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Seasonal and depth variations in gametogenesis
and spawning of Dreissena polymorpha and
Dreissena bugensis in eastern Lake Erie
W. Trevor Claxton and Gerry L. Mackie

Abstract: Dreissena polymorpha and Dreissena bugensis are two exotic species of dreissenid mussels introduced into
the Great Lakes within the past decade. Dreissena bugensis profunda is a morphologically distinct dreissenid taxon,
representing either a third species or a phenotype of D. bugensis. In in situ mussels, D. polymorpha and D. bugensis
from the wave zone spawned simultaneously, approximately 1 week before D. bugensis profunda from the epilimnion
and hypolimnion. Dreissena bugensis profunda from the hypolimnion spawned at 9°C, which is below the previously
accepted minimum dreissenid spawning temperature (12°C), and may explain why D. bugensis profunda is proliferating
in the hypolimnion. The gametogenic index of all taxa was significantly correlated with temperature at all sites. The
gametogenic index of D. bugensis profunda from the epilimnion and hypolimnion was significantly correlated with
water protein and chlorophyll a content, respectively. In mussels transplanted to the epilimnion, D. bugensis and
D. bugensis profunda spawned simultaneously between August 18 and 28, approximately 2 weeks before
D. polymorpha. In mussels transplanted to the hypolimnion, D. bugensis and D. bugensis profunda spawned between
July 27 and August 18 at a temperature of 9–10°C. Dreissena polymorpha neither spawned nor showed significant
gametogenic development, which suggests that this taxon cannot successfully colonize hypolimnial waters.
Résumé : Dreissena polymorpha et Dreissena bugensis sont deux espèces exotiques de moules introduites dans les
Grands Lacs au cours de la dernière décennie. Dreissena bugensis profunda est un taxon de dreissénide
morphologiquement distinct qui pourrait être une troisième espèce ou un phénotype de D. bugensis. Chez les moules in
situ, D. polymorpha et D. bugensis de la zone des vagues se sont reproduits à la même période, environ une semaine
avant les D. bugensis profunda de l’épilimnion et de l’hypolimnion. Dans l’hypolimnion, les D. bugensis profunda se
sont reproduits à 9°C, une température plus froide que la température minimale de reproduction signalée chez les
dreissénides (12°C), ce qui explique sans doute pourquoi D. bugensis profunda prolifère dans l’hypolimnion. L’indice
gamétogénétique s’est avéré fonction de la température à tous les sites pour toutes les espèces. L’indice des D. bugensis
profunda de l’épilimnion et de l’hypolimnion était en corrélation significative avec le contenu en protéines de l’eau
dans le premier cas, et avec le contenu en chlorophylle a dans le second. Chez les moules déplacées dans l’épilimnion,
D. bugensis et D. bugensis profunda se sont reproduits en même temps, entre le 18 et le 28 août, environ 2 semaines
plus tôt que D. polymorpha. Chez les moules déplacées dans l’hypolymnion, D. bugensis et D. bugensis profunda se
sont reproduits entre le 27 juillet et le 18 août, à une température de 9–10°C. Les D. polymorpha ne se sont pas
reproduits et n’ont subi aucun développement significatif de leurs cellules germinales, ce qui indique que ce taxon est
incapable de coloniser les eaux de l’hypolimnion.
[Traduit par la Rédaction]
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In the past decade, two exotic European bivalve species,
Dreissena (family Dreissenidae), have been accidentally introduced into North America’s Laurentian Great Lakes. The
North American point of entry of the zebra mussel
Dreissena polymorpha (Pallas 1771) is thought to be Lake
St. Clair in 1988 (Hebert et al. 1989). Zebra mussels quickly
spread to all of the Great Lakes and the St. Lawrence River
(Hebert et al. 1989; Griffiths et al. 1991). May and Marsden
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(1992) reported the introduction of a second exotic dreissenid mussel species, the quagga mussel, to Lake Ontario in
1990. The quagga mussel was later identified as Dreissena
bugensis (Andrusov, 1897) by Rosenberg and Ludyanskiy
(1994). Currently the North American distribution of quagga
and zebra mussels overlaps in Lake Erie, Lake Ontario, and
the St. Lawrence River (Mills et al. 1993). Both mussels are
native to rivers in the Black Sea region (Rosenberg and
Ludyanskiy 1994) and are thought to have been introduced
into North America by the discharge of ballast water from
transoceanic vessels (Hebert et al. 1989; May and Marsden
1992).
In 1993, Dermott and Munawar (1993) reported another
new dreissenid mussel taxon, which they identified as
Dreissena “profunda.” This mussel is morphologically similar to D. bugensis but differs in that its shell has an obvious
anteroventral swelling and the shell is predominantly white.
© 1998 NRC Canada
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This form is restricted to the deep waters of Lake Erie
and Lake Ontario (>40 m) (Dermott and Munawar 1993).
Based on allozyme analysis, Spidle et al. (1994) concluded
that profunda was a phenotype of D. bugensis. However,
