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ABSTRACT

Vertical distributions of both juvenile sockeye salmon 
( Oncorhynchus nerka) and zooplankton in a stained (Secchi 
depth 4.3 m) and a glacial (Secchi depth 0.2 m) lake in 
Alaska were measured at four times within a 24-h period. 
Stained-lake juveniles avoided surface during daylight, 
crossed large temperature gradients, and preyed upon 
cladoceran zooplankton >0.30 mm long. Glacial-lake 
juveniles preferred surface (<1.5 m deep) during the 
daylight, experienced little temperature change, and preyed 
upon copepod zooplankton >0.30 mm and terrestrial insects. 
Zooplankter depth distributions overlapped with day and 
night juvenile sockeye depth distributions in the glacial 
lake, but they overlapped only at night in the stained lake. 
The amplitude of juvenile sockeye vertical migration is 
positively correlated with euphotic zone depth. Sockeye 
vertical distribution is not related to absolute light 
intensity, zooplankton abundance or distribution, or thermal 
stratification. Most applicable are multiple factor 
explanations that incorporate predation risk and forage 
abundance for the juvenile sockeye.
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INTRODUCTION
Juvenile sockeye salmon ( On nerka) are 

limnetic planktivores while rearing in freshwater lakes 
(Foerster 1968, Hartman and Burgner 1972, Doble and Eggers 
1978). Koenings et al. (1990) defined three basic "lake 
types" for Alaskan sockeye stocks, each having unique 
physical, chemical, and biological profiles. Clear water 
lakes have relatively little turbidity or color and have 
light compensation depth (depth where one percent of light 
that entered the water remains) from 6.9-25.0 m.
Organically stained lakes possess high concentrations of 
colloidal organic matter that impart a characteristic brown 
color, absorb light, and limit the light compensation level 
to 4.5-9.5 m. Glacial lakes are highly turbid from the input 
of silty glacial melt-water, have shallow light compensation 
depths (1.1-4.0 m), lower average temperatures, and 
macrozooplankton communities reduced in diversity and 
abundance. This usage of the term "glacial lakes" differs 
from Hutchinson (1967), who defined glacial lakes as those 
with basins originating from glacial processes, irrespective 
of water conditions.

Sockeye production from clear water lakes is documented, 
but organically stained and heavily glacial lakes also 
support commercially harvestable sockeye stocks (Flagg 1983; 
Koenings et al. 1985). Increased management precision of
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sockeye salmon stocks requires precise knowledge of stock 
responses to juvenile rearing conditions. The Alaska 
Department of Fish and Game is currently evaluating the 
sockeye stock status in at least 20 lakes that fit the 
stained or glacial classification (Koenings et al. 1986; 
Koenings et al. 1987).

Diel Vertical Migration (DVM) has been reported in both 
the marine and limnological literature for many years, but 
the short- and long-term significance of these behaviors are 
still not understood. DVM can be defined as the synchronized 
vertical movement by aquatic organisms with a period of 24 
hours (Levy 1987). Normal DVM is the most common, when 
organisms occupy deep strata during daylight and shallow 
strata at night, migrating vertically during morning and 
evening twilight (Figure 1). In reverse DVM, organisms 
occupy deep strata at night and shallow strata during 
daylight. DVM and its associated changes in feeding 
opportunities, predation risk, and temperature regime is 
hypothesized to affect fish and zooplankton growth and 
survival (McLaren 1963; Brett et al. 1969; Kerfoot 1970,
1985; Zaret and Suffern 1976; Enright 1977; Eggers 1978; 
Stitch and Lampert 1981; Iwasa 1982; Clark and Levy 1988).

12

Stained and glacial lakes are an opportunity to extend
DVM documentation. This requires describing juvenile sockeye
abundances over depth and time of day; zooplankton
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Figure 1. Generalized diel vertical migration patterns of fish, in relation to 
depth, time of day, light intensity, temperature, and plankton abundances, in a 
lake environment.



abundances, species composition, and body sizes over depth 
and time of day; sockeye stomach contents by prey species and 
sizes; and the underwater light and water temperature 
profiles.

Combining new information with existing clear-water data 
may allow the prediction of DVM amplitude and depth selection 
by juvenile sockeye. This would have both empirical and 
theoretical applications. Fishery managers seeking to 
manipulate the number and size of fish produced by a lake 
would increase their effectiveness, and additional evidence 
would be available for testing DVM hypotheses and models.
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METHODS AND MATERIALS

Study Site Description

Packers Lake is organically stained and Tustumena Lake 
is glacial (Table 1). Both lakes are located in coastal 
southcentral Alaska, drain into Cook Inlet (Figure 2), and 
support commercial sockeye salmon harvests. Both are also 
classified as oligotrophic, although total phosphorus is 
exceptionally high in Tustumena Lake due to rock phosphate 
bound in the glacial silt particles (Koenings and Burkett 
1987). Dissolved phosphorus is usually a minor component of 
the total phosphorus in glacial lakes (Edmundson and Koenings
1986), and thus relatively little of the total phosphorus may 
be available for biological use.

Tustumena Lake

Adult sockeye returns to Tustumena Lake are impossible 
to completely enumerate because the extreme turbidity in both 
the lake and outlet stream (Kasilof River) prevents direct 
observation of fish, so side-scanning sonar is used as an 
indexing method (Table 2). Tustumena Lake returns, catch 
plus escapement, have averaged 1 million fish during 1979-88.

15
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Table 1. Descriptions of study lakes for diel vertical 
migration. Data are seasonal (May-October) means (Koenings 
and Burkett 1987; Koenings et al. 1986; Jim Edmundson, John
Edmundson, Alaska Department of Fish and Game, Soldotna, 
personal communication).

Packers Tustumena

Type
Location

organically stained 
60 ° 28 ' N, 1510 551 W
m2 )Surface Area (106 

Mean Depth (m) 
Compensation DepthA (m) 
TurbidityB ' (NTU)
Color8 (Pt units)
Total Phosphorus (Mg/1) 
Total Nitrogen (Mg/1 
Chlorophyll a (Mg/1)

2.1 
12.2 
4.0
1.3 

25.5 
11.1

242.7
3.3

Macrozooplankton Community0 
(individuals/m2)

Daphnia longiremus 50,000
Bosmina sp. 12,000
Holopedium gibberum 2,000
Epischura nevadensis 12,000
Cyclops columbianusD 64,000
Diaptomus pribilofensis 59,000
Fish Community

Oncorhynchus sp. 
Pugitius pungitius 
Pungitius aculeatus 
Salvelinus malma 
Salmo gairdneri 
Cottus sp.
Coregonus sp.

glacial
60 0 101 N, 150 ° 55 ' W

295 
133 
1.1 

46 
7.6 

42 . 1 
127.9
1.3

0
0
0
0

36.000
14.000

Oncorhynchus sp. 
Pugitius pungitius 
Pungitius aculeatus 
Salvelinus malma 
Salvelinus namaycush 
Salmo gairdneri 
Cottus sp.

ADepth at which remains one percent of light that entered 
the water.

BData years are 1984-1987 for both lakes
cData years are 1984-1987 for Packers Lake, and 1981-1987 
for Tustumena Lake.

DTustumena Lake also contains Cyclops , but the
proportion is not noted.
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Figure 2. Locations of stained Packers Lake and 
glacial Tustumena Lake in southcentral Alaska.
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Table 2. Recent sockeye salmon adult returns and smolt 
emigrations for Tustumena Lake and Packers Lake (Kyle and 
Koenings 1989; Marcuson 1988).

Tustumena Lake Packers Lake
Data Data
Years Mean Years Mean

Adult Escapement (individuals)
1968-87 163,000 1980-87 24,500

Smolt Emigration (individuals)
1981-87 7.9x10s 1981-88 211,380

1987 4.6x10s 1987 178,581
1988 4.6x10s 1988 275,462

Smolt Fork Length (mm)
Age 1 1980-88 69. 0 1984-88 101. 0

1987 64 . 0 1987 103.0
1988 67.7 1988 89

Age 2 1980-88 82.9 1984-88 128.0
1987 76.7 1987 132
1988 78 . 1 1988 112

Smolt Weight (g)
Age 1 1980-88 2.7 1984-88 10.4

1987 2.2 1987 10.2
1988 2.5 1988 6.9

Age 2 1980-88 4.5 1984-88 20.6
1987 3.4 1987 26.5
1988 3 . 6 1988 12.4

Smolt Age Composition (%)
Age 1 1981-88 68 1984-88 38

1987 23 1987 52
1988 45 1988 42

Age 2 1981-88 32 1984-88 55
1987 77 1987 37
1988 55 1988 57



The adults have most frequently returned as age 1.2 or age
1.3 over these years (one year fresh water and two or three 
years salt water; Kyle and Koenings 1989).

Abundance and size of sockeye smolt emigrating each year 
is estimated by a series of traps placed in the outlet stream 
during May to July (Table 2). These smolt tend to be smaller 
than average when compared to stained or clear Alaskan Lakes, 
but typical of glacial lakes (Koenings et al. 1986).

Tustumena Lake sockeye stocks have been enhanced by 
collecting eggs from adults in the lake's major tributaries, 
followed by hatchery incubation and return of the fry to the 
lake the next spring. Small egg takes occurred in 1976 and 
1978, and from 1979 to 1987 egg takes were done each year. 
These resulted in 5.2 to 17 million fry being returned to the 
lake each spring from 1979 to 1987 (Kyle and Koenings 1989).

