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Species and epilimnion/hypolimnion-related differences in size at larval settlement and

metamorphosis in Dreissena (Bivalvia)

Abstract—Recently settled postlarval quagga mussels
(Dreissena bugensis) and zebra mussels (D. polymorpha) were
examined using optic microscopy to determine planktonic
shell growth and size at settlement and metamorphosis from
two habitats in Eastern Lake Erie: nearshore epilimnion and
offshore hypolimnion. Postlarvae (shell length ~400-2000
nm) were collected from various substrates between 1992 and
1995. Planktonic shell growth and size at settlement and meta-
morphosis were determined by measuring height of the prod-
issoconch | (Pl) and prodissoconch Il (Pll) on right valves.
Mean Pl height was 79.07 (SD = 4.64) and 79.62 um (SD =
4.28) for the quagga and zebra mussel, respectively, and did
not differ between species or across habitats. There was, how-
ever, adistinct between-species difference in size at settlement
and metamorphosis (Pl size), with larvae of the quagga mus-
sel settling at significantly larger sizes than those of the zebra
mussel (nearshore/epilimnion data: quagga PIl means, 256—
284 um; zebra PIl means, 236-249 um). In addition, quagga
mussel larvae settled at a greater size in the offshore hypolim-
nion habitat (Pl mean = 313.64 um, SD = 24.69, n = 320)
compared to nearshore epilimnion habitat (mean = 261.89
pum, SD = 1941, n = 207). The additional 28% of larval
shell (PIl) secreted by offshore hypolimnion quagga mussels
may be linked to several factors, including a prolonged plank-
tonic period. This study is the first to document the relation-
ship between offshore distance and size at settlement in a bi-
valve.

The larvae of bivalves constitute a significant component
of the plankton of many marine and estuarine communities
during the breeding and recruitment seasons (Thorson 1946;
Loosanoff et a. 1966). In contrast, in freshwater ecosystems,
few lamellibranch taxa display planktonic larval develop-
ment and free-swimming planktotrophic larvae (Ackerman
et a. 1994). Among those that do are mollusks of the family
Dreissenidae, a group of bivalves originating from the Cas-
pian Sea and Black Sea regions (Staficzykowska 1977; Ro-
senberg and Ludyanskiy 1994). Like many marine bivalves
with planktotrophic larval development, a Dreissena larva
spends many days feeding, developing, and dispersing over
great distances until it is competent to settle, metamorphose,
and begin the benthic byssate life of the adult (Sprung 1989;
Ackerman et al. 1994; Martel et al. 1995). This taxonomic
group includes several highly invasive species that have
been accidentally introduced via human activities to many
rivers and large lakes in Europe and more recently in North
America (Hebert et a. 1991; Mackie 1991). Free-swimming
larvae of dreissenid bivalves have become an important
component of the planktonic community of the Laurentian
Great Lakes, with summer larval densities commonly in the
range of 103-10° m—2 (Garton and Haag 1993; Martel et al.
1994).

Although similar in appearance and basic life history, the
quagga mussel, Dreissena bugensis, differs from the zebra

mussel, D. polymorpha, in a number of traits, including shell
morphology, physiology, and reproduction, as well as habitat
requirements (May and Marsden 1992; Dermott and Muna-
war 1993; Domm et a. 1993, Claxton and Mackie 1998).
Unlike zebra mussels, which are typicaly found on hard
substrates in nearshore habitats, the quagga mussel can col-
onize soft-bottom substrates found within offshore deep wa-
ter habitats of large lakes (Dermott and Munawar 1993;
Mills et al. 1993, 1996; Claxton and Mackie 1998). Dermott
and Munawar (1993) reported that in Eastern Lake Erie
quagga mussels outhumbered zebra mussels by 14 to 1 in
the hypolimnion (~>20 m) and had successfully colonized
soft substrates beyond 40 m. In Lake Ontario, Mills et al.
(1993) collected quagga mussels at a depth of 130 m, and
larvae and adults of the quagga mussel also occur in shallow
water substrates in Eastern Lake Erie (Mitchell et a. 1996).

