al993, while total mean density at the 12 sites in the 31-50 m
1994), our subsequent surveys were designed to determineijifterval declined from 21 300 to 11 300-fnYearly differ-

the macroinvertebrate community had now responded tences at these two shallow intervals were significant for
these productivity changes. Furthermore, widh polymor-  each group (ANOVAP < 0.01) except for sphaeriids at 16—
pha becoming established in southern Lake Michigan in30 m P = 0.16) (Table 1). When yearly differences were
1989 (Marsden et al. 1993), our surveys provide a relativgignificant, multiple range tests (Tukey HSD) indicated that
measure of initial changes in the macroinvertebrate commugensities in 1993 were significantly loweP (< 0.05) than

nity that may have resulted from. polymorphdfiltering ac-  densities in most other years except for densities in 1992

tivities. (Table 1).
i Density trends at the two deeper intervals were not as
Materials and methods consistent as at the shallower intervals. Overall, a downward

Samples were collected in 1986-1987 and 1992-1993 at thgend in_total density was rpt readil_y apparent (Table 1).
same 40 sites sampled in 1980-1981 using exactly the same metl early differences were significant fd@iporeia at these two

ods (Nalepa 1987) (Fig. 1). Bottom substrates ranged from coars@€€per depth intervals?(< 0.001), but mean densities of
sand and gravel to fine silt, and sampling depths ranged from 16 t®iporeiain 1992 or 1993 were not always lower than means
157 m. Exact location, water depth, and substrate type at each sii@ previous years (see low densities in 1981 at both inter-
are given in Nalepa et al. (1985). Sampling was conducted irvals; Table 1). For oligochaetes, densities at the 51-90 m in-
spring (mid-May — early June), summer (late July — early August).terval were lowest in 1993, but were only significantly lower
and fall (September—October) over a 1-week period in each seasGfan densities in 1980 (Tukey HSB,< 0.05). Yearly differ-

of each year. The sampling period sometimes extended longer thallyces in density at the >90 m interval were not significant
1 week because of poor weather conditions. Samples were taken Eb = 0.80). Yearly differences in sphaereiid densities were

triplicate with a Ponar grab (area = 0.046)nand washed into an ‘. . . - -,
elutriation device fitted with a nitex sleeve having 0.5-mm open—Slgnlflcant at both intervalsR < 0.05), with lowest densities

ings (Nalepa et al. 1985). Retained material was immediately pre@Ccurring in 1993.

served in 10% buffered formalin containing rose bengal stain. Since the 1986-1987 survey was conducted just prior to
Retained residue was placed into a white enamel pan and orgamhe establishment db. polymorphain Lake Michigan, these

isms were picked, counted, and sorted into major benthic groupgurvey years are important when comparing potential im-

(Diporeia, Oligochaeta, Sphaeriidae, Chironomidae, Gastropodapacts of phosphorus reductions ver&uspolymorphafilter-

D. polymorpha and others). In some samples, the number of or5, o5 iivities. Declines between 1980-1981 and 1986-1987
ganisms was extremely large and only a randomly chosen portion

(one eighth to one half) of the residue was picked and then applieEIep.resent .potentlal responses to phosphorus load reductions,
to the entire sample. All organisms collected in 1980-1981 andVhile declines between 1986-1987 and 19921993 represent
19921993 were identified to the lowest practical taxonomic level,potential responses to both phosphorus reductions and
but organisms collected in 1986-1987 were identified only to theD. polymorphaIn order to distinguish the relative impact of
group level as given above. For oligochaetes, between 75 and 10hese two events, we calculated and then compared rates of
individuals in a replicate (proportionately split with a Folsom decline (percent decline per year) for the two time periods
plankton splitter when numbers were higher) were cleared in Iact0(1930_1981 to 1986-1987, 1986-1987 to 1992-1993) for
phenol before identification. Only oligochaetes with a prostomiumggch of the three groups (Table 2). At the 16-30 m interval,
were included in abundance estimates. Since fragments (WithOLfIateS of decline were greater in the 19801981 to 1986-1987
prostomium) can only be recognized during the process of speuegge]e period for oligochaetes and sphaeriids, but greater in

identification and not when counted and sorted, the total number o . . ’ .
oligochaetes in 1986-1987 at each site was corrected based on tH€ 1986—1987 to 1992-1993 time period fiporeia. De-

mean proportion of fragments found in the other four years at thecline rates in oligochaetes were significant for both time pe-

same site. riods (pairedt-test,P < 0.05) (Table 2), declines iDiporeia
were significant only in the later period, and declines in
Results sphaeriids were not significanP (> 0.05) for either period.