Baldwin et al. (1996) reported a genetic difference of 4 base
pairs / 619 base pairs, or a sequence divergence of 0.65% in
the same region, based on two individuals of each taxon. In
addition, Claxton et al. (1998) reported no genetic differences in the cytochrome oxidase subunit I (COI) mitochondrial gene of D. bugensis and profunda. Both allozymes and
the COI mitochondrial gene are relatively slow to evolve
and are unlikely to differentiate species that have been separated for less than 1 million years (Avise 1994). Therefore,
further study, using a faster evolving gene, may show that
D. bugensis sensu stricto and D. bugensis profunda and are
separate species. For the purposes of this paper, these two
taxa will be referred to as D. bugensis s.str. and D. bugensis
profunda.
In Eastern Europe, dreissenid mussels are restricted to relatively shallow water. Zebra mussels are most common between 2 and 8 m, while D. bugensis s.str. can be found at up
to 28 m (Stanczykowska 1977; Stanczykowska et al. 1983;
Mills et al. 1996). However, dreissenid mussels occur at far
greater depths in the North American Great Lakes than in
European lakes (Mills et al. 1993). Zebra mussels have been
reported at depths ranging from the wave zone to 110 m.
Dreissena bugensis s.str. has been reported at depths ranging
from the wave zone to 130 m, while D. bugensis profunda
has only been reported in deep water (>40 m) (Dermott and
Munawar 1993; Mills et al. 1996). The colonization of deep
water represents new habitat for dreissenids and entails a
wide range of new environmental conditions, the most notable of which include low primary production and a relatively
constant low temperature (4–9°C) (Burns 1970; Mills et al.
1996).
In European lakes, many studies show that populations of
D. polymorpha demonstrate an annual gametogenic cycle,
with one or more spawning events in the summer and fall,
and a high degree of gametogenic synchronization (Walz
1978; Borcherding 1991). However, little information is
available on the timing of the phases of the gametogenic
cycle and how they are affected by environmental factors,
particularly in the Laurentian Great Lakes. Most studies on
dreissenid reproduction centre on larval abundance in the
lake rather than on the histology of the adult gonad. Larval
abundance can vary with physical factors, such as wind,
wave action, and current (Nichols 1996). As a result, it is
difficult if not impossible to correlate environmental factors
with the gametogenic cycle, based solely on larval abundance.
Numerous studies have identified temperature as a key environmental factor governing the timing of both gametogenesis and spawning in dreissenid mussels (Walz 1978;
Borcherding 1991; Ram et al. 1995, 1996; Nichols 1996). A
minimum spawning temperature of 12°C for D. polymorpha
has been reported by numerous authors (Walz 1978; Mackie
et al. 1989; Nichols 1993). This temperature coincides
closely with a minimum temperature of 10°C required for
the fertilization of D. polymorpha eggs (Sprung 1987).
However, considerable geographic and seasonal variation in
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actual D. polymorpha spawning temperature exists. North
American D. polymorpha populations tend to spawn at temperatures considerably higher than 12°C. Garton and Haag
(1993) recorded zebra mussel spawning temperatures of 18–
23°C in Lake Erie. Few studies have attempted to correlate
gametogenic development with temperature or considered
the effect of environmental factors on the gametogenic
cycle and spawning in D. bugensis s.str. and D. bugensis
profunda.
Food availability has been suggested as another key factor
in the timing of gametogenesis and spawning in dreissenids
(Walz 1978; Borcherding 1991; Ram et al. 1995, 1996;
Nichols 1996). Coordinating spawning with high phytoplankton abundance may increase the survival and growth of
planktonic veliger larvae (Ram et al. 1995). Ram et al.
(1995) noted a significant correlation between algal density
and veliger abundance in western Lake Erie in 1989. However, linking the effect of food availability on adult spawning based on veliger abundance alone is difficult. Larvae
collected from a study region may not have been spawned
by local adult mussels.
In the Great Lakes, D. polymorpha has been shown to be
most common in the wave zone and epilimnion, while
D. bugensis s.str. and D. bugensis profunda are most common in the hypolimnion (Dermott and Munawar 1993; Mills
et al. 1993). We hypothesized that gametogenesis and
spawning in these dreissenid taxa were governed by the environmental conditions present in these depth zones. In order
to test this, we outlined the phases of the gametogenic cycles
and spawning dates of D. polymorpha, D. bugensis s.str.,
and D. bugensis profunda in the wave zone, epilimnion, and
hypolimnion of eastern Lake Erie. In addition, we investigated the correlation, if any, between the gametogenic index
of these dreissenids and temperature, chlorophyll a concentration, and water protein concentration to determine if these
environmental factors were related to the timing of the
gametogenic cycle.