Evaluation of the stocking program has included 
extensive hydroacoustic sampling and tow net sampling over 
several years. Tow net catches from all areas of the lake, 
from surface to about 15-m deep, done both during the day and 
at night, all contained 99% sockeye fry (Thorne and Thomas 
1983; Thomas et al. 1984, 1985, 1986; Thomas and Thorne
1987). Thus, the dominant inhabitants of the pelagic zone are 
the species of interest, and not sticklebacks or larval fish 
that might impact sockeye fry behavior.

Hydroacoustic sampling done in July and September each
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year since 1981 has produced a consistent fry distribution 
pattern. During July night surveys fry are twice as abundant 
in the 1.5- to 2.5-m depth stratum as in the 2.5- to 5.0-m 
stratum. During September night surveys fry are more 
dispersed, being equally abundant in the two strata. Daytime 
sampling from both months indicates a manyfold greater 
abundance in the shallower stratum, with this situation more 
pronounced in September than July. These two strata always 
have the greatest abundance of fry, with densities decreasing 
quickly as depth increases, so that nearly all fry are above 
15 m (Thorne and Thomas 1983; Thomas et al. 1984, 1985, 1986;
Thomas and Thorne 1987).

Packers Lake

The Packers Lake sockeye stock is also harvested in the 
Cook Inlet area commercial fishery, but catch records are not 
kept on non-targeted stocks. However, a general exploitation 
rate for such stocks is estimated at 60 to 65% of the total 
run (Jeff Koenings, Alaska Department of Fish and Game, 
Soldotna, personal communication). Adult sockeye returns to 
Packers Lake have been monitored since 1926, but with 
differing methods that introduced much variability in 
escapement estimates. From 1980 to 1987, a complete blockage 
weir allowed direct counts of adults returning to the lake

20



(Table 2). Most adults returned as age 1.2 over the period 
1980 to 1982, but shifted to mostly age 2.2 adults from 1983 
to 1987.

Packers Lake sockeye smolt are enumerated and measured 
with a complete blockage trap (Table 2). These smolts tend 
to be relatively large when compared to other lakes (Koenings 
et al. 1986).

Night hydroacoustic surveys were conducted from 1983 to 
1987 between late June and late October. Depth distribution 
of fry varied between months within the same year, and for 
the same month between years.

Pelagic tow netting was conducted on Packers Lake 
concomitant with hydroacoustic population estimates. All 
tows were done at night at the depth of greatest acoustic 
scattering. For a total of 23 tows from 1983 to 1987, done 
between July and October, the catch composition ranged from 
86 to 100% sockeye fry, and averaged 94%. The remaining fish 
were almost all sticklebacks (Kyle 1988). While the 
particular strata sampled were dominated by sockeye fry, 
sticklebacks comprise a larger portion of the catch in 
Packers Lake than in Tustumena Lake.

Fish enhancement activities on Packers Lake included an 
unsuccessful attempt in 1973 to eliminate competitive 
sticklebacks and predatory Dolly Varden with rotenone (fish 
toxicant). Sockeye eggs were incubated in a hatchery and the
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fry returned to the lake the following spring. A flow 
control structure at the lake outlet was also installed in 
1973. Each year since 1983 the lake has received nutrient 
enrichment by applying 2,200 to 2,800 gallons per summer of 
either 27:7:0 or 32:0:0 (N:P:K) liquid fertilizer (Marcuson
1988). The result has been an increase in zooplankton 
abundance and larger and younger sockeye smolt (Koenings and 
Burkett 1987).

Predators are present at each lake, but both their 
abundance and distribution are unstudied. Carnivorous birds, 
such as gulls, terns, loons, and mergansers are present, as 
well as predatory fish (Table 1). Water-oriented mammals 
found in Alaska, such as minks or otters, may also be 
predators on these lakes, but are undocumented. Rainbow 
Trout are sufficiently large and abundant in Packers Lake to 
attract limited sport fishing. Sport fishing in Tustumena 
Lake is very restricted, with most of the effort in 
Tustumena's clear water tributary streams (personal 
observation).

Field Methods

A sampling trip to each lake was conducted once each 
summer in 1986 and 1987. On a each sampling trip, fry depth 
distribution, zooplankton depth distribution, and light

22



profile were measured at discrete intervals over a 24-hour 
period, at 1200, 1800, 2400, and 0600 hours (Appendix A).
Temperature was measured once each sampling trip.

Fry depth-distribution was determined along one transect 
in the limnetic zone of each lake (Figures 3 and 4) with a 
Biosonics Model 105 echosounder. Transect lengths varied, 
but were kept symmetrical about the plankton sampling site. 
The echosounder transmitted a 420 Khz, 0.5 msec pulse at a 
rate of 5 s'1. A down-looking 6° transducer in a V-fin 
fiberglass housing was towed 0.5 m below the surface at a 
speed of 1.5 m/s. This combination allowed accurate 
detection of fry-size targets at all depths below 1.5 m (Gary 
Kyle, Alaska Department of Fish and Game, Soldotna, personal 
communication). Boat speed was measured with a Marsh- 
McBirney Model 201M current meter.

One limitation of the down-looking transducer 
configuration is that targets within approximately 1.5 m of 
the surface cannot be enumerated, due to the transducer 
submersion depth and near-field effects. The second year 
detection of targets in the 0.36- to 2.5-m stratum was 
attempted by towing an up-looking 6° transducer at a depth of 
15 m, off a corner of the boat's stern. Boat speed was 
0.5 m/s.

Targets must be separated from each other and the 
surface or bottom by at least one-half pulse width to avoid
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K m t l l o f
R l v r  

( out l m t )

TUSTUMENA 

elevation: 33m

volume: 3 6 ,6 0 0  x 10®m^ 

area:  2 9 4 .5  x 10®m^ 

maximum depth:  290m  

mean depth: 124m

bottom con tou rs  in m eters

o Zooplankton sample 
■ Tow net transect

Figure 3. Morphometric map of Tustumena Lake, showing the location of the 
sampling sites.
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Figure 4. Morphometric map of stained Packers Lake, showing the location of the 
sampling sites.



overlapping their echoes. If targets are too crowded, then 
the total number of targets would be underestimated, when 
echo counting. One-half pulse width is one half the product 
of pulse duration and the velocity of sound in water, which 
equates to (0.5 msec)(1,450 m/s)(0.5), or 0.36 m.

The same hydroacoustic transects were sampled both years 
in Tustumena Lake. In Packers Lake in 1986, the 
hydroacoustic transect was orthogonal to the lake's long 
axis. In 1987 both the up-looking and the down-looking 
hydroacoustic transects were run longitudinally, to stay well 
offshore and avoid the risk of snagging the up-looking 
transducer on the bottom. The orthogonal transect was also 
run in 1987 to determine the comparability of the two 
methods.

Echoes were recorded on dry recording paper and 
enumerated and expanded into targets per volume (Johnston 
1981). Target densities were usually low enough to allow 
identification of individual targets. Briefly, system 
calibration data gave the beam angle needed to calculate the 
cross-sectional area insonified, and transect time and boat 
speed yielded the distance traveled. Hence, volume 
insonified was calculated for the 1.5- to 5, 5- to 10, and 
10- to 20-m depth strata, and counting marks on the echogram 
in each stratum gave the total targets per volume. The 
number of targets per volume were compared across years and
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across lakes, using the Mann-Whitney U-test (Conover 1980).
Species composition of the echoes was determined by 

capturing fish with a 2- by 2-m mouth townet (Gjernes 1979), 
towed at 0.8-1.0 m/s in the vicinity of the hydroacoustic 
transect. Boat speed was measured with a Marsh-McBirney 
velocity meter. In Tustumena Lake, the hydroacoustic 
transect and the tow net transect were over the same course. 
The narrow width of Packers Lake necessitated tow netting 
longitudinally. Tow depths appear in Table 3.

In both years Packers Lake fish were sampled at night 
only, as the fish's daytime net avoidance rendered them 
uncatchable, and the remote location of Packers lake 
precluded transporting in a larger boat or net. Extreme 
turbidity in Tustumena Lake allowed the capture of both day 
and night fry samples (Table 3). In Tustumena Lake in 1986, 
juvenile sockeye (for stomach content analysis) were obtained 
from catches from another Alaska Department of Fish and Game 
sampling project. The only samples available from my study 
site were taken at 1600 hours. In 1987 I did the townetting 
at the 1200 and 2400 hour sampling intervals so as to examine 
the diet under differing light conditions.

Zooplankton depth-distribution on the transect was 
determined by twice-replicated vertical tows of 5, 10, 20, 
and 30 m, using a conical net with a 0.2-m diameter mouth and 
153-M mesh netting. Retrieval speed was estimated at

27
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Table 3. Composition of tow net catches from the Packers 
and Tustumena Lake DVM sampling.

Date Depth (m)
Time 

Start-End Tow
Catch 

Juvenile OtherA 
Sockeye

Packers Lake

7/22/86 10 00:21-00:36 1 37 0

10 00:53-01:08 2 145 1

8/28/87 15 02:49-02:54 
Tustumena Lake

2 47 1

7/28/86 surface 16:19-17:19 — 124 0

8/26/87 surface 14:11-14:31 1 55 0

surface 01:55-02:16 1 17 0

surface 02:30-02:46 2 20 0
AOnly other items captured were sticklebacks.



