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a b s t r a c t
The colonization of the zebra mussel (Dreissena polymorpha) in Saginaw Bay dramatically altered the
phytoplankton community composition resulting in exclusion of light sensitive species and dominance of
species with oligotrophic preferences and light resistance. In 1990, the NOAA Great Lakes Environmental
Research Laboratory initiated a 7-year survey program to monitor changes in the lower food web of Saginaw
Bay, where zebra mussels became established in the fall of 1991. To investigate shifts in the phytoplankton
community composition over the 7-year period from 1990 to 1996 we searched for clusters of similar
composition using multivariate principal component analysis (PCA) on proportions of 22 taxonomic
groupings of the total phytoplankton density (cells per milliliter). We then used an agglomerative
hierarchical clustering analysis of the PCA scores. We identiﬁed ﬁve characteristic phytoplankton
communities in conﬁgurations that allowed recognizing four distinct periods in Saginaw Bay linked to the
zebra mussel invasion. Signiﬁcant changes were indicative of increased water clarity and eutrophic
conditions being replaced by more oligotrophic conditions as clusters dominated by light sensitive species,
such as the cyanobacteria Oscillatoria redekii, became immediately rare and clusters dominated by diatoms
such as Cyclotella spp. became common. Microcystis spp., a light tolerant cyanobacteria not grazed by zebra
mussel, dominated assemblages after 1994. The shifts in phytoplankton composition conﬁrm that zebra
mussels effects on phytoplankton communities are mediated by both direct (ﬁltration) and indirect
(nutrient cycling) mechanisms and also suggests that increased light penetration is an important mechanism
behind some changes.
© 2009 Elsevier B.V. All rights reserved.

Introduction
Disturbance is a deﬁning feature of many ecological systems and
anthropogenic disturbance of aquatic ecosystems can result in
widespread alterations to ecosystem structure and function. This
motivates characterizations of aquatic ecosystem to assess both
ecological stability and resilience (Folke et al., 2004; Dudgeon et al.,
2006). The zebra mussel Dreissena polymorpha Pallas, a freshwater
invasive bivalve, became established in Lake St. Clair around 1986,
spread rapidly throughout the Laurentian watershed (Grifﬁths et al.,
1991), and continues to spread through the United States (Bossenbroek et al., 2007). The invasion caused signiﬁcant environmental
disturbance and widespread economic damage, permanently altering
the ecology of the Great Lakes (Vanderploeg et al., 2002). Zebra
mussels are active grazers of phytoplankton (Holland, 1993),
competitors for resources with other organisms such as the benthic
macroinvertebrate Diporeia or herbivorous zooplankton (Vander-
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ploeg et al., 2002), and energetic nutrient recyclers (Johengen et al.,
1995). By ﬁltering suspended particles (including phytoplankton,
detritus, protozoa, small zooplankton, and bacterioplankton) from the
water column, excreting available nutrients, and physically altering
benthic habitat, zebra mussels are able to alter the community
composition of the lower trophic levels and control ecosystem
functions (Heath et al., 1995).
As the base of the pelagic food web, the phytoplankton
community is responsive to disturbance and a convenient indicator
of the state of an aquatic ecosystem. In the Great Lakes,
phytoplankton communities have been used widely as rapid
assessment tools for research and management and for assessments
of paleontological conditions (e.g. Stoermer et al., 1993; Makarewicz
et al., 1998). Phytoplankton communities are sensitive to nutrient
loading levels and the ratio of available nitrogen to phosphorus can
play a determining role in community composition (Tilman et al.,
1982). Variation in the levels of phosphorus loadings plays a
determining role community composition of Saginaw Bay phytoplankton. The reduction in phosphorus loadings in the 1970s
diminished blooms of the nitrogen ﬁxing cyanobacteria Aphanizomenon that occurred during summer and this effectively addressed
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water quality problems associated with the cultural eutrophication
of Saginaw Bay (Bierman et al., 1984). After the phosphorus
reductions were enacted, the community composition of Saginaw
Bay was described as strongly seasonal, correlated to the eutrophication gradient of the bay, and dominated by three assemblages
composed of a mix of diatoms, shade tolerant cyanobacteria and
green algae (Stoermer and Theriot, 1985).
Signiﬁcant changes in phytoplankton community structure and
composition have also been identiﬁed as a short and long-term
effect of zebra mussel invasions in North America (Nicholls et al.,
2002; Barbiero et al., 2006; Fernald et al., 2007). Concern over the
trajectory of zebra mussel-affected ecosystems towards nuisancecausing summer blooms of cyanobacteria was ﬁrst prompted by the
1994 observation by Lavrentyev et al. (1995) of dense summer
blooms of species of the toxic cyanobacteria Microcystis 3 years
after the initial colonization of Saginaw Bay; this has been a
common occurrence throughout affected North American ecosystems (Sarnelle et al., 2005). Long term phytoplankton responses in
the Great Lakes to both phosphorus load reductions and zebra
mussel invasions have been documented in the Eastern Basin of
Lake Erie; the Bay of Quinte, Lake Ontario; and Lake Oneida, New
York (Idrisi et al., 2001; Nicholls et al., 2002; Barbiero et al., 2006),
but these studies are all limited by a combination of spatial,