Field sampling
All mussels and environmental data used in this study were collected in 1994 and 1995 from nine sites in Long Point Bay, Lake
Erie. Sites 1–3 were located approximately 5 m offshore of the
Nanticoke Generating Station at a depth of 1.5 m in the wave zone
(42°43.00′N, 80°12.30′W; 42°44.80′N, 80°09.40′W; 42°45.80′N,
80°03.10′W). Sites 4–6 were located approximately 15 km south
of the Nanticoke Generating Station at a depth of 12 m in the
epilimnion (42°38.80′N, 80°06.40′W; 42°40.20′N, 80°03.90′W;
42°41.60′N, 80°00.50′W). Sites 7–9 were located approximately
30 km south of the Nanticoke Generating Station at a depth of
23 m in the hypolimnion (42°37.50′N, 80°04.80′W; 42°39.10′N,
80°02.40′W; 42°40.20′N, 79°59.80′W).
Mussels from sites 1–3 were scraped from small rocks while
wading. Mussels from sites 4–6 and 7–9 were collected using an
Ekman grab. Samples were cleaned using a sieve box with 1-mm
mesh. Mussels used in all experiments were placed in ice water
and immediately transported to the University of Guelph for
histological analysis. Water samples were collected 1 m above the
benthos using a 5-L Van Dorn bottle.
© 1998 NRC Canada
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Time-series experiment
Dreissenid mussels, water temperature, and water samples were
collected from sites 1–9 between May 24 and October 6, 1994, at
1-week intervals. We were able to collect zebra mussels and
D. bugensis s.str. from sites 1–3, which were the wave zone sites.
However, only D. bugensis profunda specimens were present at
sites 4–6 and 7–9, which were the epilimnion and hypolimnion
sites, respectively. A total of 10 mussels of each available taxon
were collected from sites 1–9 on each collection date. All mussels
analyzed for gametogenic development in this study were of similar sizes (0.80–1.20 cm), suggesting that all mussels were of similar ages and stages of development (Mackie 1991).
Two 1-L water samples were collected for both chlorophyll a
and water protein analysis. Water temperature was measured using
a thermometer as the Van Dorn bottle was emptied. Water samples
were stored on ice for transport to the University of Guelph.

Mussel transplant experiment
Dreissena polymorpha, D. bugensis s.str., and D. bugensis
profunda were present at some, but not all, sites in 1995 in Long
Point Bay, Lake Erie. Therefore, all three taxa were transplanted to
epilimnion sites 4–6 and hypolimnion sites 7–9 in order to determine their relative gametogenic development over the experimental period. On May 1, prior to transplant, 200 D. polymorpha
and 200 D. bugensis s.str. were collected from site 2 and 200
D. bugensis profunda were collected from site 8. All mussels were
maintained at 6°C in refrigerated tanks for a period of 5 weeks
prior to their transplant. On June 8, 10 specimens of each taxon
were collected for gametogenic analysis. The remaining mussels
were transplanted to sites 4–6 and 7–9. Each experimental transplant apparatus consisted of plastic cages, tethered with plastic
cable ties to an anchor line at each site. Each cage contained 10
mussels of each taxon and was constructed of 2 mm mesh screen
on a Plexiglas frame. Screen pore size allowed easy passage of
water and seston. Cages were maintained at approximately 0.25 m
above the benthos.
On each collection date, the six transplant apparatuses were
pulled to the surface, one cage was removed from each, and 10
mussels of each taxon were collected for gametogenic analysis.
Water temperature at each collection depth was also measured.

