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Abstract

Distribution and growth of rainbow smelt Osmerus mordax larvae are described from samples
collected in eastern Lake Michigan during 1978-1981 with plankton nets and benthic sleds
deployed in water 1-15 m deep. Rainbow smelt larvae less than 25.5 mm total length were
caught from May to early August, whereas young of the year 25.5 mm and larger occurred from
July to September. Newly hatched larvae were found mostly during May; however, some hatch-
ing occurred in late June or early July, apparently due to slower incubation of eggs in deep
cooler water. After hatching, rainbow smelt larvae were distributed in shallow water for a short
period; from June to early August larvae were widely dispersed. Larvae concentrated inshore
in late August. They generally were found at a few random depth strata from May to early
August. In late August larvae concentrated near bottom. Larval rainbow smelt were most com-
mon at water temperatures of 10 to 16 C. Rainbow smelt averaged from 5.3 to 6.1 mm in May;
they grew to a mean length of 15.7 mm after 1 month and to 36.5-41.1 mm after 3 months.
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Rainbow smelt Osmerus mordax is one of the
most abundant species in the Great Lakes. It
was introduced into eastern Lake Michigan from
adjacent Crystal Lake in 1912 (Van Oosten
1940). Rainbow smelt spawn from March to May
(Van Oosten 1940; Rupp 1959). Eggs hatch in
8 days at a mean water temperature of 15 C
(Cooper 1978) and in 29 days at 6-7 C (Mc-
Kenzie 1964). Marine forms migrate upstream
to spawn. Landlocked populations spawn in
shallow areas of lakes or in tributary streams.
Larvae originating upstream are carried im-
mediately to lakes or estuaries (Rupp 1968).

The purpose of this study was to describe the

distribution and growth of early life stages of

rainbow smelt at a site along the eastern shore
of Lake Michigan. Distribution of larval rain-
bow smelt in Lake Erie has been documented
(MacCallum and Regier 1970), but only a few
power-plant researchers (Jude, et al. 1979; Jude,
et al. 1979; Jude et al. 1980; Liston et al. 1980)
and Wells (1973) have collected data on this
species in eastern Lake Michigan. Rainbow smelt
is an introduced marine exotic with the poten-
tial for disrupting the Lake Michigan ecosys-
tem. Rainbow smelt has been suspected of ad-
versely affecting lake herring Coregonus artedii
populations in the Great Lakes (Wells and
McLain 1973; Christie 1974) and was docu-
mented feeding on lake herring young in Lake
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Superior (Selgeby et al. 1978). Our data will
contribute to the understanding of the inter-
actions of rainbow smelt larvae with the above
species and other native fish in Lake Michigan,
will aid in future decisions on water intake sit-
ing along this shore, and will provide needed
information on one of the important salmonid
forage species for modelling efforts similar to
those of Stewart et al. (1982). This work was
part of the 1978-1981 investigations of fish
populations in the vicinity of the J. H. Campbell
electricity-generating plant located near Port
Sheldon, Ottawa County, Michigan.

Methods

Stations were located on the eastern shore of
Lake Michigan, approximately 20 km south of
Grand Haven, Michigan. Sampling occurred
where bottom contours were 1, 1.5, 3,6, 9, 12,
and 15 m deep. Samples were taken from one
stratum above bottom at the 1- and 1.5-m sta-
tions, two strata above bottom at the 3-m sta-
tion, four strata at the 6-m station, and five strata
at each of the 9-, 12-, and 15-m stations; the
bottom stratum was also sampled at all stations.
Single samples were collected from all strata ex-
cept the surface stratum of the 1-m station where
samples were duplicated.

Strata above bottom were sampled with a
0.5-m drameter nylon plankton net of 363-pm-
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aperture mesh. To collect samples at the 1-m
station, two people hand-towed the plankton
net near the surface while wading along the
beach for a distance of approximately 61 m. At
all other above-bottom strata the plankton net
was towed 5 minutes horizontally from a boat
at a speed of approximately 250-500 m/5 min-
utes. A flowmeter attached to the center of the
net measured volume of water filtered. Ap-
proximately 45 m?® of water were filtered during
most tows. Bottom strata were sampled with a
sled (Yocum and Tesar 1980) towed for 5 min-
utes at each station, generally within 1 day of
the plankton-net sampling.

