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Abstract.—Populations of lake herring Coregonus artedi in Lake Superior have exhibited high
recruitment variability over the past three decades. To improve our understanding of the mecha-
nisms which influence year-class strength, we conducted a 225-d laboratory experiment to evaluate
the effects of body size, physiological condition, energy stores, and food ration on the winter
survival of age-0 lake herring. Small (total length [TL] range 5 60–85 mm) and large (TL range
5 86–110 mm) fish were maintained under thermal and photoperiod regimes that mimicked those
in Lake Superior from October through May. Fish in each size-class were maintained at two
feeding treatments: brine shrimp Artemia spp. ad libitum and no food. The mortality of large lake
herring (fed, 3.8%; starved, 20.1%) was significantly less than that of small fish (fed, 11.7%;
starved, 32.0%). Body condition and crude lipid content declined for all fish over the experiment;
however, these variables were significantly greater for large fed (0.68% and 9.8%) and small fed
(0.65% and 7.3%) fish than large starved (0.49% and 5.7%) and small starved (0.45% and 4.8%)
individuals. Final crude protein and gross energy contents were also significantly greater in large
fed lake herring (17.6% and 1,966 cal/g), followed by small fed (17.1% and 1,497 cal/g), large
starved (15.4% and 1,125 cal/g), and small starved (13.2% and 799 cal/g) fish. Lake herring that
died during the experiment had significantly lower body condition and energy stores relative to
those of the surviving fish. These results suggest that the depletion of energy stores contributes
to greater winter mortality of small lake herring with limited energy uptake and may partially
explain the variability in recruitment observed in Lake Superior.

Lake herring Coregonus artedi were once the
primary species harvested from Lake Superior,
comprising 74% of the total U.S. commercial yield
for the lake (Anderson and Smith 1971; Baldwin
et al. 1979). Populations collapsed lakewide dur-
ing the late 1960s as a result of overexploitation,
and stocks have failed to recover to historical lev-
els (Selgeby 1982; Hoff 2004). Since 1970, the
year-class strength of lake herring in Lake Superior
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has been highly variable, fluctuating by a factor
of nearly 4,000 (Hoff 2004). Although the mech-
anisms which regulate the recruitment variability
of lake herring remain unknown, Selgeby (1982)
indicated that some form of density-independent
mortality regulates year-class strength and has lim-
ited recovery of depressed stocks.

The year-class strength of most fish populations
is determined during the first year of life (Craig
1980; Henderson et al. 1988). One factor that is
known to influence recruitment is body size, par-
ticularly during the first winter of life (Toneys and
Coble 1979; Post and Prankevicius 1987; Post and
Evans 1989; Smith and Griffith 1994; Meyer and
Griffith 1997; Gotceitas et al. 1999; Sutton and
Ney 2001). Over the course of the winter at tem-
perate latitudes, the physiological condition of
fishes can decline as energy stores become de-
pleted (Pierce et al. 1980; Toneys and Coble 1979;
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Cunjak 1988; Cargnelli and Gross 1997; Hurst et
al. 2000). The capacity for energy storage is di-
rectly dependent on fish body size, where lipid and
protein content comprise a greater portion of total
body mass in larger individuals (Wicker and John-
son 1987; Thompson et al. 1991; Miranda and
Hubbard 1994). Weight-specific basal metabolism
is also size dependent, creating a greater relative
energy demand for smaller fish (Shuter and Post
1990). As a result, smaller individuals may com-
pletely exhaust their energy reserves before winter
ends and die at a disproportionately greater rate
than larger fish of the same cohort due to starva-
tion, disease, predation, or immunosuppression
(Henderson et al. 1988; Johnson and Evans 1991;
Miranda and Hubbard 1994; Hurst et al. 2000; Sut-
ton and Ney 2001).