Histology
Mussels to be used for histology were placed whole in Bouin–
Allen’s fixative for a period of at least 3 days. The visceral mass
was dissected from each mussel and then placed in a succession of
70% ethanol washes until all traces of the yellow fixative were removed. Tissue was then dehydrated in an ascending alcohol series,
terminating with methyl salicylate, and then embedded in Paraplast
Plus tissue embedding medium at a temperature of 56°C (Humason
1972). The tissue was then sectioned anteriorly to posteriorly in
10-µm sections using a Spencer model 820 microtome. Three
ribbons of approximately 30 sections each were collected from
the proximal, central, and distal portions of the gonad. Sectioning
these parts of the gonad was sufficient to classify the gametogenic status of the mussel. Tissue ribbons were placed on watercovered microscope slides, on a slide warmer, and left to dry for
at least 24 h. The dried slides were then stained with Harris’ modified hematoxylin and counterstained with eosin (Humason 1972).
Slides were allowed to dry for 24 h and were observed using a
compound microscope at 400× magnification.

Gametogenic index
The stage of gametogenic development for both male and female mussels of all three taxa was described using a qualitative
scale of 0–4 as described by Haag and Garton (1992): 0 = gonad
spent with few or no gametes remaining in the gonad, 1 = imma-
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ture (no identifiable gametes), 2 = intermediate immature (initial
stages of gametogenesis evident), 3 = late immature (approximately 50% mature gametes in the gonad), and 4 = mature (>50%
mature gametes in the gonad).

Chlorophyll a analysis
Since chlorophyll a is present in all algae, its concentration in
water was used as an index of phytoplankton biomass (Bold and
Wynne 1985). Two replicate chlorophyll a samples were collected
in 1-L opaque Nalgene bottles. The samples were preserved with
1.0 mL of 0.12 M CaCO3 and kept on ice in the dark until they
were filtered. Each sample was filtered through a GF/C glass fibre
filter (pore size 1.2 µm). Glass filters were stored at –20°C after
filtration until processing could be carried out.
The acetone extraction method of Parsons et al. (1984) was used
for chlorophyll a determination. The extractions were allowed to
continue for 24 h at 4°C in the dark. Chlorophyll a levels were adjusted for phaeopigments by acidification of the samples after the
initial pigment reading. A fluorometric method was employed for
determination of chlorophyll, rather than the standard spectrophotometric method. Fluorometric determination has been shown to
measure chlorophyll a levels more accurately than the spectrophotometric method (Parsons et al. 1984). The chlorophyll a level
was determined to be the mean value of the two samples.

Water protein analysis
In this study, water protein content was used as an index of food
abundance and quality. This index was selected because it estimated both plant and animal material present in the water (Pick
1987). Protein samples were collected in two 1-L Nalgene bottles.
The samples were kept on ice until they were filtered. Each sample
was filtered through a GF/C glass fiber filter (pore size 1.2 µm).
Glass filters were stored at –20°C after filtration until processing
could be carried out.
The method of protein analysis used was that described by Pick
(1987), which measures planktonic levels of protein. This is a
modification of the Coomassie brilliant blue dye protein assay described by Bradford (1979). Filter papers were homogenized and
centrifuged at 5000 rpm to allow the maximum protein extraction
by NaOH. Protein level was determined to be the mean value of
the two samples.

