














biomass (11.8%, Table 2); during the post-expansion period, the pop-
ulation collapsed.

Copepod nauplii biomass tended to peak in the spring (Fig. 7a),
matching an expectedmajor reproductive period of diaptomids in spring
and preceding the increase of C1–C5 diaptomids in late spring and early
summer (Fig. 4e).Maximumbiomass andmean biomasswere extremely
variable from year to year, with 1994, 1997, 2007, and 2008 showing the
lowest average values (Fig. 5a). The average value for the post-expansion
period was significantly lower with a 62% decrease relative to the pre-
expansion period. Note that because of the relatively coarse mesh size
of the net we used, nauplii would be undersampled, especially for the
smallest species such as L. minutus and Diacyclops. The abundance of Dia-
cyclops adults in early summer and abundance of their copepodites

during fall suggestwemay havemissed capturing Diacyclops nauplii dur-
ing summer; likewisewemayhavemissed capturing nauplii of L. minutus
and even some L. ashlandi in summer and fall, considering that adults
were abundant throughout spring and summer.

Predatory calanoid copepods showed considerable variability
among years, but both had relatively high peaks and high mean bio-
mass in 2007 and 2008 that were significantly higher than in 1994–
2003 (Tables 1and 2; Fig. 6). Limnocalanus macrurus, the larger pred-
atory calanoid, occurred as copepodites during the spring and adults
throughout the rest of the year, with adult biomass peaking in sum-
mer and fall (Table 1; Figs. 7e and f). Limnocalanus biomass was var-
iable among years (Fig. 6), with 2008, 1997, and 2007, being
respectively the first through third highest years, and 1998 the

Fig. 4. Seasonal time patterns of zooplankton dry-weight biomass as box plots for each month from all data of the study: means (dots), median (horizontal line in middle of box),
interquartile range (box), and range (whiskers) for all (total) zooplankton (a); the dominant herbivorous cladocerans, Daphnia mendotae (b) and Bosmina longirostris (c); the pred-
atory cladoceran, Bythotrephes longimanus (d); diaptomid C1–C5 copepodites (e) and adults (f); and cyclopoid C1–C5 copepodites (primarily Diacyclops) (g) and Diacyclops adults
(h). Width of the box is proportional to number of samples collected for that month.
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lowest. Averaging across years, Limnocalanus abundance during the
post-expansion period was significantly higher than in the pre-
expansion period of mussels. Limnocalanus (adults and juveniles) be-
came the dominant zooplankton species (27% of total biomass;
Table 2); however, if L. sicilis C1–C5 stages could have been identified,
it might have taken this role.

Biomass of copepodites and adults of Epischura lacustris, a
medium-size calanoid predator and least abundant zooplankter con-
sidered in our study, peaked during the summer and autumn and in-
creased in the later years of the study; their biomass was
significantly higher during the post-expansion period (Tables 1 and
2; Figs. 6 and 7). Like many other calanoids, it was least abundant dur-
ing 1999.

Driving variables and their changes
There were considerable changes in some potential driving vari-

ables over the study period. Water column Chl results are shown as
box-and-whisker plots for concentrations each month for the whole
study (Fig. 8a) as well time histories for water-column Chl spring
(March–May) (Fig. 8b) and summer–autumn (June–December) Chl

for the water column (Fig. 8c) and metalimnion (8d). Complete
time histories for the epilimnion can be found in Mida et al. (2010).
Mean Secchi depths and concentrations of Chl and TP during the
pre- and post-expansion periods can be found in Table 3. Abundances
of the main vertebrate predators, YAO alewife biomass and year class
strength, are shown in Fig. 9.