Variability in age-0 lake herring body size at the
onset of winter could similarly influence recruit-
ment and contribute to the variability in year-class
strength that has been observed in Lake Superior.
The growth of age-0 lake herring in the Laurentian
Great Lakes is confined to the ice-free period, with
maximum growth occurring from June through
August (Smith 1956; Dryer and Beil 1964; Edsall
and DeSorcie 1999). The body size of lake herring
immediately prior to the onset of winter is pri-
marily dependent upon the length of the growing
period, water temperature, and prey availability
(Hile 1936; Carlander 1945; Anderson and Smith
1971; McCormick et al. 1971; Selgeby et al. 1978;
Kinnunen 1997). Kinnunen (1997) reported that a
4.28C increase in water temperature allowed the
1987 cohort in Lake Superior to grow 32% longer
than the 1986 year-class. In addition, the northern
shoreline along Minnesota was consistently the
coolest among all areas of Lake Superior, while
the southern shoreline along Wisconsin was con-
sistently the warmest, resulting in a 25–29-mm
length difference for fish exposed to warmer wa-
ters (Kinnunen 1997). In addition, Minnesota wa-
ters supported the lowest biomass (kg/ha) of lake
herring, while Wisconsin waters experienced an
11-fold increase in biomass between 1978 and
1995 (Hoff, unpublished data). Therefore, annual
and regional differences in growth and year-class
strength among lake herring stocks in Lake Su-
perior appear to provide conditions which may fa-
cilitate size-dependent winter survival.

The objective of this study was to evaluate the
effects of body size, physiological condition, en-
ergy stores, and food resource availability on the
winter survival of juvenile lake herring over a 225-
d laboratory experiment at conditions that mim-

icked an average Lake Superior winter. The antic-
ipated results of this study were that (1) the phys-
iological condition and proximate composition of
lake herring during the first year of life would be
directly proportional to fish body length and feed-
ing level; (2) the utilization of stored body energy
and loss of body mass over the winter would be
greater for smaller lake herring within the age-0
cohort; and (3) age-0 lake herring in large body
size and fed treatments would experience lower
winter mortality than small and starved groups.
Based on these study results, we will gain a better
understanding of the role of biotic and abiotic fac-
tors that influence recruitment variability of lake
herring in Lake Superior.

Methods

Juvenile lake herring were cultured from eggs
obtained from spawning adults collected in com-
mercial gill nets from Keweenaw Bay, Lake Su-
perior, in December 2001. Fertilized eggs were
incubated at the Red Cliff Tribal Hatchery (Bay-
field, Wisconsin) in 6-L MacDonald jars at 88C
until they reached the eyed stage. Eggs were then
transported to the Purdue University Aquaculture
Research Laboratory (West Lafayette, Indiana)
and incubated at similar conditions until hatching.
Following hatching, larvae were reared in four,
650-L flow-through aquaria and fed a combination
of live brine shrimp Artemia spp. nauplii (Summit
Artemia, Instar Technologies, Hyrum, Utah) and a
moist formulated feed (Bio-Grower feed, Bio-
Oregon, Inc., Warrenton, Oregon) ad libitum. Wa-
ter quality in the rearing aquaria was maintained
at the following conditions: temperature, 13.0 6
1.08C; dissolved oxygen, greater than 8.5 mg/L;
and flow rate, 6 L/min. Lake herring were reared
under these conditions for 180 d until they reached
50–129 mm total length (TL) in late August 2002.

The laboratory experiment was conducted in a
recirculating culture system containing twenty-four
110-L aquaria. Water outflow in each aquarium was
controlled using a 26-mm-diameter standpipe en-
closed by a 78-mm-diameter Venturi tube and
drained into three, 800-L settling chambers which
contained biomedia and air stones to provide sup-
plemental aeration. Water was passed through two
50-mm and one 100-mm mechanical particle filters,
and an eight-bulb ultraviolet sterilizer using a 1.5-
horse power (1 horse power 5 746 W) electric
pump before returning to experimental aquaria. Wa-
ter flow to each aquarium was maintained at 3.8 L/
min, and temperature was controlled using three
submersible chiller units (Frigid Units, Inc., Toledo,
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Ohio). Photoperiod was controlled using the com-
puter program ModScan32 to correspond with the
light regime at 46.58N latitude (WinTECH Software
Design, Lewisburg, West Virginia). Total ammonia
nitrogen and nitrite-nitrogen concentrations were
monitored weekly using the Hach DR2000 spectro-
photometer (Hach Company, Loveland, Colorado),
while temperature and dissolved oxygen levels were
monitored using a YSI 6-Series sonde (Yellow
Springs Instruments, Yellow Springs, Ohio). Water
quality parameters were maintained at acceptable
levels over the duration of the experiment (dis-
solved oxygen [range 5 8.52–9.55 mg/L]; total am-
monia-nitrogen [range 5 0.02–0.06 mg/L]; and ni-
trite-nitrogen [range 5 0.004–0.008 mg/L]), no sig-
nificant differences being detected among experi-
mental aquaria (one-way analysis of variance
[ANOVA], all P . 0.11).