This suggests that, of the three groups, oligochaetes were
Spatial and temporal trends were examined by dividingnost responsive to nutrient reductions and tBaporeia
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Table 1. Mean (+ SE) yearly densities (no.=fj of the three major macroinvertebrate groups at various depth intervals in southern
Lake Michigan.

1980 1981 1986 1987 1992 1993 ANOVA

Depth: 16-30 m
Diporeia 8 310+1242 7 455+98% 8 041+1292 5 377+82& 2 618+504 2 698+54d <0.001
Oligochaeta 6 393+£2286  5613+157& 3127+93ab 2 925+96@b 1713+37@&b 1647+43b 0.002
Sphaeriidae 21294577 2 643+741 1257+345 1348+347 1381+384 535+123 0.156
Total 16 832 15711 12 425 9 650 5712 4880

Depth: 31-50 m
Diporeia 12 216+99% 9 693+622 10 377+523 10 524594 8 710£75%b 7 021+£87® 0.003
Oligochaeta 5 308+4HD 4 692+34% 4 722+462 5 0041584 4 487+46@b 3166+330 0.002
Sphaeriidae 3 789+396 2 862+38h 2 394+25% 3083+41& 2 273+£302 1 068+16® <0.001
Total 21313 17 247 17 493 18 611 15470 11 255

Depth: 51-90 m
Diporeia 6 466+28%C 5071+37H 6 622+45@C 7 652+34@G¢C 6 380+332cC 5352+37ab  <0.001
Oligochaeta 2190+184 2 077+154b 2 248+204b 1976+232b 2 042+13%b 1530+9D 0.026
Sphaeriidae 758+38 844+9& 8381122 797+11%h 801+15& 384+7D <0.001
Total 9414 7992 9708 10425 9223 7 266

Depth: >90 m
Diporeia 3662+362a 2407+35D 53144534 4 672+356 3195+38%b 3226+£51%@b  <0.001
Oligochaeta 989+167 1007+227 1132+271 1384+426 1179+151 1123+159 0.794
Sphaeriidae 198+37 191+53b 329+184b 151+46Gb 113+3(b 98+3@ 0.028
Total 4849 3605 6775 6 207 4 487 4447

Note: Differences between years were tested using ANOVA onxleg(l)-transformed values. Statistical tests and estimates of variability were based
on means of three replicates per site per sampling date. Values followed by a different letter are significantly different (TukBy<HB0R).

Table 2. Rates of decline for the three major macroinvertebrate groups for each survey period.

Diporeia Oligochaeta Sphaeriidae
Depth: 16-30 m
1980-1981 to 1986-1987 2.6 (6, 0.345) 8.2 (9, 0.014) 7.5 (7, 0.216)
1986-1987 to 1992-1993 10.0 (8, 0.005) 7.4 (6, 0.009) 4.5 (8, 0.069)

1980-1981 to 1992-1993
Depth: 30-50 m

5.5 (11, <0.001)

6.0 (11, 0.001)

5.0 (11, 0.006)

1980-1981 to 1986-1987 0.7 (6, 0.758) 0.5 (7, 0.403) 2.9 (7, 0.549)
1986-1987 to 1992-1993 4.1 (8, 0.014) 3.5 (10, 0.002) 6.5 (8, 0.031)
1980-1981 to 1992-1993 2.3 (8, 0.085) 2.0 (11, 0.003) 4.1 (12, 0.001)

Note: Declines were calculated as the percent decline per year (assume 6 years between surveys). The first value in parentheses is the number of sites
showing a decrease in densities over the given time period. The second value in parenthesPsfas theairedt-test comparing densities of all sites in
that depth interval. For the 16-30 m interval, one site was not collected in 1986-1987n thud) for the first two time periods and = 11 for the last.
Similarly, one site was not sampled in the 31-50 m interval in 1986-1987; mhwasl1 for the first two time periods and = 12 for the last.