0.5 m/s. Rinsing the net and collection bucket before each 
tow prevented contamination between tows. Glacial silt 
plugging the mesh was not observed as nearly all silt 
particles are less than 40 ju in diameter (Edmundson and 
Koenings 1986). Zooplankton were immediately fixed in 
neutralized 5% formalin.

Fry captured in the hydroacoustic trawls were kept for 
diet analysis. To prevent regurgitation the catch was killed 
in an overdose solution of ethyl—m—aminobenzoate—methane 
sulfonate (MS-222) prior to fixation in 10% formalin.

Light level, recorded to the nearest 0.1 foot-candle, 
was measured above surface and 5 cm below surface, then in 
0.5-m depth intervals for the first 5 m, and thereafter in 
1-m intervals until the instrument's sensitivity was 
exceeded. A Montedoro-Whitney submarine photometer sensitive 
to the 400-700 nm wavelength band was used for the 
measurements. Regressing depth against log percent 
subsurface light yielded the light extinction coefficient 
(Koenings et.al. 1987), and allowed estimation of the light 
level beyond the meter's sensitivity. Foot-candles were then 
converted to lux (1 foot-candle=10.76 lux). Water 
temperature was recorded to the nearest 0.1 °C and measured 
at 1-m depth intervals until past the thermocline, and then 
in 5-m intervals until reaching bottom. Dissolved oxygen, 
recorded to the nearest 0.1 ppm, was measured in intervals as
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for temperature, with a Leeds-Northrup dissolved 
oxygen/temperature meter.

30

Laboratory Methods

Zooplankters were enumerated and identified to genus 
(Pennak 1978). Each sample was diluted to a known volume so 
that a 1-ml subsample yielded approximately 100 individuals. 
After thorough agitation, a 1-ml subsample was taken using a 
Hensen-Stemple pipet, and transferred to a Sedgewick-Rafter 
cell for enumeration. Averaging three subsample counts and 
multiplying by the dilution factor yielded the total number 
of individuals in the sample (Koenings et al. 1987).

Variability added by subsampling was ignored, since 
random sampling and diluting the sample before counting 
significantly reduces the varience introduced (Ricker 1938; 
Venrick 1971). The two zooplankton samples from each tow- 
depth were bootstrap sampled 500 times, the mean calculated 
for each of the bootstrap samples, and the standard deviation 
of the means used as an estimate of the standard error about 
the mean of the two original samples (Efron and Tibshirani 
1985). The original samples from a given tow-depth were 
compared across the four sampling times, using the Kruskal- 
Wallis multiple comparisons test (Conover 1980), to determine 
if zooplankton abundance varied significantly across time.



Zooplankton abundance was compared across years and across 
lakes with the Mann-Whitney U-test (Conover 1980).

Body length of 30-60 macrozooplankton of each genus was 
measured to the nearest 0.01 mm with a 50X stereo microscope 
having an ocular micrometer (Figure 5).

Fork length (tip of snout to bottom of tail fork) of 
captured fry was measured to the nearest millimeter after at 
least 60 days preservation in 10 % neutralized formalin to 
standardize shrinkage (Rogers 1964).

Fry foreguts were excised from the anterior esophagus to 
pyloric sphincter. Prey items other than zooplankton were 
counted without subsampling and identified to family (Borror 
et al. 1981; Merritt and Cummins 1983) using a 50X stereo 
microscope. Zooplankton prey were counted and measured as 
described previously, when >500 individuals were present. If 
<500 individuals were present, all were counted without 
subsampling. Percent frequency of occurrence (how many fish 
consumed a given prey type, expressed as a percentage) and 
percent numbers (number of prey items belonging to a given 
category, expressed as a percentage) were calculated. 
Zooplankton lengths in the juvenile sockeye diets were 
compared to the zooplankton lengths in the plankton tows 
using the Mann-Whitney U-test (Conover 1980).

Ivlev's electivity index was calculated for each 
zooplankton prey species, and by 0.05-mm size-class within
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Figure 5. Location of anterior and posterior measuring 
points on zooplankter carapaces for determining body length 
(Koenings et al. 1987).



each zooplankton prey species:
El = (Ri j -Pi j ) / (Ri j +Pi j ) •

Where El is electivity index, Rij is the proportion of the
ith species in the jth size class in the fry diet, and Pij is
the proportion of the ith species in the jth size class in
the environment. El ranges from -1 to +1, with negative 
values showing avoidance or inaccessibility, 0 indicating 
random selection, and positive values showing availability or 
active selection of a prey type by a predator (Koenings et 
al. 1987).
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RESULTS

Packers Lake 

Juvenile Sockeye Distribution

23 July 1986 A normal DVM pattern occurred, with the 
highest target density 0-5 m at 1800 hours followed by a 
descent to 10-20 m at 2400 hours (Table 4). Schooled 
targets occurred 10- to 20-m deep at all times except 2400 
hours, when target density was 0. The total number of 
targets observed varied greatly between sample times. Tow- 
netting captured juvenile sockeye and one stickleback 
(Table 3).

27 August 1987 Target density 0- to 5-m deep was much 
lower at all times than in 1986 (P <0.05). In contrast, 
target density 5- to 10-m and 10- to 20-m deep was much 
greater at all times than in 1986 (P <0.01). Target density 
in all depth strata peaked later in the night than in 1986. 
Schooled targets were present only at 5- to 10-m deep at 
1200 hours.

The two transecting methods used in 1987 gave similar 
trends in target density over depth. The up-looking 
configuration revealed that some individual targets and many
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Table 4. Density of hydroacoustic targets by depth stratum 
and time. Numbers in parentheses are the number of schools 
of targets present. Configurations are defined in the text.

Target Density (targets/lOOOm3) 
per Stratum (m)

Date and
Configuration Time 0.36-5 1.5-5 5-10 10-20 2 0-3 <

7/23/86 600
Packers

2 (0) 2 (0) 5 (1)
Orthogonal 1200 — 9 (0) 3 (0) 2 (1) — —
Down-Looking 1800 — 52 (0) 5 (0) 4 (1) -

2400 - 12 (0) 11 (0) 0 (0)
8/27/87 600 - 2 (0) 94 (0) 55 (0) —
Orthogonal 1200 - 0 (0) 12 (4) 19 (0)
Down-Looking 1800 - 0 (0) 12 (0) 27 (0) _ —

2400 - 7 (0) 69 (0) 63 (0)

8/27/87 1200 - 0 (0) 16 (5) 92 (0) —
Longitudinal 2400 - 5 (0) 47 (0) 196 (0) — “
Down-Looking
8/27/87 1200 5 (many) 16 (V) - __

Longitudinal 2400 7 (0) - 41 (0)
Up-Looking

7/29/86 600
Tustumena

3 (0) 1 (0) 1 (0) 0(0
Down-Looking 1200 — 0 (0) 1 (4) 2 (0) 0(0

1800 — 5 (0) 1 (0) 0 (0) 0(0
2400 — high(A) 8 (0) 1 (0) 0(0

8/25/87 600 -- 2 (0) 4 (0) 0 (0) 0(0
Down-Looking 1200 — 0 (0) 0 (4) 0 (0) 0(0

1800 — 1 (0) 0 (0) 0 (0) 0(0
2400 —— 2 (0) 8 (0) 1 (0) 0(0

8/25/87 1200 16 (0) — 0 (0) —
Up-Looking 2400 16 (0) — 8 (0) * “ —. —

A-one large school



schools were present within 5 m of the surface at 1200 
hours, while at 2400 hours the schools were absent. The up- 
looking configuration estimated only slightly more targets 
<5-m deep at 2400 hours than did the down-looking 
configuration. Tow-netting at night captured juvenile 
sockeye and stickleback (Table 4).

Zooplankton Distribution

23 July 1986 Macrozooplankton numbers were dominated, 
in descending order, by Daphnia, , and .
For the 5-m tows, only Diaptomus abundance varied 
significantly across the four sampling times (Figure 6;
Table 5). Diaptomus abundance peaked at 1200 hours in the 
5-m tows, which is reverse DVM. None of the zooplankton 
abundances varied significantly across time in either the 
10- or 20-m tows.

Highly variable counts occurred in the zooplankton 
samples at 1200 hours. There were more plankters in a 5-m 
tow than in the 10- or 20-m tows. Strong winds may have 
caused unusual surface currents and contributed to excessive 
patchiness of the plankton.

Lengths of macrozooplankton from each plankton tow at 
each time appear in Figures 7-11. No segregation by size 
over depth or time was apparent for any zooplankton species.
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Table 5. Results of Kruskal-Wallis multiple comparisons test 
of the null hypothesis that the zooplankton abundances were 
equal at the four sampling times. P <0.1 was the lowest 
possible for this sampling design and means that abundances 
differed over time. N.S. means not significant and N.P. means 
not present.

Tow
Depth

(m)
Taxon

Daphnia Bosmina Cyclops Diaptomus Epischura

Packers Lake, 23 July 1986
5 N.S. N.S. N.S. <0.1 N.S.
10 N.S. N.S. N.S. N.S. N.S.
20 N.S. N.S. N.S. N.S. N.S.