Statistical analysis
Ninety-five percent comparison intervals were calculated for the
mean gametogenic index of each mussel taxon at each depth and
collection date using the GT2 method (Sokal and Rohlf 1993).
When the comparison bars of two means overlapped, there was no
significant difference between them (Sokal and Rohlf 1993).
A pairwise Pearson correlation matrix was used to determine the
correlations among the environmental variables of water temperature, chlorophyll a, and water protein (SYSTAT 1992). These environmental variables were also correlated with mussel gametogenic
index in the time series experiment (SYSTAT 1992). Only temperature was correlated with gametogenic index in the mussel transplant experiment (SYSTAT 1992). Statistical comparisons were
considered to be significant at the 5% level (p ≤ 0.05).
Dreissenid mussels show a progressive increase in gametogenic
index from 1 (no mature gametes) to 4 (mature). After spawning,
the gametogenic index drops immediately to zero (spent). As a result, statistical comparisons of the mean gametogenic index for
each taxon and depth were only shown from 1 to 4, owing to inflated error after spawning. Correlations between environmental
variables and gametogenic index were also calculated over this
range only.
© 1998 NRC Canada
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Fig. 1. Gametogenic index as it varies with respect to time in
1994 in in situ dreissenid mussels from eastern Lake Erie.
Dreissena polymorpha and D. bugensis s.str. were found at the
(A) wave zone sites, while D. bugensis profunda were found at
the (B and C) epilimnion and hypolimnion sites. White bars,
D. polymorpha; gray bars, D. bugensis s.str.; black bars,
D. bugensis profunda. Error bars represent 95% comparison
intervals.
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In this study, the difference between the gametogenic index of male and female mussels was less than one unit at all
collection dates and depths, indicating no histological difference between the sexes. Therefore, male and female
gametogenic data were pooled. All dreissenid taxa analyzed
in this study showed a similar pattern of gametogenic development, which we illustrated here using only the histology
of the zebra mussel as a representative dreissenid taxon.
Time-series experiment
There was no significant difference between the gametogenic index of D. polymorpha and D. bugensis s.str. at the
wave zone sites from May 24 to the point of spawning during June 16–22 (Fig. 1A). On May 24, male D. polymorpha
and D. bugensis s.str. showed primary and secondary spermatocytes around the periphery of the seminiferous tubules
and some mature spermatazoa in the lumen of the seminiferous tubules (Fig. 2A). Female D. polymorpha and D. bugensis s.str. showed ovarian follicles attached to the germinal
epithelium by stalks. Stalks showed the early stages of deterioration (Fig. 3A). Both male and female gonads showed
histology indicative of a gametogenic index of 2–3
(Fig. 1A).
During June 7–16, the spermatazoa of D. polymorpha and
D. bugensis s.str. continued to develop. Male mussels showed
enlarged seminiferous tubules, containing primarily maturespermatozoa. Spermatozoa possess elongate heads that project towards the germinal epithelium of the seminiferous
tubule and elongate tails that are oriented towards the lumen
of the tubule (Fig. 2B). Female mussels showed enlarged
ovarian follicles packed with round eggs. Eggs were free
within the follicle and possessed a clear central nucleus
(Fig. 3B). Both male and female gonads showed histology
indicative of a gametogenic index of 3–4 (Fig. 1A).
Spawning first occurred between June 16 and 22 at a temperature of 18–20°C (Figs. 1A and 4). After June 22, male
D. polymorpha and D. bugensis s.str. showed seminiferous
tubules that were almost completely empty. The germinal
walls showed a few spermatogonia (Fig. 2C). Female D. polymorpha and D. bugensis s.str. showed ovarian follicles that
were also completely empty (Fig. 3C). Both male and female gonads showed histology indicative of a gametogenic
index of 0 (Fig. 1A).
Dreissena bugensis profunda from the epilimnion and
hypolimnion sites showed a similar pattern of gametogenesis, but spawned later than the other two taxa (Figs. 1B
and 1C). Male and female mussels showed an initial
gametogenic index of approximately 3 on May 24 at both epilimnion and hypolimnion sites (Figs. 1B and 1C). Gametogenic development continued, and male and female mussels
showed a peak gametogenic index of approximately 3.5 on
June 22 at both epilimnion and hypolimnion sites (Figs. 1B
and 1C). Spawning occurred between June 22 and 28 at a
temperature of 13–17 and 9°C at the epilimnion and
hypolimnion sites, respectively (Figs. 1B, 1C, and 4). Male
and female mussels showed a gametogenic index of approximately 0 at both epilimnion and hypolimnion sites from
June 28 until the end of the experiment (Figs. 1B and 1C).
© 1998 NRC Canada
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Fig. 2. Histological sections through the gonad of a male zebra mussel. (A) Intermediate immature: gametogenic index of 2; note the
seminiferous tubules (st). Scale bar = 1.0 mm. (B) Mature: gametogenic index of 4; note the enlarged seminiferous tubules. Scale
bar = 0.50 mm. (C) Spent: gametogenic index of 0; note the largely empty seminiferous tubules. Scale bar = 0.50 mm.
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Fig. 3. Histological sections through the gonad of a female zebra mussel. (A) Intermediate immature: gametogenic index of 2; note the
ovarian follicles (of). Scale bar = 1.00 mm. (B) Mature: gametogenic index of 4; note the enlarged ovarian follicles filled with round
mature ova. Scale bar = 1.00 mm. (C) Spent: gametogenic index of 0; note the largely empty ovarian follicles. Scale bar = 0.50 mm.