Over the study period, spring and early summer (April through
July) were important periods of high water column Chl (Fig. 8a).
However, average water column values decreased markedly during
spring in 2003 and in 2007–2008 (Fig. 8b); in contrast, changes in
summer–autumn were not as pronounced (Fig. 8c). Comparing the
pre- and post-expansion period, Chl was significantly lower by 65%
during spring but not significantly lower during summer–autumn
(Table 3). There were no appreciable or significant changes in the epi-
limnetic Chl (see complete time series in Mida et al., 2010) nor in the
hypolimnetic Chl; however, there was a large (41%), significant de-
crease in the summer–autumn metalimnetic Chl (Table 3, Fig. 8d).
Note water column TP decreased by 31% in spring and 24% in sum-
mer–autumn (Table 3). Secchi depth was relatively constant over
the pre-expansion period (Vanderploeg, unpublished data) and

Fig. 5. The time histories of zooplankton dry-weight biomass (dots) and mean seasonal (April–November) biomass (histograms) for the years 1994–2003 and 2007–2008: nauplii
(a); and the dominant adult diaptomids, Leptodiaptomus minutus (b), L. ashlandi (c), and L. sicilis (d). Each data point is the mean of duplicate tows, and seasonal mean biomasses
were calculated from means of monthly data.
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greatly increased during the post-expansion period (Table 3), with
increases of 110% during spring and 52% during summer–autumn.

Over the study period, there was considerable inter-annual varia-
tion in age-0 alewives, age-1 index, and YAO alewives captured in the
trawl. Overall, YAO alewife abundance was highly variable (~2–
14 kg/ha) but without trend between 1994 and 2003 (Fig. 9). Highest
age-0 alewife abundance was seen in 1998. No age-0 index values
were available for 2008; however, acoustic data revealed that age-
0 alewife biomass density was relatively low for that year (Warner
et al., 2009). Note that although no trawl data were available for
1998, it is likely there was a large population of adult alewives then
to produce the large class.

Analysis—biotic factors
Table 4 shows all significant correlations for zooplankton biomass

with all potential forcing variables, including large predatory zooplank-
ton, in different seasons. Despite some large changes in Chl in some
depth zones and seasons, correlation analysis suggested only a few taxa
were sensitive to Chl concentration and only during the summer–au-
tumn. Average summer–autumn biomass of Bosmina+Daphnia,

Daphnia, and total zooplankton were significantly positively correlated
with metalimnetic Chl; nauplii were negatively correlated with epilim-
netic Chl (Table 4). Despite the large decrease in Diacyclops in 2007–
2008, correlation analysis did not show evidence for an effect of Chl.

The extreme drop in total zooplankton biomass during autumn of
1998, the lowest observed value in spring 1999, and the lack of a mid-
summer peak in 1999 (Fig. 2) are qualitatively consistent with the ex-
tremely high biomass (and planktivory) of age-0 alewives in 1998
and age-1 alewives in 1999 (Fig. 9). This is also borne out by the cor-
relation analysis; over the time period 1994–2003 and 2007 (the time
period alewife data are available), average autumn calanoid (sum of
diaptomids, Epischura, and Limnocalanus) copepods and total zoo-
plankton biomasses were significantly negatively correlated with
age-0 alewives (Table 4). Significant negative correlations with age-
1 alewives were found for calanoids and diaptomids during spring
and summer and for calanoids, diaptomids, and L. sicilis over the an-
nual cycle (Table 4). These correlations were strongly influenced by
the 1998 and 1999 data. Conversely, biomass of C1–C5 cyclopoids
and cyclopoids were positively correlated with age-1 alewives during
spring; cyclopoid adults, cyclopoids, and C1–C5 cyclopoids were

Fig. 6. The timehistories of predatory calanoid copepod dry-weight biomass (dots) andmean seasonal (April–November) biomass (histograms) for the years 1994–2003 and 2007–2008:
Limnocalanus macrurus C1–C5 copepodites (a) and adults (b); Epischura lacustris C1–C5 copepodites (c) and adults (d). Each data point is themean of duplicate tows, and seasonal mean
biomasses were calculated from means of monthly data.
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positively correlated with age-1 alewives during summer–autumn
and over the annual cycle.

As expected from the high feeding preference of YAO alewives for
Bythotrephes, Bythotrephes abundance over the whole period of the
study (1994 to 2008) was negatively correlated with YAO alewives.
That the lowest biomass of Bythotrephes occurred in 1998, the year
of the large age-class of alewives, may be related to the early start
this age class got with warm spring temperatures. By autumn, the
abundant age-0 fish could have been relatively large and could have
exerted high mortality on Bythotrephes. Also, the increased tempera-
ture would have increased consumptive needs of the fish. It is also
possible that therewas a large population of adults that year necessary
to create the strong year class in the first place. These YAO fish may
have had an impact too.