may have been most affected DBy polymorphaFor the 31— rank differences between the two 2-year surveys compared.
50 m interval, rates of decline in all three groups wereFor oligochaetes and sphaeriids, rank differences were not
greater in the 1986-1987 to 1992-1993 time period. Designificant (chi-squareR > 0.05), indicating that relative de-
clines were significantK < 0.05) (Table 2) for each group clines in these two groups were consistent for all sites at
during this later period, but were not significant for the ear-these depths. However, f@iporeia, there was a significant
lier period @ > 0.05). difference in ranks B < 0.01), indicating that densities at
The effects of sampling season (spring, summer, fall) wersome sites declined more than at others. Clediporeia
not significant for any of the groups (ANOVA, log(# 1)- declined to a greater extent at sites <50 m in the southeast-
transformed P > 0.05) except foDiporeia at the 16—-30 m ern portion of the lake (Fig. 2). All 11 sites wheDaporeia
interval (P = 0.02).Diporeia abundances were highest in the declined more than 60% between 1980-1981 and 1992-
spring and declined through summer and fall. This specied993 were located in this area of the lake (Fig. 3). The mean
has a 1-year life cycle at these depths, and population dengiecline at these sites was 81.6% (range 60.3-99.2%), while
ties are high in the spring when newly hatched young entethe mean decline at the other sites whBiporeia decreased
the population but then decline (Winnell and White 1984). was only 26.2% (range 7.0—49.0%). At four of the sites
Declines in densities were observed at most all site¢A-1, H-18, S-2, V-1), densities in 1993 were <100?m
<50 m between 1980-1981 and 1992-1993 (Table 2). To déMean densities at these same sites in 1980-1987 ranged
termine if declines occurred to a similar extent over all sitestom 3381 to 8294
at these depths, all sites <50 m (23 total) were ranked by rel- The trophic status of the most common oligochaete spe-
ative mean density in both 1980-1981 and 1992-1993 andies is generally well known; thus, community composition
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Fig. 2. Densities (no.-nf x 10°) of Diporeia, Oligochaeta, and Sphaeriidae in each of the survey years. (Figure 2 is continued on next
page.)

Diporera

has often been used to assess a lake’s trophic state (Milbrinkreased between 1980-1981 and 1992-1993 at the 16-30,
1983; Lauritsen et al. 1985) and also to assess changes %1-90, and >90 m intervals, while the proportion of uniden-
trophic state over time (Lang and Reymond 1992; Schloestifiable immatures declined. Becau$e heringianusan be

ser et al. 1995). Species can be divided into three categoriédentified to species even when immature, most of the un-
based on their distribution and abundance relative to knowidentifiable individuals were likely species of types 2 and 3.
areas of enrichment: type 1, largely restricted to oligotrophicThese changes would indicate less eutrophic conditions in
waters; type 2, characteristic of mesotrophic conditions; type992-1993 than in 1980-1981 at these depths. However,
3, tolerant of extreme organic enrichment. The abundance afhanges in species composition at the 31-50 m interval were
each of the major species and the percentage of individualigconsistent with those at the other three depth intervals. The
in each trophic category in 1980-1981 and 1992—-1993 werproportion ofS. heringianusdeclined, while the proportion
compared (Table 3). Dominant species in each category, rénd actual abundance of unidentifiable immatures increased
gardless of time period, wet®tylodrilus heringianusn type  (Table 3).

1 (98%), Potamothrix vejdovskyin type 2 (73%), and.im- Other commonly collected macroinvertebrate taxa in-
nodrilus hoffmeisterin type 3 (72%). The proportion of in- cluded Chironomidae, Gastropoda, @dpolymorpha Den-
dividuals in each trophic category (relative to the totalsities of the former two taxa were low, and they comprised
number collected) changed significantly (chi-squalfe<  only a minor portion of the total macroinvertebrate commu-
0.05) between 1980-1981 and 1992-1993 at each depth inity. Mean yearly densities between 1980 and 1993 were
terval (Table 3). In effect, differences between the two surhighest at the 16—-30 m interval for both taxa and ranged
vey periods were a result of changes in the proportion ofrom 173 to 320-1 for chironomids and from 13 to 887
type 1 individuals, essentially alb. heringianus and of for gastropods. Of special interest are the abundance and
changes in the proportion of individuals categorized as undistribution of D. polymorpha since the filtering activities
identifiable immatures. The proportion & heringianusn-  of this species can affect food inputs to macroinvertebrate
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Fig. 2 (continued.
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populations.Dreissena polymorphavas first reported from Discussion