The potential effect of inshore versus offshore and other
related physical conditions on the morphology and ecology
of planktotrophic larvae of benthic invertebrates has re-
ceived little attention, with only one study on a marine gas-
tropod (Robertson 1994). Previous studies have documented
that bivalve larval size at settlement and metamorphosis as
well as the duration of the planktonic period can vary greatly
(Bayne 1965; Pechenik 1984, 1985). This can be observed
in the larval shell of bivalves with planktotrophic larval de-
velopment, which acts as a skeletal record of the growth and
developmental history (e.g., size at settlement and meta-
morphosis) of the animal (Ockelmann 1965; Lutz and Ja-
blonski 1978; Lutz et a. 1984; Martel et al. 1995). This is
evident in the larval shell, which is composed of two distinct
regions, the D-shaped prodissoconch | (Pl) and the prodis-
soconch Il (PII) (Martel et al. 1995). However, little is
known about the morphological, behavioral, or ecological
response of planktotrophic larvae of benthic invertebrates
along natural environmental gradients (but see Lutz and Ja-
blonski 1978). The recent successful colonization of Dreis-
sena spp. in the lower Laurentian Great Lakes, including the
ecological success of the quagga mussel both in the offshore
hypolimnion and the nearshore epilimnion habitats of Lake
Erie, provides an opportunity to distinguish the influence of
physical environments on the larval development of a ben-
thic invertebrate. In this study, using light microscopy and
field-collected postlarval specimens from benthic and buoy
samples, we first compare the morphometry of prodisso-
conch | and Il of the quagga mussel with that of the zebra
mussel. Second, we demonstrate notable differences in
planktonic larval shell growth and size at metamorphosis
between quagga mussels settling in nearshore epilimnion and
offshore hypolimnion environments. The observed differ-
ences in size at settlement and metamorphosis (PII) reported
herein could reflect on important differences in larva ecol-
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Fig. 1. Sampling sites in Eastern Lake Erie, during 1992—1995.
Nearshore epilimnion (~2 m) sites: near Nanticoke, buoys EN8 and
a rocky reef (R). Near Port Colborne, buoys E and E3. Offshore
hypolimnion benthic samples were collected at Fisheries and
Oceans water quality sites in the Eastern Basin of Lake Erie, in-
cluding sites 935 (35 m), 938 (36 m), 939 (45 m), and 940 (57 m),
as well as station sub collected using a submersible (50 m).

ogy between species as well as within species between hab-
itats.

Materials and methods—Mussels were collected as part
of limnological studies designed to examine the distribution
and the impact of Dreissena spp. on native benthic inver-
tebrates and on food webs in the Great Lakes (Wormington
et a. 1995; Dermott et al. 1998). Early juvenile mussels
(shell length ~400—2000 wm) were collected from the near-
shore shallow water and offshore deep water habitats in
Eastern Lake Erie (Schertzer et al. 1987) (Fig. 1). Siteswere
located east of the Long Point area, near the towns of Nan-
ticoke (area of buoys EN8 and EA8) and Port Colborne (area
of buoys E and E3), Ontario (Fig. 1). Each sample of post-
larvae came from a different site within that habitat and was
considered a replicate, with no consideration given to the
year of collection (1992-1995).

A total of six hypolimnion benthic samples were collected
at irregular intervals during the period 1993-1995 at five
sampling sites (one sample per site, except for site 938,
which was sampled twice) in the offshore hypolimnion wa
ters of Eastern Lake Erie (Fig. 1). For 1993 and 1994, sam-
ples were collected using a petite Ponar grab (0.022 m?).
Site number (depth) and date of collection were: site 935
(35 m) on 14 June 1993, site 938 (36 m) and 939 (45m) on
15 June 1993, as well as site 938 (36 m) and site 940 (47
m) on 13 September 1994. Grab samples were sieved
through a 0.15-mm net, and the retained residue preserved
in buffered (1.3 g CaCO3 L-%; pH range 6.6—7.0) 8% for-
malin for later analysis (Dermott and Munawar 1993). With-
in ~2 weeks the formalin was replaced with 70% ethanol.
This preservation procedure, although not ideal for shelled
mollusks, allows a detailed examination of the PI, PII, and
D regions of the early shells of settling Dreissena spp.