temporal, or taxonomic coverage by either focusing on a single
season, one or two sampling locations, or limited descriptions of
phytoplankton community composition.
In a modeling analysis of Saginaw Bay phytoplankton, Bierman et
al. (2005) showed that altered nutrient cycling and selective feeding
behavior were capable of driving changes in the phytoplankton
community. However, no comprehensive description of the Saginaw
Bay phytoplankton community composition immediately before the
establishment of zebra mussels, during the initial colonization period,
and after the zebra mussel populations stabilized has previously been
available. Here, we describe the impacts of the zebra mussel invasion
on the phytoplankton community in Saginaw Bay over a period of 7
years expanding from 1990 to 1996 by examining changes in
composition using multivariate analysis and considering seasonal
and spatial variation.
Methods
Study site: Saginaw Bay, Lake Huron
Saginaw Bay is a shallow, naturally eutrophic embayment of
Lake Huron, one of the Laurentian Great Lakes. Expanses of hard
substrate and high food availability in the bay facilitated the

Fig. 1. Location of selected phytoplankton sampling sites in Saginaw Bay, Lake Huron, from NOAA GLERL monitoring 1990–1996.
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Table 1
Mean proportion of the densities of the 22 variables (in cells per milliliter) used in the
principal components analysis. The 22 variables represent an aggregation of species
data to genera or division and the mean is a global mean using the complete dataset
from 1990 to 1996. The variables were identiﬁed at two taxonomic levels: division and
common genera.
Division

Common genera

Inner bay

Outer bay

Total

Bacillariophyta

Asterionella
Coscinodiscus
Cyclotella
Fragilaria
Aulacoseira
Navicula
Nitzschia
Stephanodiscus
Synedra
Tabellaria
Other diatoms
Anabaena
Aphanocapsa
Microcystis
Oscillatoria
Gomphosphaeria
Other cyanobacteria
Chlorophytes
Cryptophytes
Chrysophytes
Pyrrophytes
Flagellates

0.4%
0.1%
25.3%
6.8%
5.1%
0.2%
0.5%
2.1%
0.4%
0.4%
1.2%
0.5%
15.5%
7.1%
5.0%
4.5%
1.2%
4.5%
7.1%
0.3%
0.0%
11.8%

1.7%
0.0%
44.0%
5.4%
2.4%
0.2%
0.3%
0.4%
3.5%
2.3%
1.2%
0.5%
9.4%
1.4%
5.2%
2.6%
1.2%
1.9%
3.0%
1.9%
0.0%
11.8%

0.9%
0.1%
32.5%
6.3%
4.0%
0.2%
0.4%
1.4%
1.6%
1.1%
1.2%
0.5%
13.1%
4.9%
5.1%
3.8%
1.2%
3.5%
5.5%
0.9%
0.0%
11.8%