Lake Michigan in 1989 in the nearshore region near Chicago

and by 1993 had colonized all hard substrates within about Declines in densities of the three dominant macroinverte-
7 km from shore from Waukegan to Michigan City (Mars- brate groups,Diporeia, oligochaetes, and sphaeriids, at
den et al. 1993). In 1993, mean densities ranged from 50 000epths <50 m in southern Lake Michigan between 1980 and
to about 100 000-m on the extensive reefs and shoals in 1993 basically reverse a trend of increasing densities that
this region (Marsden et al. 1993). None of our sites were lo-occurred between 1930 and 1964 (Robertson and Alley
cated in this area (Ponar grab cannot sample in hard suli-966) and between the mid-1960s and 1980-1981 (Nalepa
strate areas), so densities Bf polymorphain our surveys 1987). These declines correlate well with decreasing trends
were not representative of overall densities within the southin phosphorus loads and pelagic productivity over the same
ern basin. Nevertheless, our surveys in 1992 and 1993 diime period. After phosphorus control measures were initi-
provide a measure of relative distributions and abundancested in the mid-1970s, loads declined in the 1980s and re-
Dreissena polymorphaas found at all sites in the 16—30 m mained lower through 1993 (Johengen et al. 1994; 1JC,
interval in both 1992 and 1993, with densities generallyWindsor, Ont., unpublished data), and phosphorus concen-
higher in the later year (Fig. 4). Densities in 1993 weretrations decreased between the late 1970s and the early
<500-nT? except at station V-1, where mean densities werel980s (Scavia et al. 1986; Chang and Rossman 1988), as did
2889-m?in 1992 and 18 906-Min 1993. Of the 12 sites in the intensity of the spring diatom bloom (Vandercastle
the 31-50 m intervalD. polymorphawas collected at five 1985). Dated cores from the area of highest sedimentation in
sites in 1992 and at 10 sites in 1993 (maximum mean derthe southern basin show a similar trend: phosphorus concen-
sity 133-m?), and of the 11 sites in the 51-90 m interval, trations in the sediment declined through the 1980s after a
D. polymorphawas collected at one site in 1992 and at threepeak in the late 1960s — early 1970s (T. Johengen, Coopera-
sites in 1993 (maximum mean density 99n Dreissena tive Institute for Limnology and Ecosystems Research,
polymorphawas not found at sites deeper than 90 m. unpublished data). Also, primary productivity declined be-
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Sphaeriidae

tween the early 1980s and early 1990s (G.L. FahnenstieKig. 3. Region of the study area wheRiporeia declined more
Great Lakes Environmental Research Laboratory, personahan 60% between 1980-1981 and 1992-1993.

communication); however, recent declines may be more re-
lated to the filtering activities ofD. polymorphathan to

phosphorus load reductions. With corresponding declines in
macroinvertebrate densities through the 1980s and early

1990s, densities in 1993 were equal to or lower than densi- miwaukee A Grand Haven

ties found in the mid-1960s (Table 4).

In the period between 1980-1981 and 1986-1987, when
productivity in Lake Michigan was declining arid. poly-
morphawas not yet present, the two groups that declined to
the greatest extent in the nearshore region were oligochaetes
and sphaeriids, while declines Diporeia were minimal.
The two former groups generally respond directly to
changes in benthic food inputs (Wiederholm 1980; Clarke et
al. 1997), but forDiporeia, other factors such as fish preda-
tion may complicate interpretations of relationships between
benthic food inputs and abundances (Johnson and McNeil
1986; McDonald et al. 1990). When densities of all three
groups increased two- to fivefold at depths <50 m between
the mid-1960s and 1980-1981, Nalepa (1987) attributed the
increases to enrichment and greater benthic food inputs but,
in the case ofDiporeia, provided evidence that suggested

Racine ,
Saugatuck

A
South Haven

#« St. Joseph

Michigan City
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Table 3. Mean densities (no.-T of oligochaete species in 1980-1981 and 1992-1993 in each of four depth intervals.