On 13 July 1995, an additional offshore benthic sample

was obtained during a dive with the Canadian submersible
SDL-1 (Dermott et al. 1998). A core sample was taken at a
depth of 50 m, near Long Point, northwest of site 940 (Fig.
1). The core sediment was sieved using a 0.15-mm mesh
and the residue preserved directly in 70% ethanol.

Postlarval or early juvenile dreissenids from nearshore
epilimnion sites were collected from navigation buoys
(quagga mussels and zebra mussels) and rocks (quagga mus-
sels only) during 1992, 1993, and 1994. Buoys were re-
moved from Lake Erie at the end of the navigation shipping
season between the last week of November and the second
week of December (Wormington et al. 1995). The distinctive
number on each buoy determined its exact position in the
lake. Four buoys were sampled (approx. water depth at each
location: E3 = 10 m, E = 18 m, EN8 = 11 m, EA8 = 15
m) (Fig. 1). The Dreissena on the underwater part of the
buoys, particularly the ballast rings (depth = 2 m below the
water surface), were scraped off and dried. The dried ma-
terial was passed through a 1-mm screen and the finer ma-
terial examined for the presence of newly settled mussels.
During October 1994, rocks (ca. 15-30 cm) were collected
from a nearshore shoal (<2 m deep) (Fig. 1) using a dipnet.
Extraction was conducted in the laboratory by scraping off
mussels with a knife. Small quagga mussels (shell length
~400-2000 um) were preserved in 70% ethanol for exam-
ination of the larval shell portion.

Both Dreissena species were present in Lake Erie. The
quagga mussel, D. bugensis, was commonly found in hy-
polimnion habitat, whereas the zebra mussel was rare or ab-
sent at sites deeper than 30 m (Dermott et al. 1998). Dis-
crimination between D. bugensis and D. polymorpha in their
early postlarval or juvenile stage (=300—400 um) was re-
solved using early dissoconch morphology as per the study
by Claxton et a. (1997).

Morphometric analysis of the larval shell was conducted
by taking height measurements of the prodissoconch | (PI)
and prodissoconch Il (PI1), using a modification of the meth-
odology described by Martel et al. (1995) for the zebra mus-
sel. Pl and Pll of postlarvae were examined from either wet
(70% ethanol for brittle specimens) or dry preparations. In
the wet preparation method, individual postlarvae were
placed in a 5-cm glass petri dish that contained ~1 mm of
ultrafine sand covered by ~3 mm of 70% ethanol to allow
postlarvae to be oriented in various ways. Dry-preserved
postlarvae or wet specimens whose shells were strong
enough to be manipulated with fine forceps were placed in
thin troughs made on a1 to 2 mm thick layer of gray colored
plasticine on a microscope glass slide. Postlarvae were
placed side by side into the fine sand or the plasticine (umbo
pointing upward) and lifted to an angle varying from 20° to
70° depending on the size of the specimen. This technique
allowed direct observation with a stereomicroscope of the
precise outline of either the Pl or the PII in full view (plane
view). Measurements of the height (Pl and PII) of each of
the two larval shell portions were taken from the right valve
using a Jandel/SigmaScan digitizer and an Olympus SZH
(7.5-128 X) dissecting stereomicroscope equipped with a
drawing attachment. The distance between the drawing at-
tachment tube and the surface of the digitizer was set at 47
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Table 1. Results of the prodissoconch | (Pl) morphometric analysis for quagga mussel (Dreissena bugensis) and zebra mussel (D.
polymorpha) postlarvae collected at different locations within the nearshore epilimnion habitat and the offshore hypolimnion habitat of

Eastern Lake Erie during 1992—1995.