Chlorophyll a and water protein content both showed similar trends with respect to depth (Figs. 5 and 6). Wave zone
sites showed high values of chlorophyll a and water protein

content for the duration of the experiment. Trends of both
environmental variables were similar to each other at the
hypolimnion and epilimnion sites, but values were lower
© 1998 NRC Canada
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Fig. 4. Mean water temperature as it varies with respect to time
in 1994 at the wave zone sites (open circles), epilimnion sites
(solid squares), and hypolimnion sites (solid triangles). Error
bars represent standard error (n = 3).

than those observed in the wave zone. Seasonal variation in
both chlorophyll a and water protein content showed relatively low values at the beginning of the experiment, a peak
during the summer period, and a sharp decrease in the fall.
Water temperature was highest at the wave zone sites and
lowest at the hypolimnion sites over the duration of the experimental period (Fig. 4). Water temperature increased at
all sites from the beginning of the experiment to a peak in
August. A steady decrease in temperature then occurred to
the end of the experimental period.
Pairwise Pearson correlations of the independent environmental variables of water temperature, chlorophyll a, and
water protein were not significant, indicating that the environmental variables used in this experiment were not highly
correlated. Temperature was significantly correlated with
gametogenic index for D. polymorpha and D. bugensis s.str.
at the wave zone sites (p = 0.028, p < 0.001) and
D. bugensis profunda at the epilimnion and hypolimnion
sites (p < 0.001, p = 0.005). Chlorophyll a content was significantly correlated with the gametogenic index of
D. bugensis profunda at the hypolimnion sites (p = 0.007)
but not for the mussel taxa in the wave zone or epilimnion.
Water protein content was significantly correlated with the
gametogenic index of D. bugensis profunda at the epilimnion sites (p = 0.002) but not for the mussel taxa at the
wave zone or hypolimnion sites.
Mussel transplant experiment
The gametogenic histology of the transplanted mussels
from this experiment was similar to that of the in situ mussels from the time-series experiment. At the epilimnion sites,
there was no significant difference in the gametogenic index
of all three dreissenid taxa from June 8 to August 18
(Fig. 7A). All taxa showed an increase in gametogenic index
from approximately 2 on June 8 to a maximum of approximately 3.5 on July 27 (Fig. 7A). On August 18, D. polymorpha and D. bugensis s.str. maintained a gametogenic
index of approximately 3.5, while D. bugensis profunda

Can. J. Zool. Vol. 76, 1998
Fig. 5. Mean chlorophyll a concentration as it varies with
respect to time in 1994 at the wave zone sites (open circles),
epilimnion sites (solid squares), and hypolimnion sites (solid
triangles). Error bars represent standard error (n = 3).

Fig. 6. Mean water protein concentration as it varies with
respect to time in 1994 at the wave zone sites (open circles),
epilimnion sites (solid squares), and hypolimnion sites (solid
triangles). Error bars represent standard error (n = 3).

showed a significant increase in gametogenic index to approximately 4.0 (Fig. 7A). Both D. bugensis s.str. and
D. bugensis profunda spawned between August 18 and 28 at
a temperature of 22.5–25°C. After this, both taxa showed a
gametogenic index of 0 (Fig. 7A). However, D. polymorpha
continued to maintain a gametogenic index of approximately
3.5 until August 28. After this, spawning occurred at a temperature of 24–25°C (Fig. 7A).
At the hypolimnion sites, there was no significant difference between the gametogenic index of D. bugensis s.str.
and that of D. bugensis profunda for the duration of the experiment (Fig. 7B). Both taxa showed an increase in gametogenic index from approximately 2 on June 8 to a maximum
of approximately 3.25 on July 27 (Fig. 7B). Spawning occurred between July 27 and August 18 at a temperature of
9–11°C. After this, both taxa showed a gametogenic index
of 0 (Fig. 7B). Dreissena polymorpha showed no significant
© 1998 NRC Canada
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Fig. 7. Gametogenic index as it varies with respect to time in
1995 in transplanted dreissenid mussels from eastern Lake Erie.
(A) In the epilimnion. (B). In the hypolimnion. White bars,
D. polymorpha; gray bars, D. bugensis s.str.; black bars,
D. bugensis profunda. Error bars represent 95% comparison
intervals.