Correlation analysis gave evidence of invertebrate predation by
Bythotrephes and Limnocalanus. As expected from the prey preference
of Bythotrephes for cladocerans (Table 1), a significant negative corre-
lation was found for Daphnia (Table 4). Significant negative correla-
tions for total zooplankton, nauplii, diaptomids C1–C5, L. ashlandi,
and diaptomids were found with adult Limnocalanus or Limnocalanus
during spring–autumn or summer–autumn. This is consistent with
predatory feeding habits of Limnocalanus (Table 1) and spatial and
temporal overlap during the winter–spring transition (Table 1).

The flat (lacking peaks and troughs) aspect of the seasonal data for
total zooplankton for 2007 and 2008 is consistent with relaxed fish
predation and increased predation from Bythotrephes. Bythotrephes,
by removing Daphnia during the late summer–early autumn, would
be removing the summer–autumn peak, since Daphnia was a major

Fig. 7. Seasonal time patterns of dry-weight biomass as box plots for each month from all data: means (dots), median (horizontal line in middle of box), interquartile range (box)
and range (whiskers) for nauplii (a) and for adults of the dominant species of diaptomids, Leptodiaptomus minutus (b), L. ashlandi (c), and L. sicilis (d); and predatory copepods,
Limnocalanus macrurus C1–C5 copepodites (e) and adults (f), and Epischura lacustris C1–C5 copepodites (g) and adults (h). Width of the box is proportional to number of samples
collected for that month.

10 H.A. Vanderploeg et al. / Journal of Great Lakes Research xxx (2012) xxx–xxx

Please cite this article as: Vanderploeg, H.A., et al., Seasonal zooplankton dynamics in LakeMichigan: Disentangling impacts of resource limitation,
ecosystem engineering, and predation during a critical ecosystem transition, J Great Lakes Res (2012), doi:10.1016/j.jglr.2012.02.005

http://dx.doi.org/10.1016/j.jglr.2012.02.005


contributor to the summer–autumn peak during pre-expansion years.
Food limitation also could have been a factor as well since Daphnia
was positively correlated with metalimnetic Chl. Contrast this with
very low zooplankton biomass in autumn 1998 and spring 1999,
when fish predation was likely very high. Fish predation by driving
down overwintering populations of copepods during the autumn
would have a marked effect during spring as well.

Analysis—abiotic factors
Phenology of zooplankton succession was affected by onset of

stratification (as noted above), and correlation analysis showed that
spring abundance of zooplankton and nauplii were significantly cor-
related with mean spring water temperature. However, a lack of sig-
nificant correlations over the annual cycle or in other seasons
suggested that epilimnetic temperature was not an important factor

in determining annual changes in zooplankton abundance despite
wide swings in temperature over the study period.

Correlation analysis suggested that Secchi depth was a potentially
important factor affecting zooplankton abundance. Bythotrephes,
Epischura C1–C5, and L. sicilis abundances were positively correlated
with summer–autumn Secchi depth, whereas negative correlations
were found for Bosmina+Daphnia and Daphnia (Table 4). The nega-
tive correlation between Secchi depth and Daphnia+Bosmina bio-
mass may reflect food limitation because of the expected inverse
relationship between algal abundance (and other particulate matter)
and Secchi depth. However, the strong correlation of Bythotrephes
biomass with Secchi depth is consistent with increased foraging effi-
ciency associated with increased light levels. Bythotrephes is particu-
larly sensitive to light intensity since its threshold for visual
planktivory is much higher than that for fish (~ 3 vs. 0.2 μmol/m2/s
in 400–700 nm range) (Muirhead and Sprules, 2003; Vanderploeg

Table 2
Comparison ofmean April–November zooplankton species biomass (mg/m3) for the period before (1994–2003) and after (2007–2008) expansion of quagga populations into deepwater
evaluated by a two-sample t-test. Variance 2007–2008 refers to whether the variance thenwas smaller or larger than that for the period 1994–2003. Bold and italicized numbers orwords
indicate significant differences at the Pb0.01 andPb0.05 levels respectively. Nwas 69or the time period 1994–2003 and 16 for 2007–2008. Because of differences of frequency of sampling
within a given month in different seasons and years, mean monthly values were used for all calculations.

