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Abstract 

Spawning by planted lake trout (Salvelinus namaycush) was documented by sampling with a 
diver-assisted pump in a traditional spawning area in southeastern Lake Michigan near Saugao 
tuck, Michigan in mid-November in 1978 and 1979. Bottom depths at the 11 locations sampled 
ranged from 3 to 12 m and substrate size from boulders to sand. Periphyton "(Cladophora and 
associated biota) was several millimeters thick at most stations but sparse at the shallowest. The 
most eggs recovered from a single sample occurred at the shallowest depth (3 m). In both years, 
some of the small numbers of eggs collected (9 in 1978, 14 in 1979) were alive and fertilized. 
Laboratory incubation of viable eggs resulted in successful hatching of larvae. When compared 
with egg densities measured at spawning sites used by self-sustaining populations of lake trout 
in other lakes, densities in the study area (0-13/m 2) appeared to be critically low. Insufficient 
numbers of eggs, combined with harsh incubation conditions (turbulence, ice scour, sedimen- 
tation), were implicated as prime causes for lake trout reproductive failure in the study area, 
although other factors, such as inappropriate spawning behavior (selection of suboptimal spawn- 
ing location, depth, or substrate) also may have reduced survival of eggs and larvae. 

Before the decline of lake trout (Salvelinus 
namaycush) in Lake Michigan during the late 
1940's and their apparent extinction in the ear- 
ly 1950's (Eschmeyer 1957), commercial pro- 
duction of the species remained relatively stable 
for several decades (Wells and McLain 1973). 
The decline and eventual extinction have been 

attributed to several factors, including sea lam- 
prey (Petromyzon marinus) predation (Wells and 
McLain 1973) and overfishing (Smith 1968; 
Christie 1974). Martin and Olver (1976) cited 
eutrophication in Ontario lakes, particularly in 
marginal lakes or waters along the southern 
limit of the natural range of lake trout, as con- 
tributing to loss of trout populations. In 1965, 
after sea lamprey control had been initiated, 
rehabilitation of Lake Michigan lake trout pop- 
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ulations (coordinated by the Great Lakes Fish- 
ery Commission) began; from 1965 to 1979, 
nearly 34 million lake trout were planted in 
Lake Michigan (Brown et al., in press). 

Despite recent success of the stocking pro- 
gram and growth of a substantial sport fishery, 
lake trout in Lake Michigan have shown little 
evidence of natural recruitment beyond early 
fry stages. This apparent reproductive failure 
has been attributed to a variety of causes: (1) 
eutrophication and associated sedimentation 
and suffocation of eggs (Martin 1957; Martin 
and Olver 1976, 1980), (2) toxic substances 
(Stauffer 1979; Willford 1980), (3) predation 
(Scott and Crossman 1973; Stauffer and Wag- 
ner 1979; Martin and Olver 1980), (4) insuffi- 
cient numbers of spawners or inappropriate 
stocking methods (Pycha 1972; Swanson 1973; 
Peck 1979; Rybicki and Keller 1978; Brown et 
al., in press), and (5) genetically influenced 
stock- or strain-specific differences associated 
with egg development, behavior, or reproduc- 
tion that might adversely affect survival in the 
wild (Loftus 1976; Brown et al., in press). It is 
also possible that several of these processes act 
together to reduce reproductive success. 

Knowledge of the extent to which lake trout 
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FIGURE l.-•L0cati0n of sampling stations established to evaluate lake trout reproduction in southeastern Lake Michigan 
near Saugatuck, Michigan, 1978 (stations A-C) and 1979 (stations D-F). 

of hatchery origin can reproduce successfully 
on natural substrates (traditional spawning 
reefs), as well as on artificial substrates, is need- 
ed to assess the potential for reestablishing self- 
sustaining trout populations in the lake. Also 
needed is information on the spawning and in- 
cubation requirements of introduced stocks of 
lake trout and the extent to which their repro- 
ductive success may be limited by substrate con- 
ditions. 

We examined a reef in a traditional spawn- 
ing area in southern Lake Michigan to deter- 
mine if lake trout spawning had occurred and 
to assess some environmental conditions that 

might affect incubation. Egg densities were es- 
timated from sampling data, and the live eggs 
collected were incubated in the laboratory to 
assess viability and developmental potential. 