Prior to the start of the experiment, juvenile lake
herring were separated into either a small (range
5 50–85 mm TL) and large (range 5 85–129 mm
TL) size-class. These size-classes were the lower
and upper halves of the range of lengths that would
be expected for age-0 lake herring in Lake Su-
perior immediately prior to the onset of winter
(Kinnunen 1997). Thirty small or 15 large fish
were randomly allocated to each aquarium (eight
aquaria per size-class), with the biomass being
similar among aquaria (0.92 6 0.02 g/L), regard-
less of treatment (F3,15 5 3.01, P 5 0.08). Sixty
small and 30 large individuals not used in the ex-
periment were measured for TL to the nearest 1
mm, weighed to the nearest 0.01 g wet weight, and
frozen at 2808C for subsequent proximate-
composition analyses. Two feeding regimes were
also used during the experiment: an ad libitum
ration of Artemia nauplii twice each day (0800 and
1600 hours) and starvation. This broad range in
feeding ration treatments was chosen because it is
not known whether juvenile lake herring feed dur-
ing winter months. Each feeding regime was ran-
domly assigned to four aquaria within each size-
class. Thus, a 2 3 2 (body size 3 feeding ration)
block design was conducted, with each treatment
having four replicates.

Following a 14-d acclimation period, lake herring
were subjected to environmental conditions that they
would be expected to encounter in Lake Superior
from October through April. Over a 52-d period,
water temperature was decreased from 10–28C at a
rate of 0.158C/d, and remained static at 28C for 130
d. Water temperature was then increased over a 43-
d period to 108C at a rate of 0.198C/d. During the
experimental period, uneaten food and fecal material

were removed by siphon on a daily basis, and dead
fish were removed from each aquarium and frozen
for subsequent proximate-composition analyses. On
days 75 and 150 of the experiment, 25% of the sur-
viving fish in each tank were randomly collected and
removed, measured for TL and wet weight to the
nearest 1 mm and 0.01 g, respectively, and frozen
at2808C for subsequent proximate-composition
analyses. All fish remaining at the end of the ex-
periment (day 225) were sacrificed, measured for TL
and wet weight as described previously, and frozen
prior to proximate-composition analyses. Percent
mortality (A) for each treatment that occurred be-
tween each sampling period was calculated as

A 5 (12[N /(N 2 X)]) 3 100,s 0

where Ns is the number of surviving individuals per
treatment of sample s, N0 is the initial number of
fish per treatment, and X is the total number of fish
removed from mortality or sampling prior to the
sample period. Total length and wet weight of in-
dividual fish sampled during the experiment were
used to calculate Fulton condition factor ([wet
weight/TL3] 3 105; Anderson and Neumann 1996).

Proximate-composition analyses.—Crude lipid,
crude protein, and gross energy content were an-
alyzed from lake herring sampled on days 0, 75,
150, and 225 of the experiment and from those
fish that had died during the experimental period.
All fish were dried at 1008C for 24 h to determine
whole-body moisture content (Helrich 1990). For
each sampling date, fish samples were homoge-
nized and pooled with other individuals of the
same replicate tank, resulting in four subsamples
per treatment for each date. Fish that died during
the experiment were pooled separately. Dried tis-
sue (1 g) of each replicate was placed in a Soxhlet
apparatus using a 2:1 mixture of chloroform and
methanol for 24 h to extract lipids (Folch et al.
1957), and whole-body crude lipid content was
calculated as {[(initial weight—extracted weight)
3 100]/initial weight}, where all weights are in
milligrams.