Cyanobacteria

Others

establishment of large populations of zebra mussels. Rates of
primary production in Saginaw Bay are among the highest of any
area in the Great Lakes region (Fahnenstiel et al., 1995a). Saginaw
Bay is a signiﬁcant source of drinking water, recreation, and
economic activity (Nalepa and Fahnenstiel, 1995). The 2960 km2
bay receives ﬂows from 28 ﬂuvial systems, draining ∼21,000 km2 of
southeast Michigan (Nalepa et al., 2003). Anthropogenic inputs of
nutrients result from both point and nonpoint sources of nitrogen
and phosphorus are attributable to the intensive agricultural,
industrial, and wastewater discharges from the surrounding region
(Beeton, 1965). The bay is generally considered as two related
entities: an inner bay, averaging 5 m in depth and an outer bay,
averaging 13 m in depth (Fig. 1). A gradient in water quality exists
between the two areas because the inner bay is inﬂuenced by
enriched runoff from the Saginaw River while the outer bay is
inﬂuenced by generally nutrient-poor oligotrophic inﬂuxes of water
from Lake Huron (Stoermer, 1978). Bierman et al. (2005) break the
bay into seven spatial regions, based ﬁrst on a split between the
inner and outer bay and second on circulation patterns within these
regions. The interactions of variable winds, currents, and anthropogenic pollution and enrichment drive the ecology of the lower
trophic levels in the bay (Bierman and Dolan, 1981). While
representing 10% of the volume of Lake Huron, the outﬂow of
highly nutrient rich Saginaw Bay waters into the greater lake basin
is an important determinant for the ecology of the lake system
(Beeton and Saylor, 1995).
Data for the analysis
We used data from 357 phytoplankton samples collected during
the multi-year survey program conducted by the National Oceanic &
Atmospheric Administration (NOAA) Great Lakes Environmental
Research Laboratory (GLERL). Samples were obtained at eight stations
located throughout the inner and outer bay on monthly cruises, April–
October, except June 1990, May 1994, and October 1996 (Fig. 1).
Selected samples were collected using a Niskin bottle at 1 m depth at
all stations except in 1990, when some samples were collected at
depths of 2–5 m. Phytoplankton were preserved in 0.5% Lugols
solutions, enumerated, and identiﬁed to species levels; as described
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by Fahnenstiel et al. (1998). Within the selected samples, 228
phytoplankton species were identiﬁed.
To create the input data for the multivariate analysis we identiﬁed
main taxonomic groups and calculated proportions based on species
densities (number of cells per milliliter). Although similar studies of
community composition have used biovolume, the previous study for
Saginaw Bay was based on densities (Stoermer and Theriot, 1985).
Following the aggregation method described by Nicholls et al. (2002),
we aggregated data at two taxonomic levels: (1) common genera and
(2) divisions. We deﬁned common genera within diatoms and
cyanobacteria as those that constituted over 5% of cells per milliliter
of any sample. Other genera and less abundant diatoms and
cyanobacteria were aggregated within divisions. The process resulted
in 22 taxonomic categories within the three main groups (Table 1).
The ﬁrst group was dominated by diatoms: Aulacoseira, Asterionella,
Coscinodiscus, Cyclotella, Fragiliaria, Navicula, Nitschia, Stephanodiscus, Synedra, and Tabellaria. The second group was dominated by
cyanobacteria: Anabaena, Aphanocapsa, Gomphosphaeria, Microcystis,
and Oscillatoria. The third group was dominated by Chlorophyta,
Cryptophyta, Chrysophyta, Pyrrophyta, and unidentiﬁed protozoan
ﬂagellates.
To calculate proportions we aggregated densities of individual
species by year, taxonomic category, and station within four time
periods: April–May, June, July–September, and October. These time
periods were selected because preliminary analysis suggested distinct
phytoplankton community seasonality in Saginaw Bay. We also
calculated proportions by categories and year to compare overall
annual phytoplankton community assemblages.
Species names were revised from the original classiﬁcation to
reﬂect modern taxonomy. Many cells of chrococcoid cyanobacteria
were classiﬁed as Anacystis incerta Drouet & Daily 1952. The current
taxonomy generally does not recognize Anacystis as a valid genus and
although many Anacystis spp. have been reclassiﬁed as Microcystis
(Komarek and Anagnostidis, 1986), Anacystis incerta was reclassiﬁed
as Aphanocapsa incerta Cronberg & Komarek 1994 (Komarek and
Anagnostidis, 1999). This revision does not affect the analysis.
Multivariate analysis
For the analysis of community composition we used multivariate
techniques. Brieﬂy, we performed principal component analysis
Table 2
Loadings of the principal component analysis of the phytoplankton community data
using 22 phytoplankton input variables based on proportions of total densities.
Variable

Comp 1 Comp 2 Comp 3 Comp 4 Comp 5

Cyanobacteria Anabaena
0.01
Aphanocapsa
0.08
Microcystis
0.05
Oscillatoria
0.17
Gomphosphaeria
0.09
Other
0.01
cyanobacteria
Diatoms
Asterionella
0.01
Coscinodiscus
0.00
Cyclotella
−0.95
Fragilaria
0.11
Aulacoseira
0.10
Navicula
0.00
Nitzschia
0.01
Stephanodiscus
0.01
Synedra
0.00
Tabellaria
0.01
Other diatoms
0.01
Others
Chrysophytes
0.00
Cryptophytes
0.12
Chlorophytes
0.08
Pyrrophytes
0.00
Flagellates
0.10

−0.01
0.90
0.17
−0.17
−0.03
0.04

−0.01
−0.03
−0.05
0.83
0.15
−0.01

−0.01
0.14
−0.01
0.37
−0.73
0.01

0.00
0.27
−0.93
0.04
0.13
−0.02

−0.02
0.00
−0.02
−0.16
−0.09
−0.01
−0.01
−0.04
−0.04
−0.03
−0.03
−0.02
−0.12
−0.03
0.00
−0.27