Methods 

The study site was in southeastern Lake 
Michigan about 2.5 km south of the harbor en- 
trance at Saugatuck, Michigan (Fig. 1). The 
sampling area was located near Douglas, Mich- 
igan in an isolated exposure of glacial moraine 
that extends several kilometers southward from 

Douglas, and from shore to depths as great as 
20 m. Substrate materials in this general region 
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of the lake consist predominantly of shifting 
sand; the bottom profile is typically flat and un- 
broken. However, substrates in the sampling 
area included boulders (0.5-2.0 m in diameter), 
cobbles, and gravels, as well as occasional sand 
(4.5 m or less). Rock surfaces were smooth and 
rounded. 

On 16 November 1978, we sampled at three 
stations (Fig. 1): Station A was at the 12-m 
depth contour and directly offshore from a 
boulder (4 m in diameter and exposed at the 
shoreline) which served as a permanent loca- 
tion marker; Station B was at a depth of 11 m 
and about 100 m southeast of Station A; and 
Station C was at 8 m about 200 m southeast 

of Station A. The next year, 14 November 1979, 
three different stations were sampled on a 
straight-line transect extending perpendicular 
to shore from the boulder. Station D was at 3 

m, E at 4.5 m, and F at 8 m. Further sampling 
details are given in Table 1. Different depths 
were sampled during the 2-year study in an at- 
tempt to bracket any depth-selective spawning. 
Severe weather, as well as scheduling con- 
straints, precluded further sampling. 

Each sample came from two adjacent 0.5-m • 
areas (quadrats) of bottom, pooled to represent 
1 m • of bottom. The 0.5-m • areas were delin- 

eated by a square sheet-metal frame 4 cm deep 
and 71 cm on a side, then vacuumed by a diver 
using a hand-held hose, 3.8-cm diameter, con- 
nected to a surface-operated, gasoline-powered 
centrifugal pump (designed after Manz 1964). 
As a quadrat was vacuumed, the diver turned 
over small rocks and stirred the water gently to 
try to dislodge eggs wedged in the substrate. 
Eggs mixed with bottom debris were collected 
in a wire-mesh basket suspended in a vacuum- 
tight, 115-1iter drum located ahead of the 
pump to reduce shear, turbulence, and abra- 
sion to the eggs. Upon removal of eggs from 
the collection basket, translucent (potentially 
viable) eggs were separated from opaque (un- 
fertilized, moribund, or dead) eggs and put into 
l-liter, glass jars that were capped and stored 
in a 55-liter ice chest filled with lake water. 

Water temperature in the jars was maintained 
within 1.5 C of ambient lake temperature dur- 
ing transport to the laboratory. Opaque eggs 
were segregated by sample and preserved in a 
5% formaldehyde solution. Within 12 hours 
after collection, potentially viable eggs were 
transferred to a laboratory incubation system 

TABLE 1.--Summary of data on lake trout eggs collected 
in southeastern Lake Michigan near Saugatuck, Michi- 
gan, 16 November 1978 and 14 November 1979. Each 
sample was composed of two 0.5-ra • bottom areas vac- 
uumed with a diver-directed suction pump hose. 

Year, station, 
depth, water Number of 
temperature eggs collected 
and sample Substrate 

number composition a Total Live 

1978 

A (12.0 m, 10 C) 
i C, G, St (0.5) 2 1 
2 B, C, G, St (1) 
3 B, C, G, St 

B (11.0 m, 10.0 C) 

I B, C, G, St (1-2) 3 b 
2 B, C, G, St (1) 
3 C, G, St (1) 

C (8.0 m, 10 C) 
1 B, C, G, St (1) 2 
2 C, G, St (1) 2 1 

1970• 
D (3.0 m, 7.8 C) 

I B, C, G, St 13 4 

E (4.5 m, 7.9 C) 
I C, Sd, St 

F (8.0 m, 8.6 C) 
I B, C, G, Sd, St I I 

a Abbreviations: B = boulder, C = cobble, G = gravel, 
Sd = sand, St = silt. Thickness of silt (ram) given in paren- 
theses; where no value appears, silt was negligible. Surficial 
substrates were arbitrarily classified by diameter: boulder = 
>30 cm, cobble = 5-30 cm, gravel = 0.1-5.0 cm, and sand 
= <0.1 cm. Silt was composed of sediment and organic de- 
tritus. 