Prodissoconch | (Pl)

Pl height (um)

Species, habitat, site Mean SD N
Zebralnearshore EN8 80.11 3.74 8
Zebralnearshore E3 79.11 4.98 8
Quagga/nearshore Rock 78.43 5.66 9
Quagga/nearshore EN8 79.33 3.59 8
Quagga/nearshore E3 79.56 3.22 7
Quagga/offshore 938 78.54 5.38 8
Quagga/offshore 939 80.74 3.93 7
Quagga/offshore sub 78.14 5.99 8

Nested ANOVA
(mixed model)
Zebra nearshore
vs. Quagga
nearshore df SS MS F P
Source of variation
Among species 1 25 25 0.76 0.451
Among sites 3 9.9 33 0.17 0.916
Residual 35 680 194
Quagga nearshore vs. Quagga offshore
Source of variation
Among habitats 1 0.011 0.011 0.001 0.973
Among sites 4 34.6 8.7 0.373 0.828
Residual 41 955 233

cm to reduce the error in replicate measurements (critical
when measuring Pl).

The present study used the conventional terminology of
marine bivalve larvae to describe dimensions of the larval
shell (cf. Loosanoff et al. 1966; Chanley and Andrews 1971)
and used the larval shell height (i.e., the dimension termed
length in Martel et al.’s 1995 study on Dreissena polymor-
pha) to determine larval (prodissoconch) size. This conven-
tional larval shell height (cf. marine literature) refers to the
longest distance across the larval shell starting from the
umbo, measured perpendicular or from the middle of the
larval hinge line (provinculum) in the early larval stages.
Shell height is not the longest dimension in early D-shaped
stages, but it is close to or is the greatest in late larval stages
(see Loosanoff et al. 1966).

To compare means of prodissoconch | and |1 heights among
species, habitats (nearshore vs. offshore), and sites we per-
formed two-level nested ANOVAS (mixed model) and one-way
ANOVASs (mode 11). Morphometrical analysis of PI (i.e, size
of first larval or D-shape stage) showed that the latter did not
significantly vary among species, habitats, or sites within a
habitat (Table 1). A nested ANOVA reveded that mean Pl
height of early postlarval quagga mussels that settled in the
offshore hypolimnion habitat did not significantly differ from
that of mussels that settled in the nearshore epilimnion (range
of Pl means for quagga offshore, 78.14-80.74 um; quagga
nearshore, 78.43-79.56 um) (Table 1). The examination of the
Pl of zebra mussals that had settled on the nearshore shallow
water substrates displayed similar means of Pl heights to those
of quagga mussels from the same substrate (Pl means for zebra

nearshore: 79.11-80.11 um) (Table 1). In this study Pl is thus
assumed to be a constant (overall mean: 79.21 um). No post-
larval zebra mussels were observed in the offshore hypolim-
nion samples examined.

Results—Morphometric analysis of prodissoconch I1: The
morphometric analysis of the prodissoconch |1 region of ear-
ly postlarval Dreissena spp. (—~400-2000 wm) from the
nearshore epilimnion habitat of Eastern Lake Erie revealed
that mean size of larvae at settlement and metamorphosis,
as determined from the height of the larval shell at the PlI-
D boundary, was significantly greater in quagga mussels
(range of PIl means = 256.30-284.81 um, SD = 11.43—
21.43) than in zebra mussels (range of Pll means = 236.19—
248.74 um, SD = 14.46-23.07) from the same substrate or
site (nested ANOVA, P < 0.0081) (Table 2, Fig. 2). For
both the quagga mussel and the zebra mussel, highest mean
sizes at settlement and metamorphosis at nearshore sites
were observed at buoy EA8 (Q = 275.8 um, SD = 11.4; Z
= 248.7 um, SD = 14.4 um) and buoy E (Q = 283.8 um,
SD = 16.9; Z = 246.9 um, SD = 23.1) (Fig. 2). These two
buoys were located farther from the shore than other epilim-
nion sites (Fig. 1).

Mean size at settlement and metamorphosis (PIl height)
of quagga mussels settling in the offshore hypolimnion hab-
itat was consistently greater than that of individuals of the
same species settling in the nearshore epilimnion habitat
(nested ANOVA, P < 0.001) (Table 2) (Fig. 2). Ranges of
means for size at settlement and metamorphosis were
310.69-322.81 um (SD = 21.57-25.69) for settlers in the
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Table 2. Results of nested ANOVAs (mixed model) for the prodissoconch Il (Pll) morphometric analysis for quagga mussel (Dreissena
bugensis) and zebra mussel (D. polymorpha) postlarvae collected in the nearshore epilimnion habitat and the offshore hypolimnion habitat

of Eastern Lake Erie during 1992—1995.