Crude protein content was determined using a
nitrogen analyzer (Perkin-Elmar 2410 Series II,
Norwalk, Connecticut) following procedures out-
line by Helrich (1990). Samples (0.2 g per repli-
cate) were combusted to estimate total nitrogen
content, which was converted to crude protein us-
ing the following relationship: percent nitrogen 3
6.25. Gross energy content (cal/g ash-free dry
weight) was determined using a Parr oxygen com-



1238 PANGLE ET AL.

FIGURE 1.—Cumulative mortality of large and small lake herring subjected to fed and starved feeding treatments
(see text) over the 225-d laboratory experiment. Values are means 6 SEs of four replicates per treatment group.

bustion bomb calorimeter (Parr Instruments, Mo-
line, Illinois) following procedures described by
Pierce et al. (1980).

Data analysis.—To detect differences in body
size, Fulton condition factor, and proximate-
composition parameters among treatments, data
were analyzed by means of a factorial repeated-
measures ANOVA following general linear model
(GLM) procedures of the Statistical Analysis Sys-
tem (Zar 1999). A factorial ANOVA following
GLM procedures was used to compare final mean
percent mortality among treatments. An interac-
tion term between body size and food ration treat-
ments was included in both factorial analyses. A
one-way blocked ANOVA following GLM pro-
cedures was used to detect overall differences in
experimental parameters between lake herring that
survived the experiment and those that died
blocked by treatment group (i.e., small fed, small
starved, large fed, and large starved treatments).
All percentage data were arcsine-transformed prior
to statistical analysis (Zar 1999). Median, range,
skewness, and kurtosis were also calculated to bet-
ter describe changes to the length- and weight-
frequency distributions from the beginning to the
end of the simulated winter period.

Results

Mortality

Lake herring mortality was strongly influenced
by body size and feeding ration treatment over the
experimental period (Figure 1). On day 75, the
mean mortality of large and small starved lake
herring was 13.4% and 15.0%, respectively, while

that of large and small fed fish remained low (1.7%
and 5.8%, respectively). The difference in mean
mortality continued to increase over the experi-
mental period, with a final cumulative mean mor-
tality on day 225 of 20.1% and 32.0%, respec-
tively, for large and small starved lake herring and
3.8% and 11.7%, respectively, for large and small
fed fish. Over the duration of the experiment, mor-
tality was significantly greater in small body size
and starved treatments (F1,15 5 5.80, P 5 0.05;
F1,15 5 11.65, P , 0.01, respectively). No signif-
icant interaction term was identified among body
size and food ration treatments for lake herring
mortality during the experiment (F3,15 5 0.14, P
5 0.72).

Body Size

Changes in lake herring body length during the
experimental period varied among size and feeding
ration treatments (Figure 2a). At the onset of the
experiment, the mean TL of large lake herring
(97.5 mm) was significantly greater (F1,15 5 38.95,
P , 0.01) than that of small individuals (76.2 mm),
regardless of feeding treatment. The final mean TL
of lake herring was 120.3 and 104.2 mm, respec-
tively, in large fed and starved treatments and 95.4
and 85.5 mm, respectively, in small fed and
starved treatments. Over the duration of the ex-
periment, the starved treatment had a significant
negative affect on mean TL (F1,15 5 24.81, P ,
0.01). However, no significant interaction term was
identified among the body size and food ration
treatments of lake herring for TL (F1,15 5 0.27, P
5 0.61). During this period, the length-frequency
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FIGURE 2.—(a) Total length and (b) wet weight of large and small lake herring subjected to fed or starved feeding
treatments over the 225-d laboratory experiment. Values are means 6 SEs of four replicates per treatment group.

TABLE 1.—Descriptive statistics of lake herring length- and weight-frequency distributions for large and small size-
classes sampled on experimental days 0 and 225.