b Includes one egg membrane. 

at the Great Lakes Fishery Laboratory, Ann 
Arbor, Michigan. In the laboratory, we counted 
all eggs (live and dead) and attempted to de- 
termine whether fertilization had occurred and 

to what stage development had proceeded. Vi- 
able eggs were incubated until they hatched or 
died. Incubation temperatures ranged from 5.9 
to 8.3 C during 1978; in 1979, they were re- 
duced from 6.1 to 0.6 C and gradually returned 
to 5.3 C in an attempt to simulate the lake 
water-temperature regime. 

Results 

Substrate conditions and associated biota 

A gradation in substrate size from predomi- 
nantly large boulders interspersed with patches 
of sand inshore (Station D, 3 m) to smaller, 
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more homogeneous cobbles offshore (Station 
A, 12 m), was noted by divers. Filamentous pe- 
riphyton (Cladophora and associated biota) was 
several millimeters thick at most stations, except 
at Station D (3 m), where periphyton was 
sparse. About 1 mm of flocculent material 
(composed of sediment, detached periphyton, 
and diatomaceous and organic detritus) cov- 
ered the substrate at deeper stations (8 m or 
more); noticeably less flocculent material was 
observed at shallow stations (4.5 m or less). 

Observations and collections by divers indi- 
cated a higher number and diversity of inver- 
tebrates (amphipods, mysids, chironomids, 
ephemeropterans, gastropods, sphaeriids, 
decapods) in the rocky substrate, indicating 
more productive and heterogeneous benthic 
habitat conditions than those in the sand sub- 

strate surrounding the reef. No invertebrates 
were present in samples collected at Station E 
(a sandy area with isolated clumps of cobbles). 
Horns has shown that crayfish may prey on lake 
trout eggs deposited among rocks (Horns and 
Magnuson, in press). Crayfish also were abun- 
dant in this sampling area, and exposed eggs 
may have been subjected to predation. 

Divers also reported the presence of several 
species of fish, including yellow perch (Per- 
ca flarescerts), alewife (Alosa pseudoharengus), 
common carp (Cyprinus carpio), and sculpin 
(Cottus spp.). Scott and Crossman (1973), Peck 
(1979), and Stauffer and Wagner (1979) con- 
cluded that fish predation did not cause signif- 
icant mortality of lake trout eggs deposited on 
northern Lake Michigan spawning reefs, al- 
though some of these species have been ob- 
served to feed on lake trout eggs. 

Density, viability and survival of eggs 
Eight lake trout eggs and one egg membrane 

were collected in 1978 (Table I). Eggs were col- 
lected in one of the three samples taken at both 
stations A (12 m) and B (11 m), and both sam- 
ples taken at Station C (8 m) contained eggs. 
One live egg was found among eggs collected 
at Station A (12 m) and at Station C (8 m). Of 
the remaining eggs collected in 1978, two fer- 
tilized eggs were dead when collected; the other 
four were too badly damaged during pumping 
to determine their developmental state. The 
two live eggs collected in 1978 were incubated 
at the laboratory and, after 49 days, one egg 
died of unknown causes but was subsequently 
determined to have been fertile. The other egg 

hatched between the 58th and 59th day of in- 
cubation. The larva survived an additional 15- 

16 days, absorbed some of its yolk-sac, but did 
not attain the exogenous feeding stage and died 
of undetermined causes on the 84th day of in- 
cubation (at a length of 19 mm). 

Fourteen eggs were collected during 1979 
(Table I), of which 13 were collected at Station 
D (3 m). Divers reported observing 5-10 eggs 
within a few meters of the sampling quadrats. 
Of the 13 eggs collected at Station D, 4 were 
alive, 3 were dead but appeared to have 
reached the 10-14-day developmental stage, 
and the other 6 were too damaged to assess 
their developmental state. No eggs were col- 
lected at Station E (4.5 m), the area of sandy 
substrate. One live egg was collected at Station 
F (8 m), and the diver counted three additional 
eggs within I m of the sampling quadrats. The 
five live eggs were incubated as in 1978; two 
eggs died on the second day of incubation, one 
on the third day, and one on the 48th day. The 
remaining egg hatched on Day 172. Lower in- 
cubation temperatures (0.6-6.1 C) accounted 
for the longer incubation period observed for 
the 1979 egg, compared with the 1978 egg. The 
larva absorbed its yolk and was fed commercial 
trout food (Silver Cup). After attaining a length 
of 29 mm, it died of unknown causes on the 
259th day of incubation (87 days after hatch- 
ing). 