0.00
0.00
0.06
−0.09
−0.11
−0.01
−0.02
−0.04
0.01
0.00
0.00
−0.01
−0.22
0.00
0.00
−0.45

−0.01
0.00
0.03
−0.29
−0.07
0.01
0.02
−0.01
0.04
0.00
0.03
0.01
0.21
−0.14
0.00
0.40

0.00
0.00
0.03
0.12
0.10
0.00
0.01
0.03
0.02
0.03
0.02
0.02
0.01
−0.04
0.00
0.15
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Fig. 2. Agglomerative hierarchical clustering tree showing the ﬁve cluster classiﬁcations selected based on dominant phytoplankton variable. The dendrogram shows the linkages
between the aggregated samples in the analysis.

(covariance-based PCA), on a matrix of species proportions and used
the scores of the PC axis that explained more than 80% of the variation
as input variables to implement agglomerative hierarchical clustering
(AHC) and classify the phytoplankton records into groups. The criteria
for selecting the number of PC axis deviates from standards in
Legendre and Legendre (1983) as the PCA was part of a multivariate
combined approach. The absolute density representing abundance
based on the 22 taxa selected was transformed into a proﬁle of
relative species composition proportions by dividing the density by
group by the total density. The AHC clustering technique grouped
cases by their group average similarity and provides a tree or
dendrogram plot (Kaufman and Rousseeuw, 2005). There are several
reasons for performing a combined factorial (PCA) classiﬁcation
(AHC) analysis. The factorial analyses provide a geometric representation of variables, easier to interpret than the initial data and allow
reduction of the dimensions of the data table by retaining only the
axes that explain up to a given part of the variation helpful in
eliminating marginal effects that might blur the structure of interest
in the data set. On the other hand, classiﬁcation alleviates interpreting
factorial axes, palliates individual inﬂuences in the construction of
axes that can dominate the results, and makes the analysis robust. The
approach we followed was based on ordination and classiﬁcation
techniques described in detail in Pelletier and Ferraris (2000) and
widely used in applications to identify spatial and temporal patterns

in community composition (among others Goñi et al., 2004; Ulrich
and Anderson, 2004; Yañez et al., 2009). The PCA and HAC analysis
were implemented using the princomp and the agnes routines
respectively, available in the statistical software package S-PLUS
2000 (Becker et al., 1988). Clusters were built by successive pairwise
agglomerations of elements, using the Euclidean distance as the
metric of dissimilarity and Ward's minimum variance linkage as the
clustering method (Struyf et al., 1997). We used the clustering tree to
identify clusters that represent distinct phytoplankton community
assemblages. In general, the selection of the appropriate number of
clusters depends on the purpose of the analysis and cluster
interpretability (Lewy and Vinther, 1994; Pelletier and Ferraris,
2000) rather than on a standard objective procedure (McGarigal et
al., 2000). We used the separation on the height of the y-axis, which is
a measure of the dissimilarity between samples separation on the
height of the y-axis (where the dendrogram showed the highest
distance between alternative clustering (Aﬁﬁ and Clark, 1984). We
used alternative selection in the number of clusters and looked at the
phytoplankton composition before making a ﬁnal decision.
We calculated species diversity of the phytoplankton community
assemblages, identiﬁed through the cluster analysis, using evenness score
which is the Shannon diversity index H′ scaled to log of the maximum
number of species in all assemblages as in Barbiero et al. (2006):
H V= −

Table 3
Composition of the ﬁve clusters identiﬁed in the analysis. The overall proportion of
phytoplankton cells per milliliter of each variable is shown.
Phytoplankton
variable

Anabaena
Aphanocapsa
Gomphosphaeria
Microcystis
Oscillatoria
Other
cyanobacteria
Asterionella
Aulacoseira
Coscinodiscus
Cyclotella
Fragilaria
Navicula
Nitzschia
Stephanodiscus
Synedra
Tabellaria
Other diatoms
Chlorophytes
Cryptophytes
Chrysophytes
Pyrrophytes
Flagellates

Cluster
1
Mixed

2
Cyclotella

3
Aphanocapsa

4
Microcystis

5
Oscillatoria

0.90%
0.70%
8.10%
1.30%
6.50%
0.60%

0.50%
3.80%
1.00%
1.70%
0.90%
1.10%

0.10%
45.20%
2.70%
8.60%
0.60%
2.20%

0.30%
14.50%
3.30%
51.10%
0.70%
1.50%

0.00%
2.00%
3.90%
0.00%
73.80%
0.00%

1.20%
8.60%
0.10%
11.60%
12.10%
0.40%
0.90%
2.70%
2.30%
2.40%
1.60%
5.90%
11.60%
1.53%
0.10%
19.00%