Samples were collected during day (1100-
1800 hours) and at night (2200-0300 hours).
All samples were preserved in 10% butfered
formalin. Rainbow smelt larvae sorted from the
samples were measured to the nearest 0.1 mm
total length (TL). Collections were made on nine
occasions (mostly at 2- to 3-week intervals) be-
tween mid-April and mid-September, 1978-
1981. An additional collecting trip was made
during early May 1981. Surface, mid-depth, and
bottom temperatures were taken at each station
when sampling was performed.

All tows other than surface tows probably
captured rainbow smelt larvae from higher
strata when the nets were raised to the surface.
Because of low volume of water filtered during
the vertical haul of nets, contamination of sam-
ples by larvae from upper strata was considered
negligible. Mean densities for each sampling
period were calculated for the shallow water (1,
1.5, and 3 m), intermediate depths (6 and 9 m),
and deep water (12 and 15 m); these were av-
erages of densities in the vertical strata overly-
ing these combinations of depth contours. Be-
cause large rainbow smelt larvae may avoid
sampling gear during the day, only data from
night samples were used to estimate densities
during June, July, and August. Due to net
avoidance by larger young-of-the-year rainbow
smelt, mean length during August was calcu-
lated from young of the year collected in trawls
(see Jude et al. 1981 for details) during the same
sampling period. Length-frequency distribu-
tions (0.5-mm length intervals) were generated
for larvae less than 25.5 mm TL; these are based
on sumimed densities, rather than on numbers
of larvae collected, to correct for unequal sam-
pling efforts.

Analysis of variance was used to compare
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monthly day and night densities (log,-trans-
tormed) of rainbow smelt larvae during May
and June. Results were considered significant
at P =< 0.05. Differences in densities of larvae
in the shallow water (1-3 m) and open water
(6-15 m) were compared for mid-May and June;
differences in densities at three temperature in-
tervals (10 C and less, 10.1-14 C, and above 14
C) during May-August (all months pooled) were
also examined by analysis of variance. Due to
possible net avoidance by larger larvae during
summer, only night data for June, july, and
August were used in the analyses of variance.
Day and night data collected in May were pooled
to test the differences due to temperature and
depth (shallow water, open water).

Results

May

Rainbow smelt larvae first were caught dur-
ing mid-May 1978-1980 and early May 1981
(Fig. 1); none were collected during April. Their
mean lengths were 5.3-6.2 mm (Fig. 2). Aver-
age hatching length of rainbow smelt larvae is
approximately 5 mm (McKenzie 1964). In
weekly entrainment sampling in 1978-1980 at
the Campbell Plant, which draws most of its
cooling water from Lake Michigan, no rainbow
smelt larvae were captured before 10 May (Jude
et al. 1980), indicating that those collected dur-
ing mid-May were among the first produced in
the study area. During mid-May 1978 and early
May 1981, rainbow smelt larvae were found
mostly in shallow water (I-3 m) where spawn-
ing i1s known to occur (Rupp 1959; Jude, et al.
1979). Mean densities in shallow water were 67,
1,41, and 17 larvae/1,000 m? during mid-May
1978, 1979, 1980, and 1981, respectively. Dur-
ing early May 1981, mean density in shallow
water was 571 larvae/1,000 m?. Rainbow smelt
larvae were scarce at intermediate depths (6 and
9 m) and deep water (12 and 15 m) during mid-
May 1978-1981. During May 1978, their mean
density in shallow water was significantly higher
(P = 0.05) than density in open water (6-15 m).
No significant differences were found, how-
ever, between these two areas during mid-May
1979 and 1980. Rainbow smelt larvae generally
occurred only at one or two depth strata sam-
pled at each station and showed no particular
pattern of vertical or diel distribution during
May 1978-1981, as exemplified by the May 1979
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FiGURE 1.—Densities of larval rainbow smelt collected with plankton nets and sleds in eastern Lake Michigan, May—
August 1978-1981. Data have been pooled for the water columns above three bottom-contour intervals.

data (Fig. 3). During May, differences between
day and night densities over the 4-year period
were not significant.