On 7 November 1978, four gill nets were set 
in the sampling area by United States Fish and 
Wildlife Service biologists. The potential for 
lake trout reproduction was assessed by CPE 
(catch per unit of effort), which was the number 
of spawners captured overnight per 91 linear 
meters of 12.7- or 14.0-cm mesh nylon gill net. 
Two nets set at 5.6 m produced CPE's of 33 (14 
male, 19 female) and 20 (11 male, 9 female), 
respectively, and nets set at 9.1 m had CPE's of 
49 (41 male, 8 female) and 21 (19 male, 2 fe- 
male) spawners. We judged the pot6ntial for 
trout reproduction in the study area to be ex- 
cellent, based upon comparison of our CPE 
data with CPE data from naturally reproducing 
Lake Superior trout discussed by Peck (1979). 
Similar nets were set on 13 November 1979 at 

7.5 m. Catch data were unavailable although 
many ripe spawners of both sexes were cap- 
tured. Biologists again judged lake trout repro- 
ductive potential to be excellent, based upon 
comparison of 1979 with 1978 catches. 

Presence of ripe and spent fish in the study 
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area, as well as the discovery of viable, fertilized 
eggs in 1978 and 1979, indicate that lake trout 
spawned on or near this reef. This finding is 
significant in at least two respects: first, it is the 
most southerly observation of the deposition of 
fertilized eggs by planted lake trout in Lake 
Michigan; and second, the presence of eggs 
proved that spawning occurred in a traditional 
spawning area over natural substrate. An area 
within the moraine that we sampled, historically 
referred to as Honeycomb Reef, was reported 
to be a good lake trout spawning ground in the 
late 1800's (Smith and Snell 1891). Spawning 
is believed to have occurred in the study area 
during the 1970's (personal communication 
from L. Wells, Great Lakes Fishery Laboratory, 
Ann Arbor, Michigan), but apparently there 
was no successful overwintering of eggs and 
survival of larvae. 

Martin and Otver (1980) noted that, while 
eggs immediately filter down through the in- 
terstices in rocks at oviposition, it may take sev- 
eral days for the eggs to fully settle and wedge 
into spaces in the substrate. During this period, 
the eggs may be subject to scattering or trans- 
port because of their semibuoyant nature. Eggs 
deposited over unsuitable substrate (e.g., in- 
terstices too shallow or wide) would undoubt- 
edly be subjected to increased disturbance, dis- 
persal, and mortality. During 1979, the largest 
concentration of eggs was found inshore at Sta- 
tion D. To what extent this concentration of 

eggs represented depth-selective spawning or 
simply onshore transport of eggs by wave action 
is unknown. Nevertheless, the net result was 
that most of the eggs would have been exposed 
to harsh environmental conditions (wave ac- 
tion, currents, ice scour) associated with this 
extreme inshore area. 

Twice during April, four times during May, 
and three times during June 1980, in conjunc- 
tion with a different project, divers returned to 
the study area and visually examined the sub- 
strate and dislodged rocks at 3, 6, 9, and 12 m 
to search for eggs. None were found. Gillnet- 
ting conducted concurrently with diving at 
these depths yielded about 500 yellow perch. 
Examination of the stomachs revealed no trout 

eggs or fry. 

Discussion 

Lake trout stocked in Lake Michigan since 
1965 were produced from four brood stocks-- 

Lake Superior strain, Manitoba strain, Apostle 
Island strain, and Green Lake strain (descend- 
ed in part from native lake trout which 
spawned on the Mitwaukee-Sheboygan Reef 
Complex in Lake Michigan). As discussed by 
Brown et at. (in press), the four brood stocks 
may have different physiological, behavioral, 
and developmental characteristics, and only the 
Green Lake strain is descended from fish native 

to Lake Michigan. Given the range of depths 
(0.6-85 m) and substrate conditions (cobble, 
boulders, honeycombed limestone outcrop- 
pings, gravel, and clay) •associated with the var- 
ious traditional spawning areas in Lake Michi- 
gan alone, area-specific adaptations may have 
existed among the now-extinct Lake Michigan 
lake trout stocks (Brown et at., in press). The 
eggs currently deposited in the study area may 
not be adapted to this harsh inshore environ- 
ment. For example, eggs deposited at 3-12 m 
among rounded cobble with limited interstices 
would be more vulnerable to effects of turbu- 

lence, dislocation, and abrasion than eggs de- 
posited at 60 m on the mid-lake, Milwaukee- 
Sheboygan Reef Complex. 