Packers Lake, 27 August 1987

5 N.S. <0.1 N.S. N.S. N.S.
10 N.S. <0.1 <0.1 <0.1 N.S.
20 N.S. N.S. <0.1 N.S. N.S.

Tustumena Lake, 28 July 1986

5 N.P. N.P. N.S. N.S. N.P.
10 N.P. N.P. <0.1 N.S. N.P.
20 N.P. N.P. N.S. N.S. N.P.
30 N.P. N.P. <0.1 N.S. N.P.

Tustumena Lake, 25 August 1987

5 N.P. N.P. N.S. N.S. N.P.
10 N.P. N.P. N.S. N.S. N.P.
20 N.P. N.P. N.S. N.S. N.P.
30 N.P. N.P. N.S. N.S. N.P.
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Figure 7. Lengths of Daphnia in 5-m, 10-m, and 20-m
vertical tows taken at four times on 23 July 1986 (top), and
28 August 1987 (bottom), in Packers Lake.
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Figure 8. Lengths of Bosmina in 5-m, 10-m, and 2 0-m
vertical tows taken at four times on 23 July 1986 (top), and
28 August 1987 (bottom), in Packers Lake.
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Figure 9. Lengths of Cyclops in 5-m, 10-m, and 20-m
vertical tows taken at four times on 23 July 1986 (top), and
28 August 1987 (bottom), in Packers Lake.
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Figure 10. Lengths of Diaptomus in 5-m, 10-m, and 20-m
vertical tows taken at four times on 23 July 1986 (top), and
28 August 1987 (bottom), in Packers Lake.



Le
ng
th
, 

0.
01
 
am

43

Figure 11. Lengths of Epishcura in 5-m, 10-m, and 20-m
vertical tows taken at four times on 23 July 1986 (top), and
28 August 1987 (bottom), in Packers Lake.



This observation must be qualified, though. In the
zooplankton sampling, the net could not be closed during the
vertical hauls, so that the 20-m tows also contain plankters 
from the 0- to 5-m and 5- to 10-m depth strata. Thus the 
20-m tows contained all possible plankters, and the 10-m 
tows some subset of this, and the 5-m tows yet another 
subset of the possible plankters. To adequately discern 
between length distributions (the subsets) would require 
hundreds of zooplankton lengths from each tow, a task too 
labor-intensive to be done. With my method, only very large
differences in length distributions could be observed.

27 August 1987 Macrozooplankton communities were very 
different the two study years (Figure 12; Appendix B).
Daphnia were roughly twice as abundant in 1986 as in 1987, 
while Bosmina were less abundant in 1986 compared to 1987 
(P <0.01). Daphnia outnumbered Bosmina by 12:1 in 1986 
(P <0.01), while in 1987 both genera were about equal in 
abundance (P >0.10). Daphnia, Bosmina, and Cyclops, in 
descending order, numerically dominated the zooplankton 
community in 1987. Each genus of copepods was about three 
times more abundant in 1986 than in 1987 (P <0.03).

Lengths of macrozooplankton from each plankton tow at 
each time appear in Figures 7-11. No segregation by size 
over depth or time is apparent for any zooplankton species,
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Figure 12. Total number of plankters captured by vertical
tows of an 0.2-m diameter net, at 6-hour intervals on
28 August 1987, in Packers Lake.



within the qualifications mentioned above.
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Juvenile Sockeye Prey Selection

23 July 1986 Juvenile sockeye captured ate almost 
solely Daphnia (Table 6). While other species of 
zooplankton occurred in some juvenile sockeye, they 
comprised hardly any of the diet by numbers.

Ivlev's electivity index was calculated using the 
abundances from the 20-m, 2400-hour zooplankton tows and 
diets from juvenile sockeye collected at 0020 hours. These 
juvenile sockeye positively selected only Daphnia (Figure 
13). The negative electivities for the remaining species of 
zooplankton demonstrate that these species were present, but 
not chosen as prey.

Only Daphnia were numerous enough in juvenile sockeye 
diets to calculate electivities by 0.05-mm size-class, and 
juvenile sockeye had positive preferences for most size- 
classes of Daphnia (Figure 14). Daphnia in the sockeye 
diets were longer than those in the zooplankton tows 
(P <0.01).

27 August 1987 Bosmina were consumed in the largest 
numbers, with Daphnia next most frequent (Table 6). Other 
species of plankton occurred in some fish, but they were <5% 
of the total diet by numbers.



Table 6. Prey consumed by sockeye fry caught by tow net in Packers and Tustumena 
Lakes during DVM sampling. % N is percent numbers, the number of prey items in a 
given category, expressed as a percentage of all prey items counted. % FO is 
percent frequency of occurrence, the number of fish that contained prey from a 
given category, expressed as a percentage of all fish examined.

Packers Lake Tustumena Lake

7/23/86
01:00

8/28/87
02:50

7/28/86
16:00

8/26/87 
14 : 00

8/26/87
02:00

%N %FO %N %FO %N %FO %N %FO %N %FO

Insecta Combined 0 0 0 0 0 37 0 10 0 27

Chironomidae Larvae 0 0 0 0 0 7 0 0 0 0
Chironomidae Pupae 0 0 0 0 0 3 0 0 0 0
Chironomidae Adults 0 0 0 0 0 7 0 0 0 0
Other Diptera Larva 0 0 0 0 0 0 0 0 0 0
Other Diptera Pupae 0 0 0 0 0 0 0 0 0 0
Other Diptera Adult 0 0 0 0 0 10 0 3 0 21
Hymenoptera Adults 0 0 0 0 0 7 0 0 0 7
Homoptera Adults 0 0 0 0 0 10 0 0 0 4

Other Insects 0 0 0 0 0 13 0 7 0 4

Cyclops sp. 0 7 0 17 64 100 100 100 90 96
Diaptomus sp. 0 0 0 0 33 87 0 20 9 43
Epischura sp. 2 23 5 33 0 0 0 0 0 0
Unidentified Copepoda 0 17 0 3 2 60 0 3 0 4
Other Copepoda 
(continued)

0 0 0 0 0 0 0 3 0 0



Table 6 (continued). Prey consumed by sockeye fry caught by tow net in Packers and 
Tustumena Lakes during DVM sampling. % N is percent numbers, the number of prey 
items in a given category, expressed as a percentage of all prey items counted. % 
FO is percent frequency of occurrence, the number of fish that contained prey from 
a given category, expressed as a percentage of all fish examined.

Packers Lake Tustumena Lake

7/23/86 
01: 00

8/28/87 
02 : 50

7/28/86
16:00

8/26/87 
14 : 00

8/26/87 
02 : 00

%N %FO %N %FO %N %FO %N %F0 %N %FO

Bosmina sp. 0 33 83 75 0 0 0 0 0 0
Daphnia sp. 98 100 12 75 0 0 0 0 0 0
Other Cladocera 0 10 0 31 0 0 0 0 0 0
Unidentified Cladocera 0 0 0 3 0 0 0 0 0 0

Other Items 0 0 0 0 0 0 0 0 0 0

Mean Condition* 2. 1 1.7 2 . 4 1.6 2.4
Mean Amount6 1.5 2.4 1.8 1.3 1.3

Fry Examined 30 36 30 30 28

Max. Fish Length (mm) 81 100 68 74 54
Min. Fish Length (mm) 26 30 32 37 36
Mean Fish Length (mm) 41. 2 50.0 55.8 56. 1 45.8

ASubjective rating where l=good, 2=fair, and 3—poor.
8 Subjective rating where l=full, l=moderate amount, 3=small amount, and 4=empty.
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Figure 13. Ivlev's electivity index for zooplankton in 
Packers Lake, relative to juvenile sockeye diets.
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The 2400-hour, 20-m zooplankton tows were compared to 
the diets of juvenile sockeye collected at 02:49 hours. 
Sockeye selected most strongly for Bosmina, then for 
Epischura, and Daphnia were avoided (Figure 13). Only 
moderate-size Daphnia were consumed in 1987 (Figure 14), and 
Daphnia in the sockeye diets were longer than those in the 
zooplankton tows (P <0.05), but this length sample was 
limited to 35 plankters. Juvenile sockeye preferred 
Bosmina over 0.35 mm, and preference increased as body size 
increased. Bosmina lengths in the sockeye diets again were 
greater than those in the zooplankton tows (P <0.01).

Light and Temperature Profiles

23 Julv 1986 Light profiles were done at all times 
except 2400 hours, when it was too dark (Table 7). Surface 
temperature was 14.9 °C, and the thermocline occurred 
between 8 and 10 m (Figure 15).

27 August 1987 Light profiles were done at all times 
except 2400 hours, when it was too dark (Table 7). Water 
temperatures were warmer than in 1986, with 17.8 ‘C at the 
surface (Figure 15). The thermocline was deeper, occurring 
between 12 and 14 m.
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Table 7. Light (lx) profiles over depth at three times in Packers Lake. 
Light was insufficient for any readings at 2400 hours. Values are both 
measured and calculated by regressing log percent light against depth; 
calculated values are noted with *.