Variable Biomass before Biomass after Variance
2007–2008

Change
(%)

Mean % Mean %

Total zooplankton 27.05 100.00 20.92 100.00 Smaller −22.66
Daphnia mendotae 5.42 20.3 1.43 6.83 Smaller −73.62
Bosmina longirostris 0.89 3.29 0.35 1.66 Smaller −60.67
Daphnia plus Bosmina 6.32 23.36 1.78 8.49 Smaller −71.83
Diaptomids (C1–C6) 13.25 48.98 11.82 56.51 Smaller −10.79
Cyclopoids (Diacyclops C1–C6) 3.18 11.76 0.057 0.27 Smaller −98.21
Copepod nauplii 0.50 1.85 0.19 0.93 Smaller −62.00
Leptodiaptomus minutus 0.54 2.00 0.24 1.16 Smaller −55.55
L. ashlandi 2.61 9.65 1.43 6.81 Smaller −45.21
L. sicilis 2.52 9.32 4.69 22.44 Larger +86.11
Epischura lacustris (C1–C6) 0.25 0.92 0.48 2.27 Same +92.00
Limnocalanus macrurus (C1–C6) 3.18 11.76 5.68 27.14 Same +78.62
All calanoids 16.70 61.74 18.03 86.36 Same +7.96
Bythotrephes longimanus 0.30 1.11 0.93 4.46 Larger +210.00

Fig. 8. Water column and metalimnetic chlorophyll as box and whisker plots: water column chlorophyll for each month averaged across whole study period (a); average water
column spring results (March–May) for each year (b); average summer–autumn (June–November) results for water column each year (c); and average summer–autumn
(June–November) metalimnetic results for each year (d). Plots show: means (dots), median (horizontal line in middle of box), interquartile range (box) and range (whiskers),
with width proportional to number of data points.
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et al., 2009); therefore, the water clarity increase would have greater
significance for Bythotrephes than fish in the upper water column,
where Bythotrephes resides. Increased foraging efficiency and biomass
would put stress on both Bosmina and Daphnia directly and indirectly
by inducing DVM of the prey into deeper suboptimal areas (cooler) of
the hypolimnion (Pangle and Peacor, 2006). Therefore the correlation
with increased light operating through the mechanism of increased
visual predation is consistent both with an increase in Bythotrephes
biomass and decreases in Daphnia and Bosmina biomass. However,
we cannot point to such a mechanism for the positive correlation
for Epischura C1–C5 and L. sicilis.

General discussion

Complex interactions

For the first time, a decadal seasonal time series of crustacean zoo-
plankton has been obtained for full water column tows of crustacean
zooplankton in offshore Lake Michigan. As far as we are aware, no
such full water column-time series have ever been obtained before
for any Laurentian Great Lake. These results were obtained for a peri-
od that included a critical ecosystem transition. Putting things in the
perspective of broad taxonomic categories, there was an overall
shift in the importance of calanoids over cladocerans and cyclopoids
from pre- to post-expansion periods of quagga mussels. Overall, cala-
noids increased in percent composition from 60.7 to 86.4%; herbivo-
rous cladocerans decreased from 23.4 to 8.5% and cyclopoids from
11.6 to 0.1%.

However, the changes in individual species and causes thereof
were complex and cannot be explained by simple generalities of
broad taxonomic categories. What is immediately obvious from
Table 1 is that each of the species has a distinct niche in terms of its
size, habitat preference, feedingmode, and ability to escape vertebrate
and invertebrate predators as well as seasonal timing of populations.
Moreover, Torke (1975) noted distinct and different reproductive pat-
terns. Timing of adults and copepodites gave some indications of
broad aspects of reproductive patterns. The most similar species Lep-
todiaptomus spp., in terms of taxonomic closeness and feeding mode
(e.g., Bundy et al., 1998), are of different size and have different habitat
(depth) preferences (Table 1) as well as size preferences for prey
(Vanderploeg, 1994; Vanderploeg et al., 1988) and reproductive pat-
terns (Torke, 1975). Although all diaptomids reproduce during the
winter–spring transition, L. minutus and L. ashlandi have two genera-
tions per year. The timing of seasonal patterns for the species present
now is very similar to those described in the 15-month detailed study
in 1973–1974 by Torke (1975), particularly for 1994–2003. All these

details come into play when considering individual species as well as
broad taxonomic responses to bottom-up and top-down factors.