Dislocation has repeatedly been demonstrat- 
ed to be a cause of egg loss. During 9-10 No- 
vember 1975, an intense storm passed through 
the Great Lakes region and thousands of wind- 
rowed lake trout eggs were observed along the 
beach at the D.C. Cook Nuclear Plant, Bridg- 
man, Michigan (Jude et at. 1979), and near 
Chartevoix, Michigan (personal communication 
from T. M. Stauffer, Marquette Fisheries Re- 
search Station, Marquette, Michigan). Similar 
observations along eastern Lake Michigan have 
been reported to us over the past few years. 
Extensive bottom scouring by winter storms in 
an area used by spawning lake trout of hatchery 
origin in Henderson Harbor in eastern Lake 
Ontario, has also been observed (personal com- 
munication from R. Bergstedt, Great Lakes 
Fishery Laboratory, Ann Arbor, Michigan). 
Clady and Hutchinson (1975) also cited wind- 
induced dislocation and discussed mortality as- 
sociated with beaching of eggs spawned by yel- 
low perch in Oneida Lake, New York. 

If physiological and behavioral adaptation to 
depth and substrate conditions at a given 
spawning site plays a significant role in the ge- 
netic differentiation of native populations of 
lake trout, as suggested by Brown et at. (in 
press), development of self-sustaining popula- 
tions may be hindered by the length of time 
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required for development of area-specific ge- 
notypes. 

Live eggs were collected by other investi- 
gators during the fall at North Point Reef in 
northern Lake Michigan near Charlevoix, 
Michigan in 1973, 1974, and 1975, and in 
Grand Traverse Bay at Bower's Harbor and 
New Mission Point in 1976 (Wagner 1981). 
Substrates consisted of naturally occurring de- 
posits of boulders, cobbles, gravels, and occa- 
sional sands. In all years, sampling for emer- 
gent fry with a variety of gear was conducted 
during the subsequent spring, but none were 
collected. During March-May 1977, 59 lake 
trout fry were entrained at the Traverse City 
Municipal Power Plant (WAPORA 1977). Dur- 
ing that fall, live eggs of eyed and earlier stages 
were collected in Grand Traverse Bay from the 
intake crib at the Traverse City Municipal Pow- 
er Plant and surrounding spilled rock, and 
from the Elmwood Marina riprap (Wagner 
1981). In the following spring, eggs nearly 
ready to hatch and sac fry were collected at the 
power-plant intake crib; at Elmwood Marina, 
fry were collected but no eggs were observed 
(Wagner 1981). These data demonstrated that, 
since 1973, some spawning and limited survival 
of fry have occurred in northern Lake Michi- 
gan, but no lake-produced yearlings or older 
fish have been found. 

Martin and Olver (1980) state, "due to the 
erratic nature of [lake trout] egg distribution 
amongst the rubble and their proclivity to dis- 
perse when disturbed, it is difficult to estimate 
egg density on the beds." In our study, egg den- 
sities ranged from 0 to 13/m 2. Examination of 
the largest sample (Station D, 1979) revealed 
that four (31%) of the eggs were alive, three 
(23%) were dead but had been fertilized, and 
the other six were too damaged during pump- 
ing to distinguish their condition. Martin (1957) 
found egg densities in Ontario lakes ranged 
from 91 to 1,443/m 2 (average, 538/m•). Hindley 
et al. (1977) observed lake trout egg densities 
of 8-69/m • in Lake Simcoe, Ontario, and 70% 
of the eggs collected were alive. Peck (1978) 
found egg densities ranging from 0 to 13,400/ 
m • (average, 450/m •) on an artificial substrate 
(rock-covered intake structure at the Upper 
Peninsula Power Company's Presque Isle Pow- 
er Station) in Presque Isle Harbor, southern 
Lake Superior; 75% of the eggs collected were 
fertile, and less than 1% of the fertile eggs were 

dead. In northern Lake Michigan, Wagner 
(1981) collected 10 eggs from a 21.2-m 2 area 
(0.38 eggs/m•), and 23 eggs from a 297.3-m • 
area (0.07 eggs/m•). 