16-30 m 30-50 m 50-90 m 90-156 m
1980-1981 1992-1993 1980-1981 1992-1993 1980-1981 1992-1993 1980-1981 1992-1993
Taxa
Enchytraeidae 32 4 67 21 158 69 181 55
Lumbriculidae
Stylodrilus 1473 608 2974 1262 1216 1247 681 1010
heringianus(1)
Tubificidae
Aulodrilus 14 97 <1 0 0 <1 0 0
americanus(2)
A. limnobius(2) 2 0 0 0 0 0 0 0
A. pluriseta(2) 175 7 7 <1 0 0 0 0
llyocryptus freyi(2) 0 3 0 0 0 0 0 0
I. templetoni(2) 0 1 0 1 <1 0 0 0
Limnodrilus 1 0 0 0 0 0 0 0
cervix (3)
L. claparadieanug3) 2 1 0 <1 0 0 0 0
L. hoffmeisteri(3) 300 100 167 140 141 58 8 7
L. spiralis (3) 7 0 2 0 <1 0 <1 0
L. profundicola(1) 5 8 11 14 3 4 1 <1
L. udekemianug3) <1 <1 0 <1 0 0 0 0
Opisthonais serpentia 0 <1 0 0 0 0 0 0
Potamothrix 21 8 46 68 1 <1 0 0
moldaviensig2)
P. vejdovskyi2) 295 58 439 387 17 35 0 <1
Quistrodrilus 117 1 <1 2 <1 0 0 0
multisetosug3)
Rhyacodrilus <1 <1 <1 4 0 0 0 0
coccineus(1)
Spirosperma ferog2) 4 2 0 <1 0 <1 0 0
S. nikolskyi(1) 6 3 80 59 <1 2 <1 0
Tubifex ignotus 2 0 0 0 0 0 0 0
T. americanugq1) 0 <1 <1 9 2 1 1 <1
T. tubifex(3) 4 2 51 69 27 18 14 14
T. superiorensig1) 2 1 2 <1 1 0 <1 0
Variechaetidrilus 8 21 0 1 0 <1 0 0
augustipenig3)
Immatures without 3253 683 936 1005 426 256 28 24
hair setae
Immatures with 211 49 211 788 142 94 84 42
hair setae
Naididae (11 specie’) 69 31 2 0 1 <1 <1 0
Type 1 1486 (24.8) 620 (36.7) 3067 (61.4) 1348 (35.2) 1222 (57.3) 1254 (70.3) 683 (68.4) 1010 (87.7)
Type 2 511 (8.5) 176 (10.4) 492 (9.8) 456 (11.9) 18 (0.8) 35 (2.0) 0 (0.0) <1 (<0.1)
Type 3 439 (7.3) 125 (7.4) 220 (4.4) 212 (5.5) 168 (7.9) 76 (4.3) 22 (2.2) 21 (1.8)
Other 3567 (59.4) 767 (45.4) 1216 (24.3) 1812 (47.3) 727 (34.1) 419 (23.5) 293 (29.4) 121 (10.5)
Total 6003 1688 4995 3828 2135 1784 998 1152

Note: The type category of each species is given in parentheses next to the species name (see text for explanation of categories). Also given is the
percentage of individuals (in parentheses) in each of three trophic categories.

#Arcteonais lomondiChaetogaster diaphanudlais alpina Nais elinguis Nais simplexNais variabilis Piguetiella michiganensjsStylaria fossularius
Stylaria lacustris Uncinata uncinais Vejdovskyella intermedia

decreased fish predation was also a factor. In the Bay ofiever abundant, declines in standing stocksDaporeia
Quinte, oligochaetes and sphaeriids declined in response teere similar to those for oligochaetes and sphaeriids.
phosphorus reductions, but a noted increasBiporeia was In our study, each of the three groups continued to decline
attributed to the collapse of the white percMdrone  between 1986-1987 and 1992-1993. While decline rates in
americana population (Johnson and McNeil 1986). In adja- oligochaetes and sphaeriids over this period were generally
cent Lake Ontario, where white perch populations werecomparable with decline rates in 1980-1981 to 1986-1987,
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Fig. 4. Distribution and density (no.-Tf) of the zebra musseDreissena polymorphin 1992 and 1993. Note log scale.
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Table 4. Mean (+ SE) density (no.-T of the three major
macroinvertebrate groups at different depth intervals in 1962—
1967 and 1993.

1962-1967 1993 P

Depth: 16-30 m
Diporeia 3061+962 21581847 ns
Oligochaeta 2 0904983 1599+827 ns
Sphaeriidae 1860+1251 508+213 ns
Total 7011 4265

Depth: 31-50 m
Diporeia 6 361+921 5648+1155 ns
Oligochaeta 4 096+903 2733+715 ns
Sphaeriidae 2 859+579 1273+£399 <0.05
Total 13316 9654

Depth: 51-90 m
Diporeia 3974374 5161+705 ns
Oligochaeta 1 690+591 1494+168 ns
Sphaeriidae 729+150 362+134 <0.05
Total 6 393 7017

Depth: >90 m
Diporeia 2 796+543 33721940 ns
Oligochaeta 2 089+840 1040+237 ns
Sphaeriidae 178+48 106+68 <0.05
Total 5063 4518