The seasonal pattern of Chl concentration has changed. The rela-
tive seasonal patterns of Chl 1994–2003 were similar to those ob-
served by Brooks and Torke (1977) in 1973–1974; spring and early
summer were periods of highest water column Chl. In 2007–2008,
the importance of the spring phytoplankton bloom had greatly di-
minished. Over the last two decades, there has been a gradual decline
in P loading and TP concentrations in the lake (Mida et al., 2010). The
rapid decrease in Chl in the last years of the study would be consistent
with mussel filtering and engineering impacts superimposed on a
lesser constraint of P limitation associated with a gradual decline in
P loading over the last 20 years (Mida et al., 2010). The changes in
Chl were also reflected in large decrease in primary production
(Fahnenstiel et al., 2010).

The major increase in water clarity also underscores the domi-
nance of mussel influence during their population expansion and fil-
tering impact, which occurred mostly after 2004.

In addition to the expected stress put on the zooplankton commu-
nity from loss of the phytoplankton resource base, there was a shift to
large predacious species that would put stress on the zooplankton
community as well. We documented a decrease in total zooplankton
biomass from 26.9 mg/m3 during 1994–2003 to 20.9 mg/m3 during
2007–2008, representing a decrease of 23% (Table 2). However, the
biomass of predaceous zooplankton (Limnocalanus macrurus,
Epischura lacustris, and Bythotrephes longimanus) actually increased
from 3.7 mg/m3 during 1994–2003 to 7.1 mg/m3 during 2007–2008.
Predaceous zooplankton represent a higher trophic level than the
other zooplankton taxa, and the growth efficiency of predaceous

Table 3
Summary of t-tests and test of equality of variances for comparison of mean values of Secchi depth (m), total phosphorus (TP, μg/L), and chlorophyll (Chl, μg/L) for the period before
(1994–2003) and after (2007–2008) expansion of quagga populations into deepwater evaluated by parametric and non-parametric methods. The Variance 2007–2008 column indicates
whether the variance thenwas smaller or larger than that for the period 1994–2003. Bold and italicized numbers orwords indicate significant differences at the Pb0.01 and Pb0.05 levels
respectively. N is the number of monthly values that went into calculation of mean.

Variable Mean (N) Variance
2007–2008

Change
(%)

Before After

Secchi—spring (Apr–May) 6.89 (14) 14.50 (4) Larger +110.45
Secchi—summer–autumn (June–Nov) 7.62 (43) 11.62(8) Same +52.49
Secchi—annual (Apr–Nov) 7.45(53) 12.50(12) Same +67.79
Water column TP—spring (Apr–May) 5.30 (22) 3.65 (9) Same −31.13
Water column TP—summer–autumn (Jun–Nov) 5.06 (47) 3.85 (10) Same −23.91
Water column TP—annual (Apr–Nov) 5.15 (63) 3.88 (15) Same −24.66
Water column Chl—spring (Apr–May) 2.36 (22) 0.83 (9) Smaller −64.83
Water column Chl—summer–autumn (Jun–Nov) 1.41 (49) 1.28 (12) Same −9.22
Water column Chl—annual (Apr–Nov) 1.62 (64) 1.16 (17) Same −28.40
Epilimnetic Chl—summer–autumn (Jun–Nov) 1.65 (49) 1.44 (12) Same −12.73
Metalimnetic Chl—summer–autumn (June–Nov) 2.09 (48) 1.24 (12) Same −40.67
Hypolimnetic Chl—summer–autumn (Jun–Nov) 1.08 (48) 1.20 (12) Same +11.11

Fig. 9. Yearling and older (YAO) alewife biomass and age-0 year-class strength of ale-
wives in Lake Michigan determined in annual fall trawl surveys made by the U.S. Geo-
logical Survey, Great Lakes Science Center. The lack of histograms in a given year
indicates no results are available for that year; see text for details.
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