7/23/86 8/27/87

Depth (m) 1200 1800 600 1200 1800 600

0. 05 26000 29000 870 7500 20000 28
0.5 18000 19000 650 4300 12000 19
1.0 12000 15000 430 2200 5600 7.6
1.5 5800 9700 240 1200 2600 3 . 6
2.0 4700 4200 150 630 1300 2 . 8
2.5 3700 2400 99 330 690 1.5
3 . 0 2400 2200 64 220 450 * 0.41
3 . 5 1500 1300 50 140 230 * 0. 12
4 . 0 750 700 33 81 150 * 0.036
4.5 430 500 24 54 77 * 0.011
5.0 280 320 17 33 47 * 0.0032
6.0 160 170 6.4 13 20 * 0.0011
7 . 0 65 75 2.5 5.0 8 . 1
8.0 33 34 * 1.2 2.4 3.3
9.0 14 17 * 0.53 * 0. 62 0.72
10.0 5.4 6.4 * 0.23 * 0.22 * 0.24
11.0 1.6 2.8 * 0.10 * 0. 082 * 0.081
12.0 2 . 2 1.3 * 0. 044 * 0. 030 * 0.027
13.0 1.1 * 0.51 * 0.019 * 0.011 * 0.0086
14.0 0.51 * 0.22 * 0.0086 * 0.0043 * 0.0032
15.0 0.26 * 0.10 * 0.0032 * 0.0011 * 0.0011
16.0 * 0. 072 * 0. 042 * 0.0022
17.0 * 0. 033 * 0.018 * 0.0011
18.0 * 0.015 * 0.0075
19.0 * 0.0065 * 0.0032
20.0 * 0.0032 * 0.0011
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23 July 1986 and 28 August 1987; and for Tustumena Lake on 
28 July 1986 and 26 August 1987.
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Tustumena Lake 

Juvenile sockeye Distribution

28 July 1986 Normal DVM appeared to occur, with 
schooled targets 5- to 10-m deep at 1200 hours, followed by 
greater numbers of targets in the 1.5- to 5-m depth at the 
remaining sample times (Table 4). However, the number of 
targets was always very low. Tow netting captured only 
sockeye juvenile sockeye (Table 3).

25 August 1987 As before, schools were present at 1200 
hours, and more targets were observed in the 1.5- to 5-m and 
5- to 10-m strata at 2400 hours (Table 4), which is normal 
DVM. Overall target density was not significantly different 
between years (P >0.05). However, the up-looking transducer 
configuration revealed that targets were much more abundant 
very near surface (0.36—1.5 m), at both 1200 and 2400 hours. 
Tow netting at the surface at 1200 and 2400 hours captured 
only sockeye juvenile sockeye (Table 3).

Zooplankton Distribution

28 Julv 1986 Cyclops were mostly near surface (<5-m 
deep), with some individuals deeper (Figure 16),
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Fiqure 16. Total number of plankters captured by vertical tows of an 0.2-m 
diameter net, at 6-hour intervals on 28 July 1986, in Tustumena Lake.



and Diaptomus showed an even stronger surface preference.
Especially noticeable in the Diaptomus samples is that 

the 1200 and 1800 hour abundances are much greater than the 
other sampling times, even the 30-m tows. Diaptomus may 
have migrated beyond the 30-m tows at 2400 and 0600 hours, 
or horizontal patchiness may have been severe. Weather was
calm on that date.

Sizes of Cyclops and Diaptomus in each zooplankton tow 
were very consistent, within the qualifications mentioned 
above (Figures 17 and 18)*

25 August 1987 Cyclops and Diaptomus were most 
abundant <5-m deep, with no clear pattern to when some 
plankter occurred deeper (Figure 19).

Sizes of Cyclops and Diaptomus in each zooplankton tow 
were very consistent again, within the qualifications 
mentioned above (Figures 17 and 18).

Zooplankton communities differed each year in Tustumena 
Lake. Total copepod abundance in 1986 was three times that 
in 1987 (P <0.01). Cyclops and Diaptomus were about equally 
abundant in 1986 (P >0.10), but Cyclops outnumbered 
Diaptomus 4:1 in 1987 (P <0.01).

Juvenile Sockeye Prey Selection

56

28 July 1986 Juvenile sockeye diets were dominated
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26 August 1987 (bottom), in Tustumena Lake.
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Figure 18. Lengths of Diaptomus in 5-m, 10-m, 20-m, and 30-m
vertical tows taken at four times on 28 July 1986 (top) and
26 August 1987 (bottom), in Tustumena Lake.
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by Cyclops, with Diaptomus also eaten in substantial numbers 
(Table 6). Several types of insects occurred in the 
juvenile sockeye diets, but they were never >1% of the 
number of items eaten. About 37% of the juvenile sockeye 
contained at least some insects. These insects were mostly 
adult terrestrials, so the only way juvenile sockeye could 
obtain them was by feeding at the surface.

Diets of juvenile sockeye collected at 1600 hours were 
compared with the 30-m zooplankton tows taken at 1200 hours. 
Cyclops were selected for and Diaptomus selected against as 
prey, but these preferences were not very strong 
(Figure 20).

Positive electivity values occurred for most size- 
classes of both Cyclops and Diaptomus (Figure 21). Most 
preferred were the largest and smallest size-classes, but 
this may just be due to the large number of lengths obtained 
from the juvenile sockeye diets. The number of plankters 
measured from the lake was 30 of each species, but 306 
Cyclops and 180 Diaptomus were measured in the juvenile 
sockeye diets. Thus, more of the infrequent sizes would 
appear in the juvenile sockeye diets, and these would give 
positive electivities if no similar lengths occurred in the 
zooplankton tows. Cyclops lengths in the sockeye diets were 
not different from those in the plankton tows (P >0.39), but 
Diaptomus lengths in the sockeye diets were greater
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Figure 20. Ivlev's electivity index by prey species for 
Packers Lake juvenile sockeye.
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Figure 21. Ivlev's electivity index by 0.05-mm prey length category, for 
Tustumena juvenile sockeye in 1986.
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than Diaptomus lengths in the plankton tows (P <0.05).
63

25 August 1987 Overall, Cyclops dominated the diet, 
both in numbers and frequency of occurrence (Table 6).
Slight differences appeared between day and night juvenile 
sockeye samples. Cyclops almost completely dominated the 
daytime prey consumed, while at night Diaptomus were eaten 
in greater numbers and by more juvenile sockeye. Insects 
also occured more frequently (27%) in the diets of nighttime 
juvenile sockeye, but were never >1% of the diet by numbers.

Diets of juvenile sockeye collected at 1400 hours were 
compared with zooplankton abundances from the 1200-hour,
30-m zooplankton tows. The juvenile sockeye diets from 0200 
hours were compared with the 2400—hour, 30-m zooplankton 
tows. For both groups of juvenile sockeye diets, Cyclops 
were selected for and Diaptomus selected against as prey 
(Figure 20). Preferences were not very strong, except for 
the avoidance of Diaptomus in the daytime diets. These 
results are consistent with 1986 results.

Juvenile sockeye preferred all Cyclops larger than 
about 0.75 mm during the day (P <0.0002; Figure 22). At 
night juvenile sockeye preferred Cyclops >0.50 mm, but also 
avoided some larger Cyclops, resulting in no length 
difference between the sockeye diets and plankton tows 
(P >0.15).
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Light and Temperature Profiles

28 July 1986 Water temperature was 15.7 °C at the 
surface, and decreased rapidly as depth increased (Figure 
15). Light intensity decreased very rapidly as depth 
increased (Table 8).

25 August 1987 Water temperature again decreased 
rapidly as depth increased, and averaged about 2 “C cooler 
than in 1986 (Figure 15). Light attenuation was similar to 
the 1986 results (Table 8) .



Table 8. Light (lx) profiles over depth at three times in Tustumena Lake. 
Light was insufficient for any readings at 2400 hours. Values are both 
measured and calculated by regressiing log percent light against depth; 
calculated values are noted with *.

Depth (m)

7/28/86 8/25/87

1200 1800 600 1200 1800 600

0.05 40000 17000 1100 31000 14000 260

ID•O 13000 4800 280 7000 3400 69

1.0 1700 850 48 1400 520 7.6

1.5 290 130 3 . 8 120 41 * 0.20

2.0 39 17 * 0.099 2.0 7.5 * 0.0043

2 . 5 8.1 2.0 * 0.0022 * 0.042 0.14

u> o 1.3 * 0.061 * 0.0022
3.5 * 0.46 * 0.0011
4.0 * 0.010

cr>



DISCUSSION

Typically, lakes in summer have a vertical gradient of 
environments, from relatively bright, warm, and plankton- 
rich near surface to increasingly dark, cold, and sterile as 
depth increases (Figure 1). In addition to the vertical 
gradient, temporal variation (primarily light intensity) 
occurs as the sun sets and rises each day. In turn, both 
vertically migrating and stationary organisms experience 
variation in their feeding ability, growth rate, and safety 
over the course of each day.

All hypotheses regarding the causes, effects, and 
magnitude of DVM compare the advantages and disadvantages of 
each environment organisms select at particular times. 
Following the foraging hypothesis, planktivores can enhance 
their foraging effectiveness, and thus increase growth 
rates, by using DVM to control the amount of contact with 
their prey. For the bioenergetic hypothesis, aquatic 
poikilotherms experience greater food conversion efficiency 
by feeding in warm, food-rich water part of the day, and 
descending to cool water the remainder of the day to lower 
metabolic costs. With the light intensity hypothesis, 
aquatic organisms move vertically to follow a preferred 
light intensity over each daily cycle. The predation
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avoidance hypothesis states that visual piscivores cause 
prey fish to descend during daylight to avoid well- 
illuminated, and thus risky, waters. Other DVM hypotheses 
have been suggested, but the above are the most freguently 
discussed.

Hydroacoustic studies indicate that juvenile sockeye 
typically exhibit normal DVM (Chernoff 1971; Narver 1970; 
Robinson and Barraclough 1978; Kyle 1985; Clark and Levy 
1988). Sockeye in organically stained Packers and Hugh 
Smith Lakes follow this pattern (Kyle 1985; Peltz and 
Koenings 1989), as they do in glacial Owikeno Lake (Chernoff 
1971), but reverse DVM occurs in glacial Tustumena Lake 
(Thomas et al. 1984).