Nested ANOVA (PlI) df SsS MS F P
Quagga nearshore vs. Quagga offshore
Source of variation
Among habitats 1 219,394.1 219,394.1 96.84 <0.0001
Among sites 9 20,389.6 2,265.5 4.64 0.0001
Residual 516 251,669.5 487.7
Zebra nearshore vs. Quagga nearshore
Source of variation
Among species 1 35,889.6 35,889.6 1341 0.0081
Among sites 7 18,735.1 2,676.4 9.18 0.0001
Residual 349 101,774.6 291.6

offshore hypolimnion and 256.30-283.81 um (SD = 11.43—
21.43) for settlers in the nearshore epilimnion (total of 527
individuals) (Fig. 2).

Frequency distributions of PIl height for quagga mussels
from the offshore hypolimnion and the nearshore epilimnion
habitats are shown on Fig. 3. Pooled means were 313.64 um
(SD = 24.69, n = 320) and 261.89 um (SD = 1941, n =
207) for the offshore hypolimnion and nearshore epilimnion,
respectively. On average, quagga mussels settled in the hy-
polimnion at a size that was 20% larger than that of indi-
viduals that settled within the nearshore epilimnion sites. Us-
ing size classes that represented 2% or more of the size
frequencies, the pooled data indicated a range of size at set-
tlement and metamorphosis of 270-360 wm for quagga mus-
sels at offshore sites. In contrast, the range was 230—295 um
for quagga in the nearshore sites (Fig. 3).

Larval size at settlement (PII height)
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Fig. 2. Mean larval size at settlement and metamorphosis, as
determined by the prodissoconch Il (PIl) height (wm), from differ-
ent sites in two types of habitat in Eastern Lake Erie during 1992—
1995; filled squares, quagga mussel (Dreissena bugensis) postlarvae
from offshore hypolimnion (right) or from nearshore epilimnion
(left) sites; open circles, zebra mussel (D. polymorpha) postlarvae
from nearshore epilimnion sites. Vertical bars represent +1 standard
deviation of the mean. Numbers above each bar represent sample
size (totals: 527 measurements for the quagga mussel and 151 for
the zebra mussel). Sites listed under each type of habitat are pre-
sented starting with nearest to farthest from shore (see Fig. 1).

Discussion—Three salient points relating to size at settle-
ment and metamorphosis as well as to recruitment success
of Dreissena spp. in Eastern Lake Erie arise from this study.
First, guagga mussels (D. bugensis) settle at larger size than
zebra mussels (D. polymorpha) (prodissoconch Il sizes of
zebra mussels from this study compare with values reported
by Martel et a. 1995). The difference in mean size at set-
tlement between the two species could be explained by a
longer planktonic development time, a superior ability to
delay settlement, or afaster larval growth rate in the quagga
mussel. This could represent an ecological separator for
these two introduced bivalves in the Great Lakesregion. The
second point is that zebra mussels recruit successfully in
Eastern Lake Erie only in nearshore habitats. This may be
caused by a reduced flexibility in pattern of larval devel-
opment in that species. The third salient point is that size at
settlement and metamorphosis in quagga mussels is greater
offshore (hypolimnion) than in nearshore (epilimnion) hab-
itats (Figs. 2, 3). For four consecutive years (1992—1995) the
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Fig. 3. Pooled size-frequency distributions of prodissoconch 11
(PI1) height (um) (size at settlement and metamorphosis) of Dreis-
sena bugensis obtained from postlarval specimens (ca. 500—2,000
wm shell length) collected from the offshore hypolimnion and near-
shore epilimnion habitats of Eastern Lake Erie during 1992-1995.
Number in parentheses represents total number of PIl measure-
ments.