1.40%
2.30%
0.00%
57.90%
5.10%
0.10%
0.40%
1.20%
2.10%
1.00%
1.40%
2.00%
3.30%
1.10%
0.00%
11.80%

0.00%
1.80%
0.00%
27.30%
1.70%
0.00%
0.10%
0.40%
0.10%
0.00%
0.10%
2.50%
2.10%
0.07%
0.00%
4.40%

0.00%
0.70%
0.10%
11.90%
1.50%
0.10%
0.00%
0.10%
0.00%
0.00%
0.30%
4.90%
2.00%
0.01%
0.00%
7.00%

0.10%
1.50%
0.00%
2.00%
3.50%
0.00%
0.10%
0.30%
0.60%
0.40%
3.10%
3.40%
3.30%
0.07%
0.00%
1.90%

s
X

pi logpi

i=1

where s is the number of species and p is proportion of cells of species i.
We mapped results of the community assemblage analysis in a
geographic information system (GIS) using ArcGIS. Because the
number of sampling stations was limited (only 8), Thiessen polygons
were calculated around each station to interpolate the spatial range of
inﬂuence based on the geometry of the sampling network.

Fig. 3. Diversity of identiﬁed phytoplankton assemblage clusters from the Agglomerative Hierarchical Cluster analysis. Error bars represent 95% Conﬁdence intervals.
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Results

Community composition analysis

Over the 7-year study, mean annual (April–October) phytoplankton density was higher in the inner bay (9331 cells/ml) than
the outer bay (4862 cells/ml). See Fishman (2008) for a more
comprehensive and quantitative description of the Saginaw Bay
phytoplankton density from 1990 to 1996. Following the 1991
widespread establishment of zebra mussels in the fall (see Nalepa
et al., 1995), total phytoplankton density steadily declined up to
1994 at approximately 40% of pre-invasion levels and remained
stable through 1996 with some differences in patterns between the
inner and outer bay. Phytoplankton density was strongly seasonal,
with a 7 year mean peak density during August. Detailed
information on species composition and regression analysis on
density trends by major taxonomic groups will be given in a
separate publication.
Over the study period and bay-wide the mean composition of
the phytoplankton was dominated by taxonomic categories with
high proportions of Bacillariophyta or cyanobacteria which reached
over 50% of the total densities (Table 1). Categories with high
proportion of cyanobacteria were always dominant in the inner bay
and during 1990 and 1996 also in the outer bay, while
Bacillariophyta categories were dominant in the outer bay from
1991 to 1995.

Based on our selection criteria we identiﬁed ﬁve PCA axes of
variation in the phytoplankton community data. The ﬁrst two
components explained 36% and 22% of the total variance respectively,
while the remaining three explained 12%, 6%, and 5% respectively. The
Cyclotella variable (category) had the strongest impact on the ﬁrst axis
(loading of −0.95) while the Aphanocapsa variable strongly impacted
the second axis (loading of 0.90) (Table 2). Other important variables
in the remaining three components were Oscillatoria, Microcystis, and
Gomphosphaeria.
The AHC analysis revealed that the phytoplankton data can be
separated in ﬁve clusters representative of distinct phytoplankton
community assemblages in Saginaw Bay (Fig. 2). Cluster 1, a mixed
assemblage was composed of 19% unidentiﬁed ﬂagellates and over 5%
of each of the following genera and divisions: the diatoms Fragilaria
(including F. crotonensis, F. capucina, and F. intermida), Aulacoseira (A.
italica ( = ambigua), A. granulata, and A. islandica), and Cyclotella (C.
atomus, C. ocellata, and C. comensis); the cyanobacteria Gomphosphaeria (G. lacustris) and Oscillatoria (O. redekii = Limnothrix redekii);
cryptophytes (mostly Rhodomonus minuta); and chlorophytes (60
species in 28 genera, primarily Scenedesmus quadricula and Pediastrum duplex) (Table 3). Cluster 2 was 57% Cyclotella (C. comensis was
dominant from 1991 to 1993 and C. atomus and C. ocellata from 1994