change in gametogenic index for the duration of the experiment (Fig. 7B). An index of 1–2 was maintained between
June 8 and October 10. Spawning did not occur during the
experimental period (Fig. 7B).
The water temperature in the epilimnion and hypolimnion
transplant sites showed a similar trend to the water temperature in the time series experiment. Epilimnion transplant
sites showed steadily increasing temperature through the experimental period, while hypolimnion transplant sites
showed relatively low, constant temperature.
At the epilimnion sites, temperature was significantly correlated with the gametogenic index of D. polymorpha and
with that of D. bugensis s.str. and D. bugensis profunda (p =
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0.002, p = 0.002, p < 0.001). At the hypolimnion sites, temperature was significantly correlated with the gametogenic
index of D. bugensis s.str. and that of D. bugensis profunda
(p = 0.041, p = 0.038) but not with that of D. polymorpha.

In the time-series experiment, the close correspondence in
the gametogenic pattern and spawning date between
D. bugensis s.str. and D. polymorpha from the wave zone
sites suggests that these taxa respond similarly to the environmental conditions present at these sites. The wave zone is
warm relative to the epilimnion and hypolimnion. Therefore,
this similarity is unexpected, as studies by Domm et al.
(1993) and Mills et al. (1996) suggested that D. polymorpha
has a significantly greater optimal temperature than does
D. bugensis s.str. As a result, an earlier spawning by
D. bugensis s.str. in colder water might have been predicted.
There is also a similarity in gametogenic pattern between
D. bugensis profunda from the epilimnion and hypolimnion
sites. However, there is a 1-week delay in the gametogenic
pattern and subsequent spawning relative to D. bugensis
s.str. and D. polymorpha from the wave zone sites. This suggests that the lower temperatures in the epilimnion and
hypolimnion may have slowed the rate of gametogenic development. The small comparison interval at each of the collection dates for all taxa shows a high degree of gametogenic
synchronization. This is typical of dreissenid mussel populations (Borcherding 1991).
The spawning temperatures shown by D. bugensis s.str.
and D. polymorpha in the wave zone and D. bugensis
profunda in the epilimnion are typical for dreissenid mussels
and are above the minimum temperature of 12°C suggested
by Walz (1978), Sprung (1987), and Garton and Haag
(1993). However, D. bugensis profunda in the hypolimnion
spawned at 9°C, which is below the minimum dreissenid
spawning and fertilization temperatures reported by Walz
(1978) and Sprung (1987). This indicates that D. bugensis
profunda has a lower spawning temperature than the other
two dreissenid taxa, which allows it to reproduce in the
hypolimnion at temperatures that were previously thought to
prevent dreissenid gametogenesis and spawning. This hypothesis is supported by Roe and MacIsaac (1997) who observed female D. bugensis profunda with mature gonads in
the hypolimnion of eastern Lake Erie at 4.8°C. As a result,
extreme northern lakes and the hypolimnion of southern
lakes, which were thought to be immune from dreissenid infestation, may be colonized by D. bugensis profunda
(Strayer 1991).
The significant positive correlation between temperature
and the gametogenic index of all taxa in this experiment
supports the hypothesis that temperature is a key factor governing dreissenid mussel gametogenesis and spawning. This
trend was observed at all depths during this experiment.
Sprung (1987) also noted that in laboratory experiments, the
rate of D. polymorpha gametogenesis was positively correlated with temperature.
Numerous authors have observed a link between food
availability and gametogenesis and spawning (Borcherding
1991; Ram et al. 1995, 1996; Nichols 1996). In this study,
chlorophyll a is a significant factor in governing gameto© 1998 NRC Canada
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genic index and spawning in the hypolimnion, while water
protein is a significant factor in governing gametogenic
index and spawning in the epilimnion. Chlorophyll a concentration is relatively low in the hypolimnion, while water
protein concentration is relatively low in the epilimnion.
Therefore, it is possible that algae and detritus were ratelimiting factors in gametogenic development in mussels
from the hypolimnion and epilimnion, respectively.