Notes 711

examination of the Pll height from recently settled postlar-
vae showed that quagga mussel larvae settling and meta-
morphosing in the offshore deep water habitat had secreted
a significantly larger larval shell compared to those settling
in nearshore shallow waters. By subtracting the value of Pl
(shown to be a constant at ~79 wm) from the mean of PlI
(pooled data), it is estimated that quagga larvae settling in
the deep hypolimnetic habitat of Eastern Lake Erie depos-
ited, on average, 235 um of larval shell (PIl) during their
planktonic life. This contrasts with 183 um of planktonic
larval shell secretion for quagga larvae settling in the near-
shore shallow water habitat (the value is 160 um for the
zebra mussel). This represents a 28.4% greater increment in
planktonic larval shell secretion for quagga mussels settling
in offshore hypolimnion by comparison to quagga mussels
settling in nearshore epilimnion.

This study was limited by the number of sites and samples
for prodissoconch morphometry analysis, and samples for
both habitats spanned different years and seasons. However,
severa lines of evidence point toward habitat effects as the
leading source of variance affecting size at settlement and
metamorphosis of quagga mussel larvae in this system, over-
riding variance originating from differencesin locality with-
in a habitat or that among years. First, there was no signif-
icant difference in mean PIl height of quagga postlarvae
among the six benthos samples (33-105 Pl measurements
per site; total, 320) collected in the offshore hypolimnion
habitat (one-way ANOVA, P > 0.05), despite samples orig-
inating from different sites and collected during a time pe-
riod that spanned 3 yr (1993-1995). Second, results from the
two-level nested ANOVA testing for the effect of habitat
(nearshore vs. offshore) and that of site within a habitat on
PlI height of quagga mussels yielded a high F value for the
habitat factor [F(habitat) = 96.84, df = 1, 9], with aP value
< 0.0001 (Table 2). Thus, the differences in Pll means ob-
served among the two types of habitats are significant above
and beyond differences among sites within habitats. Finally,
a nearshore/offshore effect is aso suggested when compar-
ing Pl size of both the quagga mussel and the zebra mussel
that settled on buoys within the nearshore epilimnion habitat
(Fig. 2). Indeed, for the quagga mussel, the smallest Pll
heights were observed from postlarvae sampled from sites
closest to shore, i.e., the rocks, buoy E3, and buoy EN8 (see
Figs. 1, 2), and there was no significant difference among
Pll height means for this group of samples (one-way AN-
OVA, P > 0.05). A similar trend was observed for zebra
mussel settlers (Fig. 2).

This study is the first to provide firm evidence that bivalve
larvae show developmenta flexibility across a spatial/environ-
mental gradient, herein documenting a correlation between off-
shore distance (nearshore/epilimnion versus offshore/hypolim-
nion) and larval morphometry, and hence larval ecology, in a
bivalve. A number of possible explanations, not necessarily
mutually exclusive, could explain the observed difference in
Size at settlement and metamorphosis between quagga mussels
colonizing offshore hypolimnion habitats and nearshore epilim-
nion habitats. First, quagga mussel larvae may grow faster in
the offshore/hypolimnion habitat. One could argue, however,
that larvae developing and settling in the deep water environ-
ment should, at least for the latter part of their planktonic larval

development, experience a lower temperature regime as they
begin searching for a favorable substrate (assuming that a ther-
mocline exists at that time). This would result in lower growth
rates and consequently a smaller larva size after a given time
period in the plankton (Bayne 1965). A second scenario is that
only larger (i.e, faster growing) larvae may survive the time
period required to drift offshore and settle on substrates; smaller
larvae may die (starvation?) or may be more vulnerable to
predation. A third possible explanation is that early postmeta-
morphic natural selection may drive the size differences noted
here between the two habitats. This postsettling size selection
could be tested through comparisons of size distributions of
advanced (competent) dreissenid larvae collected from the
plankton in conjunction with size distributions of postlarvae
collected from nearby substrates.