Fig. 4. Phytoplankton community composition during spring (April–May) based on cluster results from the multivariate analysis of the proportions of phytoplankton densities from
selected samples.
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to 1996) and 12% ﬂagellates (Table 3). Cluster 3 was 45% Aphanocapsa
(A. incerta) and 27% Cyclotella (several species) (Table 3). Cluster 4
was 51% Microcystis, 15% Aphanocapsa, and 12% Cyclotella (Table 3).
Cluster 5 was strongly dominated by Oscillatoria (N75% of the cells
mostly O. redekii (= L. redekii) (Table 3). Clusters were named by the
dominant variable.
The Cyclotella cluster was the most prevalent with 75 station/
season occurrences. The Mixed and Aphanocapsa clusters were also
common, representing 62 and 48 cases respectively. The Microcystis
and Oscillatoria clusters were uncommon and represented seven
cases each.
The diversity of the phytoplankton varied among cluster assemblages. Evenness scores ranged between 0.68 and 0.38 and was
highest for the Mixed cluster, lowest for the Oscillatoria cluster and
intermediate and similar for the Aphanocapsa, Microcystis and Cyclotella clusters with scores around 0.5 (Fig. 3).
The phytoplankton community varied seasonally and spatially.
During 1990, in spring most of the inner bay and portions of the
outer bay were characterized by the Oscillatoria cluster while the
outer bay was mostly characterized by the Mixed cluster (Fig. 4).
In the summer of 1990, the bay was dominated by the Mixed
cluster (Fig. 6), while in the fall the community was similar to that
in spring (Fig. 7). Changes in the community composition became
apparent in the spring and summer of 1991: The Oscillatoria

cluster was absent and the Mixed cluster was now common
throughout the bay from April to June (Figs. 4 and 5), but in
summer and fall it was displaced by the previously uncommon
Cyclotella cluster (Fig. 6). Between 1992 and 1993, the Cyclotella
cluster became increasingly prevalent throughout the bay especially in the summer of 1993 and from April to June of 1994–1996. But
starting during the summer of 1992 the Aphanocapsa cluster,
composed mainly of chrococcoid cyanobacteria, dominated the bay
in most years (Fig. 6) and in 1994 the Microcystis cluster appeared
in the inner bay during the summer and was present in the
subsequent years (Figs. 5 and 6).
Three major changes in the phytoplankton community occurred
over the 7-year study period based on cluster assemblages: (1)
assemblages were dominated by Oscillatoria in 1990 and disappeared in 1991; (2) the Mixed assemblages that dominated during
1991–1992 were gradually replaced by Cyclotella assemblages; and
(3) Microcystis appeared in 1994 and Aphanocapsa and Microcystis
dominated assemblages from 1994 to 1996 (Figs. 7 and 8). The
clustering analysis distinguished four distinct time periods in the
bay (Fig. 9): 1990, 1991, 1992–1993, and 1994–1996. A case for
considering 1996 as a ﬁfth separate timer period could be made,
however the separation distance between it and 1994/1995 is
minimal and, as noted in the methods, data collection ceased midsummer in 1996. The annual community assemblage in 1990, the

Fig. 5. Phytoplankton community composition during June based on clusters from the multivariate analysis of the proportions of phytoplankton densities from select samples.
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Fig. 6. Phytoplankton community composition during the summer (July–September) based on clusters from the multivariate analysis of the proportions of phytoplankton densities
from select samples.

only year prior to the establishment of zebra mussels was the most
different among the 7 years.
Discussion
We identiﬁed four conﬁgurations of the Saginaw Bay phytoplankton community in the 7-year period that corresponded to changes
linked to the zebra mussel invasion based on ﬁve characteristic
phytoplankton cluster assemblages. Overall, clusters dominated by
cyanobacteria and indicative of highly eutrophic conditions were
more common in the inner bay and assemblages dominated by
diatoms indicative of more oligotrophic were more common in the
outer bay, leading to the conclusion that the spatial distribution of the
phytoplankton communities was linked to the trophic gradient from
the inner to outer bay. This spatial gradient did not change over the 7year period but communities changed on seasonal and annual
temporal scales.
In 1990, the phytoplankton community was similar to the
conﬁguration described in 1980 (Stoermer and Theriot, 1985) as
having three main assemblages: (1) species indicative of light limited,
highly eutrophic conditions inﬂuenced by the Saginaw River
(including riverine diatoms, ﬁlamentous cyanobacteria, and cryptophytes) in the inner bay; (2) two groupings of generally eurytopic
diatoms (including Melosira granulata (= Aulacoseira granulata), Ta-