June

During early June rainbow smelt larvae were
widely scattered. Densities in shallow water, at
intermediate depths, and in deep water were
low, ranging from 0 to 24 larvae/1,000 m? (Fig.
1). Rainbow smelt larvae were 5.5-13 mm long.
Few newly hatched larvae were found during
early June 1978-1980 (Fig. 2). However, they
were relatively common during early June 1981,
accounting for 68% of the larval rainbow smelt
collected.

During late June, larvae 4.5-20 mm were
found at most depths and were more common
than during early June 1978-1980 (Fig. 1).
Mean density ranges in shallow, intermediate,
and deep water were, respectively, 0-35, 2-30,
and 7-51 larvae/1,000 m? during late June 1978-
1981. Newly hatched individuals represented
30 to 60% of the larvae collected during late
June 1978-1980 (Fig. 2). During late June 1979,
rainbow smelt larvae were found at several strata
in the water column day and night (Fig. 3).

Differences in densities between the shallow
area (1-3 m) and open water (6—15 m) in June
during 1978, 1979, and 1981 were not signifi-
cant. During June 1980, the density in shallow
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FIGURE 2.—Length-frequency histograms for larval rainbow smelt collected May—July, 1979 and 1981, in eastern Lake
Michigan. Data were pooled over stations and diel period, and histograms represent calculated densities of larvae. X =

mean (SE); N = total number of larvae collected.

water was significantly higher (P = 0.001) than
in open water. Day and night densities were not
significantly different in June during the 4-year
period.

The length-frequency distribution of rain-
bow smelt larvae collected during late June was
bimodal, suggesting that two hatching peaks oc-
curred between early May and late June 1978-
1980 (Fig. 2). The first mode included larvae
4.5-9.5 mm, most being recently hatched lar-
vae. The second mode included larvae 11.5-20
mm, most of which undoubtedly hatched dur-
ing the second and third week of May. During
1981, due to relatively high water temperatures
during spring, the first hatching peak occurred
during early May and the second peak during
carly June (Fig. 2). Mean length of larvae from
the early-May cohort was 15.7 mm during 18-
20 June 1979. Mean length of the first cohort
was not calculated for late June 1978, 1980, and
1981 because sample sizes were too small.

July, August, and September

From early July to early August, young-of-
the-year rainbow smelt were widely scattered in
the study area (Fig. 1). Larva densities were
generally low, ranging from 0 to 26 larvae/1,000
m?, During early July, larvae ranged from 6.5
to 29 mm. Recently hatched larvae (6.5-7.5 mm)
continued to occur during early July 1978-1980,
but represented only a small percentage of total
catches (Fig. 2). Larvae from the first cohort,

which ranged from 19 to 29 mm, comprised the
major portion of larvae collected during early
July 1979. During late July and early August
1978-1981, a few 24-47-mm fish, which prob-
ably belonged to the first cohort, were collected.
Rainbow smelt 26-59 mm were caught in sub-
stantial numbers during late August (Fig. 1).
Mean densities ranged from 6 to 665 larvae/
1,000 m3 during late August 1979-1981 (they
were substantially lower in 1978). Mean lengths
were 36.5, 36.7, 40.0, and 41.1 mm, respective-
ly, during late August 1978-1981. During late
August 1979, young of the year were most com-
mon at deeper strata and near bottom, most
being caught at night (Fig. 3). Catch of young-
of-the-year rainbow smelt decreased apprecia-
bly during September.

During 1978-1981 we found larvae and larg-
er young-of-the-year rainbow smelt in water
temperatures from 5 to 23.3 C. Analyses of
variance showed no significant fish-density dif-
ferences among the three temperature intervals
(10 C and less, 10.1-14 C, and above 14 C) dur-
ing 1978 and 1980. Significantly higher densities
were recorded at 10.1-14 C than at higher or
lower temperature intervals during 1979 (P =
0.04) and 1981 (P = 0.02).

Discussion
Seasonal Distribution

Timing of first occurrence of rainbow smelt
larvae depends on water temperatures in spring.
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F1GURE 3.—Densities of larval rainbow smelt collected in
plankton nets and sleds (SL) from 1- to 15-m depths in
eastern Lake Michigan during May, June, and August
1979.