Since both the Lake Simcoe and southern 

Lake Superior trout populations are fully to 
partly self-sustaining, the preceding data sug- 
gest that egg densities may be critically low on 
Lake Michigan reefs. An alternate possibility is 
that sampling may have missed the areas with 
good spawning substrate. Brown et al. (in press) 
note that traditional spawning reefs and shoals 
contain many different types of substrate, only 
a small fraction of which may be suitable for 
the protection and incubation of lake trout em- 
bryos. Stamm et al. (1981) discuss this sampling 
problem and the design of an appropriate reef 
survey and lake trout egg-sampling program. 
The problem of whether these low densities are 
due to an insufficient number of spawners on 
reefs or to egg losses after deposition must be 
resolved if self-sustaining populations are to be 
reestablished in Lake Michigan. 

Viability of lake trout eggs from hatchery 
brood stock is high. Normal hatchery yield 
from fertilization of green eggs to the eyed 
stage (development of visible eye pigmentation) 
is 60-75%, and survival from the eyed stage to 
hatching is 85% (personal communication from 
L. C. Wubbels, Jordan River National Fish 
Hatchery, Elmira, Michigan). Laboratory in- 
cubation of the live eggs we collected from Lake 
Michigan during 1978 and 1979 resulted in 
50% and 20% survival, respectively, from fer- 
tilization to hatching. From 48 hours after 
water hardening to the eyed stage, lake trout 
eggs are particularly sensitive to perturbations 
(e.g., abrasion, agitation, bruising, physical de- 
formation from shear forces). Such perturba- 
tions undoubtedly occurred during pumping 
and handling of eggs we collected, a factor that 
may have reduced survival of our eggs. The 
extremely small sample sizes and very sparse 
egg distributions, however, precluded valid sta- 
tistical analyses of differences between ob- 
served and expected survival (85% in the hatch- 
ery) from fertilization to hatching. 

During April-August 1980, after our study 
was completed, 60 lake trout fry were collected 
in trawls and sleds towed in the vicinity of the 
J. H. Campbell Power Plant at Port Sheldon, 
Michigan, in southeastern Lake Michigan (Jude 
et al. 1981). Fry ranged from 22 to 62 mm in 
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total length and weighed from 0.1 to 1.8 g. Pre- 
sumably, spawning had occurred over a newly 
placed (fall 1979) riprap stretching from shore 
to the 11-m depth contour. The recovery of 
lake trout fry in 1980 at the Campbell Plant 
near Port Sheldon, north of our study area in 
eastern Lake Michigan (Fig. 1), may have been 
the result of optimal spawning substrate and 
incubation conditions, including a substrate 
composed of newly placed clean riprap (free of 
silt and periphyton), variable in size, and inter- 
spersed with deep crevices within which the 
eggs and sac fry were protected from ice scour- 
ing and wave action. Fish moving alongshore 
would have encountered the reef (positioned 
perpendicular to shore) which offered a clean 
spawning substrate extending over a wide 
range of depths (0.5-11 m). The relatively 
clean condition of the riprap as a habitat 
that we observed probably was responsible for 
the sparse populations of benthic macrofauna 
such as sculpins and crayfish, as discussed by 
Dorr and Miller (1975) and Dorr and Jude 
(1980). 

Our study suggests that suboptimal incuba- 
tion conditions at sites being used for spawning 
by planted fish may be limiting lake trout re- 
production in Lake Michigan. Insufficient 
numbers of eggs, combined with adverse in- 
cubation conditions (turbulence, abrasion, sedi- 
mentation, and suffocation) may be hindering 
reproductive success. Also, fish may not be ge- 
netically adapted to this spawning location in 
that aspects of their reproductive behavior 
(depth and substrate selection) or egg physiol- 
ogy may not be compatible with site-specific in- 
cubation conditions. 
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