bellaria spp., Nitschia spp., Synedra spp., and C. comensis), chlorophytes, and cryptophytes in the mid bay; and (3) more mesotrophic
diatoms (including Cyclotella ocellata, Melosira italica (= Aulacoseira
ambigua), and M. islandica (= A. islandica) in the outer bay (Figs. 4–6
and Table 3). Although the communities in 1990 and 1980 were
generally similar, chlorophytes were 50% less abundant even before
the zebra mussel colonization (Stoermer and Theriot, 1985; Fishman,
2008). A major transition occurred within the year of the zebra mussel
colonization in 1991. The ﬁlamentous O. redekii (= L. redekii),
characteristic of one of the cluster assemblages, dominated in 1990
and subsequently disappeared from the inner bay. Oscillatoria are
light-sensitive planktonic cyanobacteria common in the spring and
fall metalimnion of temperate eutrophic lakes (Komarek et al., 2003)
and were probably affected by the increased water transparency in
the bay induced by the zebra mussel.
A different phytoplankton community, identiﬁed in 1992–1993,
was dominated by light-tolerant and typically oligotrophic species.
The Cyclotella cluster in this time period was dominated by C.
comensis, a centric diatom often associated with clear water
(Reynolds, 2006) and oligotrophic conditions (Stoermer, 1978)
while the Aphanocapsa cluster was dominated by Aphanocapsa
incerta (previously Anacystis incerta), and C. comensis, an assemblage
described by Stoermer (1978) as indigenous to the oligotrophic
waters of Lake Huron. The dominance of the bay by these assemblages
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Fig. 7. Phytoplankton community composition during October based on clusters from the multivariate analysis of the proportions of phytoplankton densities from select samples.

was coupled with the decline in the Mixed cluster, which was partly
composed of pennate diatom species typically associated with low
light conditions and eutrophic environments (Tables 3 and 4). From a
functional association standpoint, this is indicative of a shift towards
mesotrophic or even oligotrophic conditions, a conclusion supported
by the markedly decreased pelagic primary production reported for
1992 and 1993 by Fahnenstiel et al. (1995a).
A second set of changes occurred in 1994 with a shift in species
among Cyclotella species, where C. comensis was replaced by C.
ocellata, a species characteristic of the nutrient-poor Lake Huron

waters and common in the outer bay during 1980 (Stoermer and
Theriot, 1985). Cyclotella spp. are known to respond morphologically to subtle environmental shifts (Stoermer and Julius, 2003).
During the summer of 1994, when C. ocellata were extremely
abundant, cells appeared to vary greatly in size. This abrupt change
in size and species and composition may be attributable to
increased light penetration caused by removal of particles from
the water column by zebra mussels, which resulted in a signiﬁcant

Fig. 8. Composition of phytoplankton community assemblages based on identiﬁed
clusters.

Fig. 9. Cluster analysis tree of phytoplankton composition based on annual mean
proportion of total densities.
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Table 4
Mean cells per milliliter of diatom genera and or species from the sample variables used in the analysis, where n = number of samples collected by NOAA GLERL from the selected
stations in a given year (see Fig. 1).
Diatom species

1990 n = 27

1991 n = 54

1992 n = 55

1993 n = 52

1994 n = 48

1995 n = 66

1996 n = 55

All other diatoms
Asterionella formosa
Aulacoseira ambigua
Aulacoseira granulata
Aulacoseira islandica
Aulacoseira spp.
Coscinodiscus subsalsa
Cyclotella atomus
Cyclotella comensis
Cyclotella ocellata
Cyclotella spp.
Diatoma
Fragilaria
Navicula
Nitzschia
Stephanodiscus
Synedra
Tabellaria