Mussels used in the transplant experiment were subject to
holding and handling. Therefore, their gametogenic development and subsequent spawning date may not reflect those of
the natural mussel populations. However, the spawning date
and gametogenic development of transplanted dreissenid
taxa can be compared, since all transplanted mussels were
exposed to the same conditions. All three dreissenid taxa
from the epilimnion showed a closely related pattern of
gametogenic development from the beginning of the experiment until August 18, at which point, D. bugensis s.str. and
D. bugensis profunda spawned. The more rapid gametogenic
development and earlier spawning date of these taxa may
explain the lack of in situ D. polymorpha at epilimnion sites.
The earlier spawning date of D. bugensis s.str. and
D. bugensis profunda, relative to D. polymorpha, may be
due to differences in optimal temperature between taxa. Several authors have suggested that D. bugensis s.str. has a
lower optimal temperature than D. polymorpha (Domm et al.
1993; Mills et al. 1996). Therefore, as the epilimnion
warmed, the gonads of D. bugensis s.str. may have matured
before those of D. polymorpha. Currently, there are no studies on the thermal tolerance of D. bugensis profunda. However, it may be similar to that of D. bugensis s.str., as these
taxa have been shown to be genetically similar, based on
analysis of allozymes and the COI mitochondrial gene
(Spidle et al. 1994; Claxton et al. 1998). The spawning temperatures of all dreissenid taxa in the epilimnion are typical
for dreissenid mussels in Lake Erie and are above the minimum temperature of 12°C suggested by Walz (1978),
Sprung (1987), and Garton and Haag (1993).
As was the case in the epilimnion, D. bugensis s.str. and
D. bugensis profunda transplanted to the hypolimnion show
a closely related pattern of gametogenic development and
spawning. This suggests that these taxa respond similarly to
environmental conditions in the hypolimnion, adding support to the hypothesis that these taxa are of a single species
(W.T. Claxton, unpublished data; Spidle et al. 1994). Similar
to the time-series experiment, D. bugensis s.str. and D. bugensis profunda transplanted to the hypolimnion spawn at a
temperature range below the minimum dreissenid spawning
and fertilization temperature reported by Walz (1978) and
Sprung (1987). This reinforces the hypothesis that these
dreissenid taxa are capable of spawning in the hypolimnion at
temperatures that were thought to exclude dreissenid colonization.
In contrast, D. polymorpha showed no significant gametogenic development during the experimental period at 4–9°C,
suggesting that the environmental conditions of the hypolimnion inhibit gametogenesis in D. polymorpha. Inhibition
may have been caused by any environmental factor associated with the hypolimnion. However, low temperature is the
most likely causative factor. The ambient hypolimnion temperature of 4–9°C is below the minimum dreissenid spawn-
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ing and fertilization temperature (Walz 1978; Sprung 1987).
This suggests that D. bugensis s.str. and D. bugensis profunda are capable of reproduction in the hypolimnion
environment, while D. polymorpha is not. This is likely to
prevent successful colonization of the hypolimnial waters by
D. polymorpha. Dreissena polymorpha has been found in
the hypolimnial water of Lake Erie in small numbers (Mills
et al. 1993). Our study indicates that this taxon cannot reproduce in this zone. Therefore, we suggest that D. polymorpha
found in the hypolimnion may have arrived by translocation
or by dropping off floating substrates, such as boats or buoys
(Ackerman et al. 1994). Our data indicate that D. polymorpha
can survive in the hypolimnion, but cannot reproduce there.
This is supported by Dermott and Munawar (1993), who reported that 20–90% of the Lake Erie profundal benthic community in 1993 was composed of D. bugensis profunda.
There is a significant positive correlation between temperature and gametogenic index for all dreissenid taxa in the
epilimnion and D. bugensis s.str. and D. bugensis profunda
in the hypolimnion. This reinforces the hypothesis that temperature is a key factor governing dreissenid mussel gametogenesis and spawning. However, since D. polymorpha shows
no gametogenic development or spawning in the hypolimnion, the environmental factors affecting these processes
in the hypolimnion are still unclear.
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