Size-
class

Day of
experiment Median Range Skewness Kurtosis

Total length (mm)

Large

Small

0
225

0
225

95.0
110.0
76.0
91.0

87–120
97–125
55–84
76–103

1.01
0.11

20.18
20.09

0.87
21.11
21.02
20.72

Wet weight (g)

Large

Small

0
255

0
255

6.8
7.2
2.9
4.3

4.1–13.2
4.9–15.5
1.9–4.7
1.7–8.0

0.93
0.79
0.36
0.39

0.81
20.60
21.27
20.47

distributions for large and small lake herring be-
came narrower in range (Table 1). Further, the
length-frequency distribution of large fed and
starved fish became more bimodal, with negative
changes in skewness and kurtosis. In contrast, the
final length-frequency distribution of small fed and
starved fish became more positively skewed, un-
imodal, and positively kurtotic.

Lake herring in the fed treatments increased in
mean wet weight over the experimental period,
while starved fish declined in mean wet weight
(Figure 2b). The final mean wet weight of large
fed and starved fish was 11.9 and 5.6 g, respec-
tively, while small fed and starved fish weighed
5.7 and 2.9 g, respectively. Over the experiment,
fish in the starved treatment had a significant neg-

ative affect on mean wet weight (F1,15 5 49.86, P
, 0.01). No significant interaction term was ex-
hibited among body size and food ration treat-
ments for wet weight (F3,15 5 0.27, P 5 0.61).
Over the experimental period, the weight-frequency
distributions for large and small lake herring be-
came more broad in range (Table 1). Similar to
length-frequency distributions, the weight-frequency
distribution of the small size-class of fish became
more positively skewed and kurtotic, while the large
size-class became more negatively skewed and kur-
totic over the experiment.

Fulton Condition Factor

The condition of all lake herring treatment
groups decreased over of the experiment, the de-
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FIGURE 3.—Fulton condition factor of large and small lake herring subjected to fed and starved feeding treatments
over the 225-d laboratory experiment. Values are means 6 SEs of four replicates per treatment group.

clines being strongly influenced by body size and
feeding ration (Figure 3). Although the initial
mean Fulton condition factor did not differ sig-
nificantly among treatments (F3,15 5 2.69, P 5
0.09), condition declined for large and small
starved fish (0.80 and 0.68, respectively) after d
75. Between days 75 and 150, mean Fulton con-
dition factor began to decline for fish in both fed
treatments, regardless of body size. Final mean
Fulton condition factor was greater for large and
small fed lake herring (0.68 and 0.65, respectively)
than large and small starved fish (0.49 and 0.45,
respectively). Large body size and fed treatments
had a significantly greater condition factor over
the duration of the experiment (F1,15 5 4.59, P 5
0.05; F1,15 5 79.01, P , 0.01, respectively). No
significant interaction term was identified among
body size and food ration treatments for Fulton
condition factor over the experiment (F3,15 5 1.36,
P 5 0.27).

Proximate Composition

Declines in the crude lipid content of lake her-
ring varied among the experimental treatments
(Figure 4a). At the onset of the experiment, the
mean crude lipid content of large lake herring
(12.9%) was significantly greater (F3,15 5 32.43,
P , 0.01) than that of small lake herring (9.5%).
By day 75, mean crude lipid content declined in
large starved fish (10.9%) but remained relatively
constant in all other groups. The mean crude lipid
content of small starved individuals (6.0%) also
declined by day 150. The final mean crude lipid
content was greater in large and small fed treat-

ments (9.8% and 7.3%, respectively) than that for
large and small starved fish (5.7% and 5.8%, re-
spectively). Over the experiment, large body size
and fed treatments had a significantly greater crude
lipid content than small body size and starved
treatments (F1,15 5 26.81, P , 0.01; F1,15 5 77.05,
P , 0.01, respectively). No significant interaction
term was identified among body size and food ra-
tion treatments for crude lipid content during the
experiment (F3,15 5 3.91, P 5 0.07).

Crude protein content differed among body size
and feeding ration treatments over the experiment
(Figure 4b). There were no large differences in
crude protein content among groups on days 0 and
75 of the experiment; however, on day 150, an
increase in crude protein content was observed for
large and small fed lake herring (17.2% and 16.4%,
respectively). This contrast increased by the final
sampling period, where the mean crude protein
content of large and small fed treatments (17.7%
and 17.1%, respectively) was greater than that of
large and small starved fish (15.4% and 13.2%,
respectively). Over the experiment, fish in large
body size and fed treatments had a significantly
greater crude protein content than small body size
and starved treatments (F1,15 5 10.36, P , 0.01;
F1,15 5 99.79, P , 0.01, respectively). No signif-
icant interaction term was identified among body
size and food ration treatments for crude protein
content (F3,15 5 3.99; P 5 0.06).