Note: The 1962-1967 data were taken from Alley and Mozley (1975)
and A.M. Beeton (Great Lakes Environmental Research Laboratory,

southwestern portion of the lake, as extensive shoals and
reefs in this area provided an ideal substrate for colonization
(Marsden et al. 1993). Water clarity at many sites in this re-
gion increased twofold between 1990 and 1993 (Marsden et
al. 1993), an increase similar to that found in other Great
Lakes areas heavily infested Iy polymorpha(Fahnenstiel

et al. 199%). Diporeia relies on freshly sedimented organic
matter as a food source (i.e., mostly diatoms), wbilgoly-
morphais a filter-feeder that intercepts this material before
it actually settles to the bottom. In the profundal region of
eastern Lake ErieDiporeia declined 88% afteDreissena
became established; also, there was a direct inverse relation-
ship between numbers &fiporeia andDreissenain individ-

ual samples (Dermott and Kerec 1997). In 1992-1993,
D. polymorphawas not abundant at most sites in the south-
eastern region. However, with a counterclockwise circula-
tion pattern in southern Lake Michigan, extensive
D. polymorphapopulations in the south—southwestern por-
tion of the lake may have affectddiporeia populations in
areas to the east. Changes in water clarity and pelagic pro-
ductivity have been observed in areas with IBwpolymor-

pha populations when circulation patterns integrate waters
from nearby areas with higher populations (Fahnenstiel et al.
1994). Also, since physical processes readily resuspend and
transport organic matter from nearshore to offshore areas in
the southern basin (Eadie et al. 1984), we suspect that the
filtering activities of extensiveD. polymorphapopulations

unpublished data). Because sites were sampled at different frequencies inin shallow, nearshore areas are causing decreased benthic in-

1962-1967, SEs were derived from station mears.10 (<30 m),n = 8
(31-50 m),n = 8 (51-90 m), anch = 5 (>90 m). Only stations sampled

in both periods were included. Differences between periods were tested
using the Wilcoxon matched-pairs signed-rank test. ns, not significant.

decline rates inDiporeia increased fivefold and were fo-

puts toDiporeia in deeper areas.

Many species of fish feed heavily oDiporeia, and
changes imDiporeia densities have been related to shifts in
fish communities and predation pressure (Johnson and
McNeil 1986; McDonald et al. 1990). Thus, the role of fish

cused primarily in the south—southeastern portion of thepredation in causing observed change®iporeia densities
lake. SinceD. polymorphabecame established in this area in must be examined. Between 1980-1981 and 1992-1993, a

1989, we hypothesize that food competition with poly-
morphamay have led to accelerated declinesDiporeia.
By 1993, D. polymorphahad heavily infested the south—