During 1978-1980 we first collected rainbow
smelt larvae around mid-May, but they ap-
peared earlier in May 1981, a year when in-
shore waters warmed faster than in the pre-
vious 3 years. For example, bottom temperatures
taken between 9 and 12 m deep from 15 to 30
April were 3-5.7 C in 1978-1980, but 6.8-8.4
Cin 1981. Near the Cook Plant (108 km south
of the Campbell Plant), where water tempera-
tures ranged from 7.4 to 12 C during 18-24
April 1974, rainbow smelt larvae were first col-
lected during 2-3 May 1974 (Jude, et al. 1979).

521

Because the spawning season lasted only from
mid-April to mid-May, based on inshore pres-
ence of ripe-running adults (Jude, et al. 1979;
Jude et al. 1980), late occurrence of newly
hatched larvae into July probably resulted from
slow incubation of eggs in colder water farther
offshore. Length-frequency distributions of
rainbow smelt during May—early July indicated
that those hatching from early to mid-May
1978-1981 formed the predominant cohort.

High densities of rainbow smelt larvae gen-
erally occur in shallow water during May. Jude,
et al. (1979) and Liston et al. (1980) reported
similar findings in other areas of eastern Lake
Michigan. Although densities of rainbow smelt
larvae during 14-16 May 1979 (5 larvae/1,000
m?) were relatively low, we think this was be-
cause our sampling did not coincide exactly with
peak hatching and because newly hatched lar-
vae were dispersed rapidly by water currents,
not because there was a poor hatch in 1979.

Rainbow smelt larva densities were generally
low from June to early August due to wide dis-
persal of larvae in Lake Michigan. Some in-
crease in abundance may occur during late June
due in part to the second hatching peak. In
1981, few newly hatched larvae were found
during late June, probably because most late
hatching that year took place around early June.
Larger larvae from the first cohort also may
have made up a substantial portion of rainbow
smelt larvae collected during late June.

Density of young-of-the-year rainbow smelt
in the study area substantially increased during
late August, suggesting that most young of the
vear resided within the 15-m contour. Young-
of-the-year rainbow smelt were reported to
move offshore during early fall (MacCallum and
Regier 1970; Jude, et al. 1979). The decrease
in young-of-the-year abundance observed in the
study area during September probably resulted
from a similar offshore migration.

During May, rainbow smelt larvae were most-
ly small (4-8 mm) and probably were not able
to avoid sampling gear. Net avoidance probably
began by late June when larvae reached 20 mm
TL. Despite their ability to avoid plankton nets
as they grew older, young rainbow smelt were
caught more frequently during late August than
earlier, probably due to their increase in den-
sity.

Young-of-the-year rainbow smelt were re-
ported to prefer water temperatures of 13—14
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C (Jude, et al. 1979; Brandt et al. 1980). Dur-
ing 1979 and 1981, in our study area, most
rainbow smelt larvae were caught in similar
water temperatures; as indicated by the signif-
icantly higher density at 10.1-14 C than at
higher or lower temperature ranges. Substan-
tial numbers of larvae also were collected in
water temperatures of 14.1-16 C during June
and August 1979. During 1978 and 1980, rain-
bow smelt larvae were equally common at the
three temperature intervals, suggesting that
their distribution may be influenced at times by
factors other than water temperature.

Spatial Distribution

Hatching of rainbow smelt eggs in eastern
Lake Michigan apparently takes place in shal-
low water during May and in deep water during
June and early July. Although rainbow smelt
spawn in shallow water (Daly and Wiegert 1958;
Rupp 1959; Jude, et al. 1979), spawning may
also take place in deep water (9-22 m) (Legault
and Delisle 1968; MacCallum and Regier 1970;
Owens 1982). During late April 1978 and mid-
May 1980, we collected a few rainbow smelt eggs
with sleds at the bottom stratum of the 15-m
contour. Eggs that were deposited in shallow
water may be detached from the substrate and
transported to deeper water by offshore cur-
rents. Rainbow smelt eggs dislodged from rub-
ble may successfully hatch (Rupp 1965). All
rainbow smelt eggs spawned in relatively warm
water (8-13.5 C during 14-16 May, and 9.8-14
C duri-ng 4-6 June 1979) in shallow areas near
the Campbell Plant probably hatched by the end
of May. Because no rainbow smelt spawning
was observed during June, based on seine and
gill-net catches of adults (Jude et al. 1981), new-
ly hatched larvae collected during June and early
July probably hatched in deep water, where
water was colder. Fertilized rainbow smelt eggs
kept in an incubation chamber set on the bot-
tom at 27.4 m, in southeastern Lake Michigan
in late April 1979, hatched after 59 days of in-
cubation in water temperatures of 2.9-5.9 C
(Owens 1982).