The gross energy content of lake herring in
starved treatments declined over the duration of
the experiment, while the that of fed fish remained



1241OVERWINTER SURVIVAL OF JUVENILE LAKE HERRING

FIGURE 4.—Proximate-composition variables of large and small lake herring subjected to fed and starved feeding
treatments over the duration of the 225-d experiment: (a) crude lipid content, (b) crude protein content, and (c)
gross energy content. Variables are reported as a percent of wet weight except for gross energy content, which is
reported as cal/g of wet weight. Values are means 6 SEs of four replicates per treatment group.

relatively constant (Figure 4c). Initial gross energy
content was significantly greater (F3,15 5 38.93, P
, 0.01) in large (2,132 cal/g) than in small fish
treatments (1,454 cal/g). After day 75, small fed
lake herring (1,395 cal/g) had a greater mean gross
energy content than large starved fish (1,216 cal/
g). By day 150, the mean gross energy content of
fish in large and small fed treatments (2,058 and
1,706 cal/g, respectively) was greater than that of
large and small starved fish (1,390 and 1,018 cal/g,
respectively). Gross energy content remained rela-
tively constant over the remainder of the experiment
between feeding ration treatments, regardless of
body size. Over the experimental period, large
body size and fed treatments had significantly
greater effects on mean gross energy content than
small body-size and starved treatments (F1,15 5
74.00, P , 0.01; F1,15 5 249.93, P , 0.01, re-
spectively). No significant interaction term was

identified among body size and food ration treat-
ments for gross energy content (F3,15 5 0.79, P ,
0.40).

Comparison of Surviving versus Dead Fish

The experimental parameters for lake herring
that survived the 225-d study were significantly
different than those of fish that died (Table 2).
Surviving lake herring were larger in body size,
the mean TL of survivors being significantly great-
er than that of dead fish (F1,3 5 107.5, P , 0.01).
In addition, the wet weight of surviving lake her-
ring was also significantly greater than the wet
weight of fish that died (F1,3 5 5.87, P 5 0.05).
In contrast, mean condition factor did not differ
significantly between surviving and dead lake her-
ring (F1,3 5 0.52, P 5 0.50). Mean crude lipid
content was significantly greater for surviving lake
herring than for those that died (F1,3 5 15.93, P
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TABLE 2.—Body size, physiological condition, and energy stores of large and small lake herring subjected to fed and
starved feeding treatments grouped according to whether fish survived and died over the 225-d experimental period.
Values are the means and ranges of four replicates per treatment group. See text for an explanation of the treatments.

Variable
Fate of

fish Large fed Large starved Small fed Small starved

Total length (mm)

Wet weight (g)

Survived
Died
Survived
Died

120.3 (117–125)
97.4 (89–102)
11.9 (10.1–15.5)
7.2 (5.3–9.8)

104.2 (101–107)
90.0 (87–92)
5.6 (5.0–6.5)
4.9 (3.7–6.5)

95.4 (91–103)
72.7 (63–80)
5.7 (4.6–7.3)
3.2 (2.5–4.9)

85.5 (79–93)
66.2 (62.3–74.0)
2.9 (2.0–4.0)
2.4 (1.7–4.0)

Fulton condition
factor

Crude lipid (%)

Survived

Died
Survived
Died

0.67 (0.61–0.79)

0.61 (0.76–0.50)
9.7 (8.7–10.8)
7.9 (5.6–10.0)

0.49 (.48–0.52)

0.55 (0.40–0.64)
5.6 (5.4–5.9)
4.0 (3.4–4.5)

0.65 (0.60–0.67)

0.60 (0.44–0.78)
7.4 (7.0–8.7)
6.3 (5.7–7.4)

0.45 (0.41–0.50)

0.40 (0.37–0.49)
4.8 (3.5–6.6)
3.3 (2.9–4.2)

Crude protein (%)

Gross energy
(cal/g)