number of changes occurred in the nearshore fish communi-
ties of Lake Michigan. In the early years of this period, the
decline in alewife Alosa pseudoharengyswhich began in
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the 1970s, continued, while yellow percRdrca flavescens the least abundant, and declined the most, at all of our depth
and bloater Coregonus hoyi increased (Jude and Tesar intervals. With such a marked decline in sphaeriids through-
1985; Fabrizio et al. 1995). McDonald et al. (1990) found aout the study area, regional declines specificCio poly-
twofold decline inDiporeia densities between 1979-1980 morphaimpacts may have been difficult to discern. Also,
and 1984-1985 in the southern basin and attributed this dehe dominant sphaeriid genus in the southern basiiss
cline to increased predation from perch and bloater. We didlium (Nalepa et al. 1985). This genus occurs in the upper
not sample in 1984 or 1985, but benthic samples were takesediments and feeds by filtering suspended microorganisms
at one of our sites (H-31) in these same two years (M.Afrom interstitial waters (Lopez and Holopainen 1987). Thus,
Quigley, Great Lakes Environmental Research Laboratorylike oligochaetes, it is not dependent on freshly settled algal
unpublished data). H-31 is located off Grand Haven, Mich. material as a direct source of food.
in the same general location where McDonald et al. (1990) Macroinvertebrate densities declined to the greatest extent
sampled. Mean densities @iporeia at this site in 1980, at depths <30 m, were less pronounced at 30-50 m, and
1981, 1984, 1985, 1986, and 1987 were 10 362, 10 048yere minimal at depths >50 m. A similar depth-dependent
7519, 7815, 9354, and 10 6874nrespectively. Densities at response was apparent when densities increased between the
this site do indeed appear lower in 1984 and 1985, whichmid-1960s and 1980-1981 (Nalepa 1987). Such a benthic
agrees with the findings of McDonald et al. (1990). How- response might be expected, as pelagic productivity is
ever, note that densities in 1986-1987 were similar to densigreater and more closely integrated with nutrient inputs in
ties in 1980-1981, so any predation effects appear to havieearshore waters compared with offshore (Ladewski and
been temporary. Also, minimal declines Diporeia be-  Stoermer 1973; Schelske et al. 1980). At the shallowest in-
tween 1980-1981 and 1986-1987 at <50 m suggest that peerval, rates of decline in oligochaetes and sphaeriids were
tential increases in fish predation (at least from perch an@reater early in the study period (1980-1981 to 1986-1987)
bloater) had little impact on overall densities. In the periodcompared with later (1986-1987 to 1992-1993), indicating a
between 1986-1987 and 1992-1993, yellow perch declinethpid early response to load reductions. In reality, declines
dramatically in the southern basin, while bloater and othemight have been observed earlier if densities had been docu-
fish species that feed heavily ddiporeia declined or re- mented in the 1970s. At the 31-50 m interval, rates of de-
mained fairly stable (Fabrizio et al. 1995). Given that thecline were greater in the later time period, indicating more
greatest declines iDiporeia occurred over this period (Ta- of a delayed response to productivity declines. At the very
ble 2), it appears that changes in fish predation cannot adeast, observed declines in both the 16-30 and 31-50 m in-
count for the observed declines. tervals seemed consistent with the turnover time of bottom
Unlike Diporeia, declines in oligochaetes and sphaeriidsparticulate material in the southern basin, which is estimated
in the south—southeastern portion of the study area were nte be 9 years at 12 m, 16 years at 65 m, and 23 years at
significantly different from declines in other areas, implying 100 m (Robbins et al. 1998).
minimal D. polymorphaimpacts. For oligochaetes, these Oligochaetes and sphaeriids were not uniformly distrib-
findings are consistent with those in eastern Lake Erie wherated throughout the study area at depths <50 m; higher den-
oligochaete densities were unaffected by the presence aities were found near Waukegan and in the depositional
Dreissena(Dermott and Kerec 1997). Oligochaetes are in-basins of the southeastern portion of the lake (Fig. 3). De-
faunal detritivores that are not as dependent on freshly sespite these spatial differences, density declines occurred to a
tled material asDiporeia (Gardner et al. 1985) and similar extent throughout the study area. This apparent in-
potentially utilizeD. polymorphafeces and pseudofeces as aconsistency is likely a reflection of the high degree of mix-
food source. In some studies, oligochaete densities actualipg and materials transport that occurs within the nearshore
increased afteD. polymorphabecame established (Stewart of the southern basin (Chambers and Eadie 1981; Eadie et
and Haynes 1994). Decreased oligochaete densities betweah 1984). Within this region, particulate material is con-
1980-1981 and 1992-1993 in our study area would therestantly being redistributed by storms and longshore currents
fore indicate a true response to declines in nutrient loads anefore being transported to deeper waters. Resuspension oc-
overall productivity. The relative proportion of the oligo- curs on the order of weeks or months, while transport occurs
trophic indicatorS. heringianudlid increase at three of the over years. These physical processes greatly influence spa-
four depth intervals, which is consistent with a shift to moretial distributions of macroinvertebrate communities in the
oligotrophic conditions. The reason for the contrary trend ahearshore (Stimpson et al. 1975; Winnell and White 1985).
the 31-50 m interval is not clear. Although total oligochaete Most permanent deposition of particulate material in Lake
densities at this depth interval declined, there was an inMichigan occurs at depths >50 m (Edgington and Robbins
crease in densities ofubifex tubifexand immatures of the 1975). Because of the integrative nature of food inputs to
type with hair setae, most likely immatures of this speciesthis deep region, 60-100 m has been suggested as the best
Tubifex tubifexis considered a eutrophic indicator speciessampling depth interval to monitor trends in benthic popula-
but also does well in oligotrophic waters (Milbrink 1983). tions relative to the changing trophic status of the lake (Win-
When oligochaete densities increased between the midiell and White 1985). This may be true over the long term,
1960s and 1980-1981, an overall shift in species composbut the response of the macroinvertebrate community to tro-
tion did not occur (Nalepa 1987). phic changes occurs more slowly at these depths, and there-
For sphaeriids, our findings in Lake Michigan contrastfore, longer time periods between surveys are needed to
with those in Lake Erie where this group declined dramati-detect changes. In the 13-year time interval of this study, de-
cally in areas wher®. polymorphawas abundant (Dermott clines were apparent for all groups at depths <50 m, but only
and Kerec 1997). Of the three major groups, sphaeriids wersphaeriids declined at depths >50 m. Similarly, in the ap-
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proximately 15-year time period between the mid-1960s anclarke, K.D., Knoechel, R., and Ryan, P.M. 1997. Influence of
1980-1981, all groups increased at depths <50 m, but only trophic role and life-cycle duration on timing and magnitude of
oligochaetes increased at depths >50 m (Nalepa 1987). With benthic macoinvertebrate response to whole-lake enrichment.
the relatively long turnover time of benthic particulate mate- Can. J. Fish. Aquat. Scb4: 89-95. _ _