The general DVM pattern has variations. Babine Lake 
juvenile sockeye rise to the surface at dusk and again at 
dawn, spending darkness in the 5- to 15-m stratum and 
daylight in the 17- to 38-m stratum (Narver 1970). Eggers 
(1978) found Lake Washington juvenile sockeye ascending 
highest in the evening (but well below the surface), then 
returning to the daytime depth when full darkness set in, 
and remaining there until the next evening, omitting the 
dawn ascent. Packers Lake sockeye had normal DVM. However, 
the reverse DVM by Tustumena Lake juvenile sockeye has never 
been documented in any other lake.
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Foraging Hypothesis

69

The foraging hypothesis for DVM states that aquatic 
organisms use DVM to increase feeding effectiveness, and 
thus grow larger and faster. If valid, then juvenile 
sockeye should be coinciding temporally and spatially with 
their preferred species and size of zooplankton prey.

Cladoceran zooplankton are the prey most frequently 
chosen by juvenile sockeye in Packers Lake. Planktonic 
Crustacea, primarily Cladocera and Copepoda, are the 
principal food of juvenile sockeye in other lakes (Foerster 
1960; Narver 1970; Chernoff 1971; Hartman and Burgner 1972; 
McDonald 1973; Doble and Eggers 1978; Campbell 1986;
Koenings and Burkett 1987; Kyle et al. 1988). Occasionally 
some insects are eaten in addition to zooplankton (Hoag 
1968; Hoffman 1979). Typically, Cladocera are eaten more 
than Copepoda. Exceptions occur where sockeye select in 
close proportion to the existing zooplankton assemblages 
(Hoag 1968; Chernoff 1971).

For Packers Lake, the nighttime distribution of sockeye 
matches the nighttime distribution of their prey, but not 
the daytime distribution of their prey. Different species 
of Cladocerans dominated the sockeye diets each year, but 
this shifting is not unusual. The depth distribution of 
sockeye at 2400 hours in 1987 coincides with the depth



distribution of their principal prey at 2400 hours in 1987 
( Bosmina). The depth distribution of sockeye in 1986 at 2400 
hours also coincides with the depth distribution of the 
principal prey in 1986 ( Daphnia) .

Juvenile sockeye from Tustumena Lake had unusual diets, 
mostly due to a zooplankton community being restricted to 
two genera of copepods (Koenings et al. 1990). Adult 
terrestrial insects in the diet showed that sockeye were 
feeding at the air-water interface, also unusual for 
sockeye. Both copepod genera in Tustumena were within 5 m 
of the surface at all times. Here there is a day and night 
association between sockeye and prey distributions. 
Zooplankton abundance is lower in Tustumena than in most 
other lakes, so sockeye may need to spend more time foraging 
at the surface. This observation is consistent with the 
foraging hypothesis.

However, in clear-water Frazer Lake (light 
compensation depth 15 m; Kyle et al. 1988), similar low 
densities of macrozooplankton were present, but sockeye 
depths ranged from 25 m during daylight to 10 m at night 
(Kyle et al. 1988). Samples I analyzed (unpublished data) 
showed the principal prey, Bosmina and Daphnia, were mostly 
distributed <10-m deep, day and night. This argues that 
turbidity, not shallow prey distribution or low prey 
abundance, is why sockeye remained near-surface in Tustumena
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Lake during the day.
Eggers (1978) found juvenile sockeye rising only to the

bottom of the zooplankton distribution at night in Lake 
Washington. McDonald (1973) reported juvenile sockeye 
distributions coincided with the nighttime distributions of 
one prey species, but not with another prey species.

Overall, the depth distribution of zooplankters does 
not predict which species juvenile sockeye will choose as 
prey. However, nighttime distributions of juvenile sockeye 
usually coincide with the nighttime distributions of their 
principal prey. The foraging hypothesis may be valid, but 
lacks precision. The daytime depth of the sockeye is not 
explained by this hypothesis.

Prey density can alter a planktivore's selection. As 
prey density decreases, the proportion of small zooplankton 
in the diets of both mature bluegill and juvenile sockeye 
increases, while at high prey density only the larger 
specimens are chosen (Werner and Hall 1974; Eggers 1978). 
However, Mills et al. (1986) found this relationship did not 
apply to age-0 yellow perch, attributing it to the small 
fishes' lack of predation ability.

The majority of planktivorous fish, including juvenile 
sockeye, visually locate and select zooplankters to consume 
one at a time (Eggers 1977; Kettle and O'Brien 1978; O'Brien 
1979). Prey capture is related to light level, among other
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factors (Eggers 1977; Confer et al. 1978; Mills et al.
1986). Confer et al. (1978) estimated the minimum quantity 
of light needed for feeding by three species of 
Centrarchidae and two species of Salmonidae to be between 10 
and 230 lx, and cited values from other studies as low as 
0.0007 lx. As light decreases, smaller plankters are 
omitted from the diets of yellow perch (Mills et al. 1986). 
Reactive distance (the minimum distance at which a predator 
can locate a specific prey) of bluegill decreases as light 
level decreases below 10 lx (O'Brien 1979). The ability of 
juvenile sockeye to capture zooplankton decreased when light 
intensity was <1 lx, and ceased at 1 x 10'A lx (Ali 1959). 
However, other experimental conditions, such as hunger, prey 
size and density, aquarium size and background, and 
searching time allotted also affect prey chosen (Vinyard and 
O'Brien 1976; O'Brien 1979; Mills et al. 1986).

Turbidity decreases the reaction distance for 
planktivores. Increasing turbidity to 30 JTU (Jackson 
Turbidity Units) decreased reaction distance in bluegills 
from 30 to 5 cm (Vinyard and O'Brien 1976). Lake trout 
reaction distance decreased as turbidity increased, but 
turbidity was expressed in a 1-m extinction coefficient 
instead of standard units (Confer et al. 1978). Extreme 
turbidity may help zooplankters escape visual predators once 
attacked (Confer et al. 1978). Since JTU and Nephelometric
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Turbidity Units (NTU; Table 1) are approximately equal, the 
turbidity in Tustumena Lake is sufficient to impair the 
sockeye's reaction distance.

Zooplankton can decrease their probability of capture 
through small size, transparency, evasive ability, or DVM. 
Plankters may be relatively large but still go unconsumed, 
by having transparent bodies that make visual detection 
difficult. Heavy pigmentation and frequent movement have 
been shown to make a zooplankter more susceptible to 
predation (reviewed by O'Brien 1979; Zaret 1984). Copepods 
are more successful at escaping a suction tube than 
cladocerans, and gizzard shad diets match diets predicted in 
a suction evasion experiment (Drenner et al. 1978). Arctic 
grayling are more successful at capturing copepods in 5 C 
water than in 15 °C water, suggesting a loss in evasive 
ability at colder temperatures (O'Brien 1979).

Zooplankton may reduce their predation risk by using 
DVM to minimize overlap with their predators (Zaret and 
Suffern 1976; Eggers 1982; Gliwicz 1986), such as migrating 
in the opposite direction to the predators, remaining 
shallow while the predators descend to safety, or migrating 
only during darkness. However, avoidance DVM is not always 
undertaken by the principal prey (Narver 1970).

DVM is highly variable among freshwater zooplankton 
species (Zaret and Suffern 1976; Stich and Lampert 1981;
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Zaret 1984). Among sockeye lakes, all zooplankton species 
showed DVM in Iliamna Lake (Hoag 1968), while all species 
had negligible migration in Lake Washington (Doble and 
Eggers 1978). Narver (1970) found different species 
migrating in opposite directions, and one species non
migrant. Zooplankton in clearer areas migrated farther 
than those in glacially turbid areas of Owikeno Lake 
(Chernoff 1971).

High latitudes have greatly extended day lengths in the 
summer, which has implications for DVM, as changes in light 
intensity are thought to be the cue for DVM (Wetzel 1975; 
Zaret 1984; Kerfoot 1985). Daphnia magna in Alaskan and 
Canadian tundra ponds at 68° N to 74° N latitude ceased DVM 
when there was over 20 h of light per day (Buchanan and 
Haney 1980). In contrast, species of copepods and rotifers 
in Ya-Ya Lake at 68° N latitude continued DVM during 24-h 
daylight (Mayhood 1979). No cladocerans were present in the 
second study. None of these lakes happened to produce 
sockeye.

In Packers Lake, Daphnia did not use DVM in 1986 and 
Bosmina in 1987 used reverse DVM, when juvenile sockeye used 
normal DVM both years, suggesting only Bosmina attempted 
avoiding the sockeye. But other factors, such as genetics 
and phytoplankton abundance and distribution, also influence 
zooplankton distributions (Enright 1977; Herbert 1980;
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George 1983; Weider 1984; Johnsen and Jakobsen 1987).
Packers sockeye had more prey types and much higher 

prey densities present in the lake, but only two or three 
prey types of a narrower size-range dominated the Packers 
sockeye diets. This indicates prey abundance was high and 
that foraging would not be a high priority. Narrow diets 
also indicate that intraspecific competition was low, 
despite the relatively high density of sockeye in Packers 
Lake compared to Tustumena Lake.