Another hypothesis that may explain the observed differ-
ence in size at settlement of quagga mussel larvae between
the two types of habitats is that of delayed settlement and
metamorphosis. The ability of bivalve larvae to prolong the
planktonic period and delay settlement and metamorphosis
is well documented in the marine literature (e.g., Bayne
1965; Pechenik 1985) and has also been suggested for Dreis-
sena polymorpha (Sprung 1989; Haag and Garton 1992).
Long planktonic periods or delay of metamorphosis result in
greater sizes at settlement, hence a positive correlation be-
tween Pll size and time spent in the plankton (Bayne 1965;
Lutz and Jablonski 1978). As competent dreissenid larvae
drift offshore delaying settlement and metamorphosis and
secreting a large PIl (~300-350 um) they may not be ca-
pable of remaining in the plankton longer, especialy if they
are positive geotactic and/or if their velum, which allows for
both feeding and swimming, begins to degenerate (ref. study
on Mytilus by Bayne 1965). Quagga mussel larvae found in
offshore waters would then progressively sink to the bottom
and eventually colonize the offshore deep water habitat of
the lake. Moreover, during periods when the lake is stratified,
quagga larvae spending a significant portion of their devel-
opment in the cold, deep water layer may further extend their
planktonic life and display larger PIl, since a strong inverse
correlation between size at larval settlement and water tem-
perature has been well documented for bivalves (Myidae,
Lutz and Jablonski 1978; Mytilidae, Bayne 1965; Pectinidae,
Hodgson and Bourne 1988). It is noteworthy that for sites
located in the nearshore epilimnion habitat, for both the
quagga mussel and the zebra mussel, the highest PIl means
were observed from buoys located the farthest from the
shore. This observation is consistent with the hypothesis of
delayed settlement and metamorphosis among dreissenid lar-
vae collected offshore.

The timing of spawning of quagga mussels in Lake Erie
may aso influence the mean size of larvae at settlement and
metamorphosis. This timing will determine the temperature re-
gime and temperature gtratification of the water column within
which larvae will develop in the plankton. Year-round low tem-
perature regimes prevailing within the deep hypolimnion could
lead to significantly lower larval growth rates, a prolonged
planktonic period as well as a greater size at settlement and
metamorphosis for quagga larvae developing within that en-
vironment (see Bayne 1965; Lutz and Jablonski 1978).

The origin of quagga mussel larvae settling into the deep
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hypolimnion habitats is unknown. Larvae may immigrate
from nearshore shallow water populations or from autore-
cruitment from deep water populations. The higher density
(Mitchell et a. 1996) and fecundity (Claxton and Mackie
1998) of nearshore populations favor immigration as the
likely source. This question, along with others raised in this
study, will remain unresolved until further field studies on
the reproduction and larval ecology of deep water popula-
tions of quagga mussels are conducted.
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A preliminary assessment of the geochemical dynamics of Issyk-Kul Lake, Kirghizstan

Abstract—Issyk-Kul Lake is one of the largest brackish wa-
ter lakes in the world. Being a closed-basin lake, it is suscep-
tible to volume changes caused by natural climatic variability,
as well as human-induced water diversion from the basin.
Long-term lake level records indicate that lake levels are de-
clining and that salinity is increasing because of evapoconcen-
tration. We present the first trace element data for this impor-
tant lacustrine system and, using both ours and previously
published data, investigate the geochemical dynamics within
the watershed.

Issyk-Kul Lake, lying between 76° and 78°15'E and
42°10" and 42°40'N, is the deepest lake in central Asia (max-
imum depth of 668 m) and the fourth largest saline/brackish
water lake in the world. The lake is located in the northeast
portion of the country of Kirghizstan (Fig. 1). The lake basin
occupies a depression in the northern Tien Shan Mountains
at an altitude of 1,609 m, making it the second largest moun-
tain lake in the world (Grosswald et al. 1994). The lake basin
was formed during the Carboniferous period, and the lake,
in its present form, is at least as old as the Late Pliocene
(Tsigelnaya 1995). It is very much a “superlative’” lake in
the same way as Lake Baikal (Weiss et al. 1991).

Although the biology of the lake (especidly its fisheries)
has been investigated since the 1920s, there is much less
information regarding the lake's physical and chemical char-
acteristics, and only since 1992 have there been results pub-
lished in the western literature (Savvaitova and Petr 1992;

Lake
Balkash

0 200 ki
0 100 miles
N

45°N

\

Kazakhstan

Alma-ata

®
Bishkek

Kirghizstan

Tashkent

Fergane Kasﬁlgar

China

Fig. 1.

Map of Central Asia.