Survived
Died
Survived
Died

17.7 (17.0–18.4)
14.1 (13.1–15.2)

1,966 (1,856–2,200)
1,339 (1,244–1,421)

15.4 (14.6–16.4)
13.2 (12.7–14.4)

1,124 (1,069–1,177)
816 (626–898)

17.1 (16.5–18.4)
14.8 (12.7–16.0)

1,497 (1,241–1,705)
1,280 (1,072–1,408)

13.2 (12.2–13.9)
13.4 (12.9–14.2)
799 (607–933)
658 (505–810)

5 0.01). Although mean crude protein content was
not significantly different between lake herring
that survived than those that died (F1,3 5 2.67, P
5 0.15), the fish that survived the experiment had
significantly greater mean gross energy content
than those that died (F1,3 5 28.46, P , 0.01).

Discussion

Our results indicated that the overwinter mor-
tality of juvenile lake herring was strongly influ-
enced by body size and the availability of food
resources. During the winter period, fish in large
and fed treatment groups experienced less mor-
tality than small and starved individuals, and the
mean body size of fish that survived the experi-
ment period was greater than those that died. In
addition, the final length-frequency distributions
of the small fed and starved fish became more
positively skewed and unimodal as a result of the
mortality of the smallest individuals. This pattern
of size-dependent mortality has also been observed
in other fishes. Meyer and Griffith (1997) found
that large body size had a positive effect on the
winter survival of age-0 rainbow trout Oncorhyn-
chus mykiss and brook trout Salvelinus fontinalis.
Sutton and Ney (2001) reported that the length-
frequency distribution of age-0 striped bass Mo-
rone saxatilis shifted from bimodal to unimodal
over the winter because small fish were lost from
the age-0 cohort. Similar findings have also been
reported for field studies which evaluated the size
distributions of age-0 fishes before and after winter
(Toneys and Coble 1979; Henderson et al. 1988;
Post and Evans 1989).

Based on the differences between lake herring
that survived and those that died over the exper-

iment, winter mortality appeared to have resulted
from the depletion of energy stores. The cause of
mortality was likely due to the fish’s inability to
maintain basal activities, such as ionoregulation
(Savitz 1971). Further, the proximate composition
of lake herring suggests that smaller individuals
were more susceptible to this form of mortality.
At the onset of winter, Fulton condition factor and
the crude lipid, crude protein, and gross energy
contents of large fish (regardless of feeding ration
treatment) were greater than for small individuals.
In contrast, small fish have been shown to devote
greater energy to somatic growth than to the elab-
oration of lipid reserves (Henderson et al. 1988).
During our study, this difference increased as win-
ter progressed, with the greatest declines in phys-
iological condition and energy stores occurring for
small and starved lake herring. Because of the al-
lometric relationship associated with body size and
basal metabolism (Pierce et al. 1980; Toneys and
Coble 1979; Cunjak 1988; Cargnelli and Gross
1997; Hurst et al. 2000), small lake herring ex-
hibited greater depletions in energy reserves over
the winter period than larger conspecifics.

The differential changes in lake herring proximate-
composition parameters provided further evidence
of a size-dependent utilization of energy stores and
winter mortality. The crude lipid content of lake
herring declined in all experimental treatments
during the initial 75 d of the study, while differ-
ences in crude protein content among large and
small lake herring did not occur until day 150.
Because of their high specific energy value (8,000
cal/g) and digestibility, lipids are the primary en-
ergy store used by fish and thus are the first energy
source to be metabolized (Halver 1976; Pierce et
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al. 1980; Post and Evans 1989). The utilization of
proteins, which do not offer high energy content
(5,700 cal/g), indicates the loss of lipid reserves
(Savitz 1971; Kirjasniemi and Valtonen 1997). Be-
cause proteins cannot endogenously sustain the
metabolic demand of fish for long periods of time
(Brody 1945; Chang and Idler 1960; Jobling
1980), fish must maintain a baseline level of lipid
stores to survive periods of low energy intake
(Hoar 1983). As a result, lake herring in small
body size and starved treatments were more likely
to exhaust their lipid reserves prior to the end of
winter and suffer mortality during this time period.