rial at deeper depthsy our |nab|||ty to detect consistentcook, D.G., and Johnson, M.G. 1974. Bgnthlc macroinvertebrates
changes in all groups was likely a result of the short time Of the St. Lawrence Great Lakes. J. Fish. Res. Board Gan.
span between our surveys. Robertson and Alley (1966) 763-782. _

found thatDiporeia, oligochaetes, and sphaeriids increased?ermott, R., and Kerec, D. 1997. Changes in the deepwater
in the deeper waters of Lake Michigan between 1931 and benthos of eastern Lake Erie since the invasiorDagissena
1964, a time span of 33 years. 1979-1993. Can. J. Fish. Aquat. SB#: 922-930.

In summary, densities of the three dominant macroinverteEadie, B.J., Chambers, R.L., Gardner, W.S., and Bell, G.L. 1984.
brate groups in southern Lake Michigan declined dramati- Sediment trap studies in Lake Michigan: resuspension and
cally between the early 1980s and early 1990s at depths chemical fluxes in the southern basin. J. Great Lakes R@s.

s . 307-321.

<50 m; by 1993, densities were equal to or lower than densi-_ ~* _ .
ties found in the mid-1960s. Both reductions in phosphorug=d9ington. D.N., and Robbins, J.A. 1975. The behavior of pluto-
loads and the filtering activities ob. polymorphalikely nium and other long-lived radionuclides in Lake Michigan. Il.
played a role in this decline. Oligochaetes and sphaeriids Patterns of deposition in the sedimertsImpact of nuclear re-

ti ted b t'. t reducti Hili - leases into the aquatic environment. IAEA, Vienna, Austria.
were most impacted by nutrient reductions, wHilgporeia bp. 245-260.
was apparently most impacted By polymorpha Of utmost

is the decline iDi . lati in th th Edsall, T.A., and Charlton, M.N. 1996. Nearshore waters of the
concern Is thé declineé 1iporeia populations in the south- Great Lakes. Background Paper, State of the Lakes Ecosystem

east region of t_he lake vyhere numbers at many sites <50 m Conference '96, Environment Canada—U.S. EPA, EPA 905-D-
were approaching zero in 1993. A polymorphaspreads 96-001b.
and_ becomes increasingly abundant, further dec_llnemp)ﬂ Fabrizio, M.C., Ferreri, C.P., and Hansen, M.J. 1995. Prey fish
oreia populations may be expected. Further declines are also ¢ommunities as indicators of ecosystem health in Lake Michi-
imminent if the otheDreissenaspeciesDreissena bugensis  gan. Project Completion Report to the Environmental Protection
becomes established on the soft, offshore sediments of Lake agency. Great Lakes Science Center, U.S. Geological Survey,
Michigan as it has in lakes Erie and Ontario (Mills et al.  aAnn Arbor, Mich.
1993; Dermott and Kerec 1997). Becausiporeia accounts  Fahnenstiel, G.L., Lang, G.A., Nalepa, T.F., and Johengen, T.H.
for a major portion of benthic invertebrate biomass in Lake 1995. Effects of zebra musseDfeissena polymorpHacoloni-
Michigan (Nalepa 1989) and is a major energy link between zation on water quality parameters in Saginaw Bay, Lake Huron.
pelagic production and fish (Gardner et al. 1990), declines in J. Great Lakes Re®1: 435-448.
Diporeia over large areas will likely lead to serious disrup- Fahnenstiel, G.L., Bridgeman, T.B., Lang, G.A., McCormick, M.J.,
tions in the Lake Michigan food web. and Nalepa, T.F. 1996 Phytoplankton productivity in Saginaw
Bay, Lake Huron: effects of zebra muss8réissena polymor-
pha) colonization. J. Great Lakes Re&l: 465—475.
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