21
27
221
8
4
1
1
0
1,214
17
23
81
466
4
10
36
45
37

26
27
28
0
293
3
6
0
2,991
191
17
4
489
4
23
85
101
52

8
6
53
2
5
0
4
0
1,083
171
4
4
134
5
14
4
13
16

7
4
47
1
3
1
1
0
2,929
389
7
2
108
2
4
4
11
7

11
4
17
0
19
4
5
28
205
2,156
6
3
87
1
5
38
7
3

9
2
88
1
2
0
2
195
558
2,212
155
1
77
2
3
51
8
3

5
3
52
1
4
3
1
987
213
774
20
2
146
1
1
26
9
2

increase in Secchi depths (Fahnenstiel et al., 1995b; Fishman et al.,
2009), or by the inﬂuence of Lake Huron waters transporting cells
into the bay that ﬁnd ample available nutrients and little
competition or zooplankton grazing pressures. Shifts were also
found in the cyanobacteria community composition that culminated
with the onset of summer blooms of Microcystis sp. in 1994–1996.
After the disappearance of the 1980–1990 typical spring/fall Oscillatoria dominated community, there were three intervening years
when cyanobacteria were only represented by the Aphanocapsa
cluster and overall abundances was low. In 1994, the dominance of
the Microcystis cluster was due to increased densities of Microcystis
sp. throughout the inner bay.
A framework is emerging to explain the role of zebra mussels in
promoting cyanobacteria blooms in waters that have been largely free
of nuisance blooms since the advent of water quality controls
(Bierman et al., 2005; Sarnelle et al., 2005; Bykova et al., 2006). The
indirect effect of altered nutrient cycling associated with zebra mussel
populations, particularly the recycle of available phosphorus to the
water column, is thought to play an important role in stimulating
summer blooms of cyanobacteria. Another mechanism is that zebra
mussel colonies may selectively reject Microcystis spp. and egests
viable colonies back into the water column, thus directly promoting
blooms (Vanderploeg et al., 2001). While laboratory feeding experimental results suggest that zebra mussels may show a slight
preference for some cyanobacteria cells as a food sources (Pires and
Van Donk, 2002; Sarnelle et al., 2005), direct video observations of
zebra mussels feeding on natural seston from the Great Lakes indicate
that after ﬁltration but before ingestion, zebra mussels reject certain
phytoplankton cells, particularly strains of Microcystis aeruginosa
(Vanderploeg et al., 2001).
Peak zebra mussel densities occurred throughout Saginaw Bay in
1992 (Nalepa et al., 2003) coinciding with a period of low
phosphorus loads (Bierman et al., 2005). Primary production fell
(Fahnenstiel et al., 1995a) and water clarity increased (Pillsbury et
al., 2002). These trends, combined with the changes in the
prevalence and distribution of phytoplankton assemblages described here, suggest a move towards a more meso-to-oligotrophic
type community from 1992 to 1993 in response to the changing
ecological conditions.
The use of functional groups to describe lake phytoplankton
communities can reveal associations between community composition and ecological conditions (Stoermer, 1978; Reynolds et al.,
2002; Reavie et al., 2006). The Saginaw Bay species composition in
1980, 1990, and early 1991 with abundant F. crotonensis, A. italica

(= ambigua), A. islandica, Asterionella formosa, and O. redekii (=
L. redekii), correspond to functional groups C, P, and S1 proposed
by Reynolds et al. (2002). These functional groups are associated
with eutrophic, light limited conditions in temperate shallow lakes
(Reynolds et al., 2002; Reynolds, 2006). The S1 group, deﬁned as
common to turbid mixed layers, tolerant of highly light deﬁcient
conditions, and characterized by species such as L. redekii, is
similar to the phytoplankton community of 1980 and 1990 to
1991 in inner Saginaw Bay, where the effect of the Saginaw River
was the greatest and the community was dominated by O. redekii
(= L. redekii). The P group, deﬁned as common to eutrophic
epilimnia, composed of species tolerant of light deﬁciency, and
characterized by diatoms including F. crotonensis and Aulacoseira
spp. and the C group, deﬁned as common to mixed, small to
midsized eutrophic lakes, also tolerant of light deﬁciencies and
characterized by diatoms including A. formosa and Aulocoseira
spp., are similar to the outer bay Saginaw Bay phytoplankton
communities of 1980 (see Stoermer and Theriot, 1985) and 1990
through 1991 (see Table 4 for diatom genera and species
densities).
A shift in cyanobacterial cell phenotype was noted in 1993
samples, when two types of Microcystis were found: M. aeruginosa,
present from 1990 to 1993 (50 μm3 cell−1) while Microcystis sp., was
present from 1993 to 1996 (34 μm3 cell−1). The preservation and
identiﬁcation technique used with the Saginaw Bay survey program
did not note colonial forms, nor were any genetic analyses
undertaken. Therefore it is unknown what characteristics such as
colonial structure, toxicity, or ecological afﬁnity may be associated
with these taxa, though a smaller individual cell size may be indicative
of a colony forming phenotype. The change in size coincides with
increased Microcystis dominance. Microcystis phenotypes vary greatly,
as evidenced by the variable propensity to produce toxins or form
gelatinous colonies (Wilson et al., 2005). The diversity of Microcystis is
an emerging topic; the use of genetic analyses of Microcystis blooms
suggest that blooms, which were previously thought to be single
species, may actually be composed of a mix of genetically distinct
species with different toxicity, morphology, and ecological afﬁnities
(Bittencourt-Oliveira et al., 2001; Wilson et al., 2005; Wilson et al.,
2006). If zebra mussels in Saginaw Bay selectively rejected unpalatable Microcystis strains and returned viable cells to the water column,
they could have promoted shifting dominance within a heterogeneous mix of species.
In summary, the zebra mussel colonization introduced dramatic
changes in phytoplankton community composition in Saginaw Bay.
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The description of Microcystis assemblages dominating the inner
bay assemblages helps to conﬁrm the framework suggested by
Bierman et al. (2005) of selective feeding and altered nutrient
availability in promoting summer cyanobacteria blooms. However,
the disappearance of shade tolerant phytoplankton assemblages
and their replacement with light tolerant assemblages also highlights the role of the altered light regimes associated with zebra
mussel invasions in disrupting the phytoplankton community
composition.
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