Tustumena sockeye had only two zooplankton genera 
present, but consumed a wide size-range of both types.
Adult terrestrial insects, an unusual item, were also chosen 
by Tustumena sockeye. This represents a very aggressive 
exploitation of all feeding possibilities, indicating that 
prey abundance was low and coinciding with prey was very 

important.
The rapid light attenuation and extreme turbidity in 

Tustumena Lake, combined with the low prey density, supports 
the hypothesis that Tustumena sockeye must maximize foraging 
opportunities. The larger average size and greater opacity 
of copepods would increase their susceptibility to 
predation, while their greater evasive ability would 
decrease it. Since the sockeye are feeding in relatively 
warm water, the evasive ability of copepods would be 
enhanced (O'Brien 1979). Rapid light attenuation also
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requires that juvenile sockeye feed near surface so 
sufficient light is available. The net result is seen in 
the continuous spatial overlap of the sockeye and their prey 
and their broad diet. With light attenuation as the only 
negative factor in Packers Lake, sockeye apparently can 
afford limited spatial and temporal overlap with their prey, 
and hence their more selective diets.

Larger plankters are more frequently consumed by 
juvenile sockeye than small ones (Doble and Eggers 1978; 
Koenings and Burkett 1987; Kyle et al. 1988), or only a 
particular size range is consumed (Koenings and Burkett 
1987). These trends are consistent with the selectivity 
shown by other planktivores (Galbraith 1967; Werner and Hall 
1974; O'Brien 1979; Zaret 1984). This effect is seen in 
some Alaskan sockeye lakes, in both stained and clear water 
systems (Koenings and Burkett 1987; Kyle et al. 1988).

Juvenile sockeye can be size—selective predators, and 
zooplankton can exhibit size-specific DVM (Wetzel 1975). 
However, there was no size-specific DVM by Daphnia, the 
primary prey, in Packers Lake in 1986. Packers sockeye 
consumed a broad size-range of plankters in 1986, although 
the sockeye were very species-oriented in their prey 
selection. In 1987, Packers sockeye were more size- 
selective of Daphnia, but still no size-specific DVM was 
undertaken by Daphnia. Bosmina that year also showed no
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size-specific DVM, despite the sharp change in electivity at 
Bosmina lengths of 0.4 0 mm. Neither genus of zooplankton in 
Tustumena Lake showed size-specific DVM, and sockeye there 
consumed a broad size-range of plankters. These examples 
reject the hypothesis that sockeye DVM was in response to 
DVM by their preferred-size prey.

Bioenergetic Hypothesis

The bioenergetic (or metabolic) hypothesis for DVM 
states that when a vertical temperature gradient exists, 
poikilotherms obtain an advantage by feeding in the 
relatively warm, productive surface stratum and resting in a 
cool, deep stratum to lower metabolic expenditures. Energy 
saved is shifted to somatic and gonadal growth, which 
results in increased growth and fecundity (McLaren 1963).
To clarify the nomenclature, Kerfoot (1970) was the only one 
to use the term "bioenergetics" when describing the vertical 
distribution of primary production as the cause of 
zooplankton DVM. This hypothesis is now most frequently 
called the foraging strategy hypothesis, which was just 
discussed.

The bioenergetic hypothesis has been applied to 
juvenile sockeye principally by Brett (1971). Sockeye fed 
unlimited commercial rations had a higher growth rate under
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cyclic temperatures than those held at the mean temperature, 
but slightly lower than those held at the maximum 
temperature of the cycle (Clarke 1978). Juvenile sockeye 
fed a moderate ration of live zooplankton had higher growth 
rates under cyclic temperatures than those held at moderate 
temperatures and rations. Sockeye held at low temperature 
and low zooplankton ration and those held at high 
temperature and high ration had higher growth rates than 
sockeye under cyclic tempertures at similar rations (Biette 
and Geen 1980). For sockeye, laboratory evidence does 
support the bioenergetic hypothesis under certain conditions 
possible in the field, but also suggests other behavior as 
conditions vary. Doble and Eggers (1978) observed reduced 
DVM by juvenile sockeye in Lake Washington during winter 
months of cold temperatures and low prey abundance, which is 
consistent with these results.

The general assumption that food (or prey items in 
lakes) is abundant is very restrictive, as usually the 
opposite is true in nature (Brett 1971; Kerfoot 1985). For 
fish, the energy required for swimming vertically and 
equalizing pressure is untested but thought to be small 
(Levy 1987). Unexplained by bioenergetics are DVM by 
juvenile sockeye under isothermal conditions (Eggers 1978; 
Peltz and Koenings 1989; Bechtol 1990), lack of DVM during 
thermal stratification (Eggers 1977), the timing (McLaren
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1963), and why organisms remain shallow all night instead of 
returning to cooler depths after the evening feeding. Brett 
(1971) thought remaining shallow would keep the digestion 
rate high and allow another feeding sooner, but this does 
not explain why descent occurs only during the day and not 
at night.

In contrast to all other sockeye DVM data, the majority 
of sockeye in Tustumena Lake remained in the warmest water 
(12-15 °C) both day and night, although some of the sockeye 
did descend into cooler water during the night. Even in the 
presence of a thermal gradient, DVM was muted, so sockeye 
were not taking full adavantage of the thermal gradient. It 
is unclear why this descent would become more pronounced in 
September (Thorne and Thomas 1983; Thomas et al. 1984, 1985, 
1986; Thomas and Thorne 1987), when Tustumena should be less 
thermally stratified. Perhaps sockeye are responding to 
seasonal changes in prey abundances or distribution. This 
is another, although weaker, rejection of the bioenergetic 
hypothesis. The inconsistency between DVM and thermal 
stratification rejects the bioenergetic hypothesis as the 
sole cause of DVM. However, DVM during thermal 
stratification may still be advantageous to fish growth.
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Light Intensity Hypothesis
80

Light intensity is thought to be very important in 
sockeye DVM, but in an indirect manner, through controlling 
the timing of DVM or visibility changes that alter predation 
risk or feeding ability (Eggers 1978; Iwasa 1982; Clark and 
Levy 1988). The ascent and descent timing for juvenile 
sockeye in Hugh-Smith Lake varied in synchrony with the 
changing sunrise and sunset times over a seven-month period 
(Peltz and Koenings 1990). Narver (1970) observed the same 
synchrony in Babine Lake juvenile sockeye over a five-month 
period.

Positive, but weak correlations of DVM amplitude with 
water clarity have been reported for both fish and 
zooplankton (Narver 1970; Wetzel 1975; Levy 1987). I will 
use the term amplitude to mean the difference between the 
average daytime and nighttime depths of the juvenile 
sockeye. In stained Packers Lake, Secchi depth of about 
2.7 m, sockeye had approximately 5-m amplitude, while 
stained Hugh-Smith Lake, Secchi depth about 4.3 m, sockeye 
had 15-m amplitude (Peltz and Koenings 1989). Babine Lake 
(type unknown) had a Secchi depth of 4.3 m and juvenile 
sockeye DVM amplitude of 26.5 m, and Great Central Lake 
(clear) with a Secchi depth of 14 m had a juvenile sockeye 
DVM amplitude of 55 m (Narver 1970). However, clear-water



Frazer Lake had a Secchi depth of 7.8 m and juvenile sockeye 
DVM amplitude of only 17 m (Kyle et al. 1988).

My glacial lake results and other's (Thorne and Thomas 
1983; Thomas et al. 1984, 1985, 1986; Thomas and Thorne
1987) found the majority of hydroacoustic targets within 
1.5 m of the surface, both day and night, with a portion of 
the sockeye dispersing down to 10 m at night only. This is 
the only known case of reverse DVM by juvenile sockeye. This 
very-near surface distribution during the day compares 
favorably with a Secchi depth of only 0.2 m in Tustumena 
Lake (Koenings et al. 1987). In glacial Owikeno Lake, 
juvenile sockeye still had normal DVM amplitude of 7 m, 
where Secchi depths were 0.62 m at the more turbid stations 
(Chernoff 1971). Amplitude of sockeye DVM in Owikeno lake 
at different stations was still positively related to the 
Secchi depths at those stations, since the clearer stations 
had an average Secchi depth of 2.5 m and sockeye DVM 
amplitude of 32 m. However, the above values for DVM 
amplitude and Secchi depth are not significantly correlated 
(r=0.577, P>0.05, Spearman rank correlation; Zar 1984).

Euphotic zone depth (EZD) is the portion of a lake 
where the photosynthetic rate exceeds the respiration rate, 
and EZD is estimated by the compensation depth (Koenings et 
al. 1987). A unique relationship between EZD and Secchi 
depths (SD) exists for each lake type (Koenings and
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Edmundson 1990), so the above SD values can be converted to 
EZD values (stained EZD:SD=1.32, clear EZD:SD=2.42, and 
glacial EZD:SD=3.29). The result is a significant 
correlation between DVM amplitude and EZD (r=0.810, P<0.05, 
Spearman rank correlation; Zar 1984).

Tustumena sockeye had very unusual behavior because 
most were within 1.5 m of surface during full daylight, and 
in relatively high light intensities. These fish persisted 
in their surface affinity even after darkness. In 1986, 
Packers Lake sockeye were nearest surface when light 
intensities were greatest, but in 1987 changed their 
behavior by remaining in lower light intensities at all 
times. Thus, no relationship existed between absolute light 
intensity and the depth juvenile sockeye preferred.