Rainbow smelt larvae were dispersed soon af-
ter hatching and generally remained wide-
spread unul early August. They were still abun-
dant in the shallows of our study area during
mid-May 1978, more dense there than in open
water. They were found only in the shallow
water during early May 1981. Water currents
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in the vicinity of the Campbell Plant vary from
0 to 0.3 m/second over a period of several days
(Liston and Tack 1976), suggesting that larvae
do not remain at the hatching site more than
several days after hatching. Rainbow smelt lar-
vae already were dispersed to deeper water
during mid-May 1979 and 1980. This dispersal
caused densities to be similar between shallow
and deep water during mid-May during these
2 years. During June and July, newly hatched
larvae were found in water up to 21 m (Jude
et al. 1978), suggesting larvae were dispersed
into deeper water outside the study area. Sim-
ilar densities between shallow and open water
during June in 1978, 1979, and 1981 resulted
from this wide dispersal of rainbow smelt lar-
vae. Larvae occasionally may be returned to
shallow areas, causing density there to be sig-
nificantly higher than in open water, as was ob-
served in June 1980. By late August, young-of-
the-year rainbow smelt resided closer to shore
than they did from June to early August.
Trawling data indicated that they were most
abundant from 6 to 12 m (Jude et al. 1981).

Rainbow smelt larvae were generally scat-
tered throughout the water column from May
to early August. They exhibited no particular
pattern of vertical distribution. Wells (1973) re-
ported rainbow smelt larvae showed no strong
depth preference, but tended to avoid the sur-
face. During late August, they appeared to con-
centrate near bottom within the 15-m contour.
Large catches of young-of-the-year rainbow
smelt in bottom trawls during late August (Jude
et al. 1980) substantiated this preference for
lower strata. These data were in agreement with
Wells (1968) who found that young-of-the-year
rainbow smelt in southeastern Lake Michigan
concentrated on the bottom during late sum-
mer or early fall.

Growth

The mean length of rainbow smelt larvae col-
lected from early to mid-May was 5.3-6.2 mm.
During 1979 this first cohort of rainbow smelt
larvae averaged 15.7 mm long 1 month after
hatching. Bigelow and Schroeder (1963) re-
ported a slightly larger size (17 or 18 mm) for
1-month-old rainbow smelt along the north-
western Atlantic coast. The mean length of
rainbow smelt larvae we collected in June may
be underestimated due to net avoidance by
larger larvae. During late July, rainbow smelt
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we collected ranged from 24 to 47 mm; this is
comparable to Lake Huron rainbow smelt,
which reached 28-48 mm during late July
(Gordon 1961). The wide size range of young
of the year we collected during late August
1978-1981 (26-59 mm) may be due, in part, to
the presence of larvae from two cohorts. Mean
length of 3-month-old rainbow smelt caught
during late August (36.5-41.1 mm) may be
slightly underestimated due to the inclusion of a
siall number of late-hatched larvae in the Au-
gust catches. Kendall (1927) reported a larger
size (36.6—63.5 mm) {or young-of-the-year rain-
bow smelt collected in August in Sebago Lake,
Maine.

Growth rate of rainbow smelt larvae in the
study area during the period 14-16 May to 18-
20 June 1979 was approximately 0.30 mm/day
which is comparable to the growth rate of 0.37
mm/day for their first month of life in south-
eastern Lake Michigan (Jude, et al. 1979). From
mid-May to late August 1978-1981, rainbow
smelt larvae in the study area appeared to
maintain the same growth rate (0.31-0.36 mm/
day). During summer, however, growth rate
may vary considerably. Jude, et al. (1979) re-
ported growth rates of 0.14 mm/day during July
and 0.41 mm/day during August 1974.
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