Our study results are similar to the extent of
winter mortality observed for other age-0 fishes.
Oliver et al. (1979) indicated that smaller age-0
smallmouth bass Micropterus dolomieu were more
likely to deplete energy reserves below a critical
level during winter, resulting in the mortality of
these fish. Similarly, Hunt (1969) and Smith and
Griffith (1994) found that small age-0 brook trout
and rainbow trout exhibited greater winter mor-
tality than larger conspecifics. Johnson and Evans
(1991) examined the effects of ad libitum feeding
and starvation on the winter survival of age-0
white perch Morone americana and found that
starved fish of the smallest size-class exhibited the
highest mortality. However, no mortality occurred
for fish maintained at the ad libitum feeding treat-
ment. These studies illustrate the importance of
body size and food ration to winter survival and
support the findings of our experiment.

Although the winter mortality of small juvenile
lake herring was significantly greater than that of
large individuals, other studies have reported high-
er mortality rates than we observed in our study.
Henderson et al. (1988) determined that, on av-
erage, the smallest component of the age-0 sand
smelt Atherina boyeri cohort was lost over a 240-
d winter period. Similarly, Thompson et al. (1991)
observed that small starved age-0 Colorado pi-
keminnow Ptychocheilus lucius experienced 100%
overwinter mortality over a 210-d winter period.
During the winter in Lake Superior, age-0 lake
herring may exhibit greater mortality than we ob-
served in our laboratory study. Long-term ex-
haustion of energy stores in small starved lake
herring led to a large decline in wet weight and
body condition and an overall emaciated appear-
ance. Further, these fish were lethargic and unre-
sponsive to daily tank maintenance. Chick and Van
Den Avyle (2000) found that age-0 striped bass at
a similar physiological state were less responsive
to simulated predator attacks. Reduced respon-

siveness has also been reported for age-0 capelin
Mallotus villosus (Elliott and Leggett 1998). Low
body condition can also lead to a compromised
immune system, resulting in the inability of weak-
ened individuals to resist pathogens and parasites
(Lemly and Esch 1984; Hockett and Munduhl
1988; Tort et al. 1998). Because small lake herring
in our study exhibited low condition by the end of
the experiment, these fish may be more susceptible
to predation and disease in a natural environment.
In addition, recruitment models of Lake Superior
lake herring populations have indicated that ex-
tended winter periods negatively affect recruit-
ment (Hoff 2004). As a result, the mortality rates
observed in our laboratory study may underesti-
mate those actually experienced in wild popula-
tions.

One caveat of our experimental design was the
diet used in the study for feeding juvenile lake
herring. We used Artemia nauplii instead of a food
source native to Lake Superior because culturing
large quantities of natural food types would not
have been logistically possible. Artemia nauplii
have a comparable body size to the zooplankton
prey of lake herring during winter (Link et al.
1995), and can be intensively cultured in a labo-
ratory environment (Bengtson et al. 1991). Al-
though Artemia nauplii are not an optimal diet for
juvenile lake herring (Pangle et al. 2003), all fish
in the laboratory experiment were fed the same,
so the observed trends should reflect those of lake
herring populations in Lake Superior. However, the
realized level of mortality and mortality rate may
be higher or lower than we observed in our study.
Further, the gross energy content observed in wild
Lake Superior lake herring was similar to those
found in our experimental fish (Vondracek et al.
1996), indicating that Artemia nauplii were similar
to natural zooplankton prey as an energy source.
Therefore, we do not believe that the use of Ar-
temia nauplii significantly influenced the results of
this laboratory experiment.

The results of this study suggest that winter mor-
tality may influence recruitment variability in Lake
Superior lake herring populations. Knowledge of
this mechanism can be used to enhance the ac-
curacy of population dynamics models in fore-
casting annual and regional recruitment variability
in lake herring stocks. However, additional re-
search is required to fully understand the causes
of winter losses for this species, particularly fo-
cusing on the potential impact of predation and
disease that may result from poor physiological
condition and low energy stores. This information
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would shed further light on the importance of win-
ter survival as a mechanism that may regulate year-
class strength and limit the recovery of depressed
lake herring stocks in Lake Superior.
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