Predation Avoidance Hypothesis

Prey fish can sense risk and alter habitat selection 
and feeding behavior when piscivores are present. Juvenile 
bluegill moved into the refuge of aquatic plant beds when a 
predatory fish was introduced, even though the plant beds 
were poorer feeding grounds for the bluegill (Werner et al. 
1983). Minnows used less risky areas of an artificial 
stream bed, regardless of food level, when predatory fish 
were introduced (Cerri and Fraser 1983). Dill and Fraser
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(1984) showed that juvenile coho salmon reduced attack 
distance and excluded large food items from their diet when 
a predatory fish was displayed. Milinski and Heller (1978) 
observed that sticklebacks preferred lower food densities 
when exposed to an avian predator. In all of these 
examples, the alteration of the prey fish's behavior was 
consistent with decreasing its exposure to predators, even 
at the expense of feeding opportunities.

The predation avoidance hypothesis for DVM states that 
prey should avoid visual predators by staying at dimly lit 
depths during daylight and venturing upward only during 
reduced light. The trade-off of this pattern is between 
lost feeding time in the relatively food-rich surface 
stratum, and lower growth rates due to prolonged occupancy 
of deeper, colder water. The fitness gained from safety 
must outweigh these losses. Predation avoidance is also 
applicable to juvenile sockeye, which are visual 
planktivores while concurrently being prey for visual 
piscivores. Clark and Levy (1988) modeled the "antipredation 
window", where the optimal period for both visual feeding 
and predator avoidance by sockeye is a function of light, 
which in turn is a function of depth, time of day, and 
season. This model coincides with the frequently observed 
crepuscular activity period. Sockeye behaving thusly have a 
significantly greater chance of surviving to a given age
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than sockeye which feed continuously in lit regions.
In Packers Lake, sockeye exhibited DVM consistent with 

this hypothesis. Tustumena sockeye appear to violate the 
antipredation hypothesis, but turbidity, instead of 
darkness, could provide refuge from visual predators.
Tustumena and Packers Lakes have avian, mammalian, and 
piscine pisciovres, but their abundances have never been 
determined in either lake (personal observation).

Eggers (1978) attributed the brief, short distance, 
evening ascent by Lake Washington sockeye during summer to 
high visual piscivore pressure (northern squawfish) and 
abundant zooplankton. That is, there was little need for 
those sockeye to take significant risks. Sockeye in more 
sterile lakes should take greater risks to obtain their 
daily ration. Eggers (1978) did not give the summer surface 
temperature of Lake Washington, but warm water might also 
cause the sockeye to avoid surface. He did note that 
sockeye avoided surface during the winter, when temperature 
should not have been a limitation.

Predator avoidance appears to explain several aspects 
of DVM, but field-testing remains very difficult. Piscivore 
abundance has not been adequately quantified in any DVM 
study. Even if abundance were known, the actual threat 
provided would need expression. Converting a quantity of 
predator avoidance into some type and quantity of gain for
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the prey is just beginning to be explored. Clark and Levy 
(1988) used the prey's increased likelihood of survival to a 
given size (sinolting) as the measure of predator avoidance, 
but this measure was not empirically applied. Under 
laboratory conditions, Abrahams and Dill (1989) measured the 
amount of extra food necessary to induce guppies to feed in 
high-risk areas, which would result in faster growth and 
quicker or larger reproductive output.

Predation avoidance is frequently ignored a modifier of 
DVM, due to the apparent absence of predators. How many 
predators are needed to invoke a response is not known, and 
a predator's apparent absence may mean it is exploiting 
other, more profitable habitats and prey for the time being. 
If prey were to make themselves available, the predators 
might return.(Eggers 1978).

Other DVM Hypotheses

Other explanations for fish DVM are temperature 
avoidance, transportation by currents, avoidance of 
currents, tracking an optimal light level, or genetics. 
Excessively warm surface temperatures (>15 °C) are seldom a
problem in Alaskan lakes, but can occur in southern British 
Columbia, Canada (Foerster 1968). Currents may be important 
in the ocean, but being so weak in lakes would seem to be
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insignificant to DVM. Genetics is rejected because an 
Alaska Department of Fish and Game enhancement project 
currently collects gametes from Tustumena Lake sockeye, 
hatchery incubates them, and plants the resulting juvenile 
sockeye into clear-water Liesure Lake. The juveniles 
immediately begin normal DVM (Jeff Koenings, Alaska 
Department of Fish and Game, Soldotna, personal 
communication; Bechtol 1990).

Multifactor Hypotheses

Too many covariates occur in the field to allow testing 
of single-factor hypotheses. Several controlled 
experiments, where single factors have been manipulated, 
have successfully altered the behavior of aquatic organisms. 
Manipulation of predation risk (reviewed by Dill 1983) , food 
abundance (George 1983), food distribution (Johnson and 
Jakobsen 1987), and phenotypes (Weider 1984; Dumont et al. 
1985) have all produced significant responses by the fish or
zooplankton under study.

Reviews by Enright (1977), Eggers (1978), Kerfoot
(1985), and Clark and Levy (1988) also cite numerous 
violations of single-factor hypotheses. Subsequently, 
multi-factor hypotheses and models have been proposed. Some 
of these DVM models incorporate only primary producers and
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herbivores with physical factors such as light and 
temperature (McLaren 1963, Kerfoot 1978), while others add 
planktivores and to the previous components (Enright 1977; 
Iwasa 1982). Models by Clark and Levy (1988) and Eggers 
(1978) address DVM from the perspective of juvenile sockeye, 
which is a planktivore that reguires light to feed, but must 
simultaneously avoid visual piscivores.

Clark and Levy's (1988) model was not sensitive to the 
relative visual abilities of juvenile sockeye and 
piscivores, but rather the densities of sockeye prey 
(zooplankton) and piscivores was a key factor. The much 
more abundant zooplankton (food) are encountered more 
frequently by the swimming juvenile sockeye than are the 
less abundant piscivores (predation risk). Poor sighting 
conditions caused by low light levels magnified this 
difference, termed the "antipredation window". Timing was 
further modified, by minimizing the sockeye's 
mortality:feeding rate ratio, which is a function of 
sighting distance (and thus time of day). Short, low-light 
feeding periods resulted in a much higher fitness (chance of 
survival to a critical size), in spite of slower growth 

rates.
Stained and glacial lakes could easily be considered 

with this model, since they would alter sighting distance, a 
primary factor in this model. Limited visibility would
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lessen the maximum depth at which visual feeding or 
piscivory could occur, and make the antipredation window 
narrower than in clear lakes. Thus, it predicts predation 
risk would be restricted to a narrow depth range. This may 
explain the small amplitude of DVM in Packers Lake, where 
fish schooled instead of swimming vertically. Schooling may 
have provided sufficient refuge from predation, when 
combined with the poor visibility. The high abundance of 
cladocerans in Packers Lake would also help minimize the 
mortality:feeding rate relationship, and further reduce the 

need for DVM.
Likewise, the restricted or reverse DVM in Tustumena 

Lake may result from even more restricted visibility there, 
by minimizing the mortality:feeding rate ratio. inversely, 
low zooplankton abundance there would increase the 
mortality:feeding rate ratio. Which effect had the greatest 
magnitude was not determined, since the rapid light 
attenuation may have caused all reponses to occur at <5-m 
deep, which the sampling could not detect.

Eggers (1978) did not model juvenile sockeye behavior 
in Lake Washington, but his description and discussion of 
sockeye behavior there has many parallels to the Clark and 
Levy (1988) model. Northern squawfish were predaceous on 
juvenile sockeye, but when the squawfish were absent from 
the pelagic zone in the spring, young sockeye first entering
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Lake Washington had the widest-ranging DVM. Upon the return 
of squawfish in the summer, sockeye usually stayed >20-m 
deep, and exhibited a DVM range of <13 m. Zooplankton were 
very abundant and remained <20-m deep, with little or no 
DVM. Therefore, Eggers hypothesized sockeye could acquire 
their daily energy needs by one, short (in duration and 
distance) feeding ascent into the bottom of the zooplankton 
community at dusk, and still avoid squawfish. Here again is 
the concept of mortality:feeding rate as the DVM criterion 
for juvenile sockeye.

The Lake Washington sockeye DVM pattern is reminiscent 
of Hugh-Smith DVM patterns. Addition of nutrients to Hugh- 
Smith Lake had increased Cladoceran abundances in 1984, when 
Peltz and Koenings (1989) did their DVM study. If prey were 
abundant, and sufficient piscivores present, then Hugh-Smith 
sockeye may have ascended only as far as necessary to 
consume their daily ration of prey and thereby minimize the 
mortality:feeding rate ratio. Prey abundance would then be 
an important modifier of DVM.

While light penetration has been an important variable 
in this study of DVM, Tustumena and Packers Lakes vary in 
other, significant ways that have implications for DVM. A 
primary consideration in all DVM explanations is fish 
growth. I will group lakes using the length of age 1. 
smolts they produce, since this is an indicator of the



overall growing conditions in a lake, fishery managers 
frequently use growth as an important criterion (Geiger and 
Koenings 1991), and the data are more available than other 

types.
The two lakes at the extreme ends of the smolt size- 

spectrum had the most unusual DVM's. Age 1. sockeye smolts 
average 125 mm in Lake Washington, among the largest in the 
world (Burgner 1987). Normal DVM in Lake Washington occurs 
over a range of <10 m, with sockeye remaining >20-m deep at 
all times during the summer. In contrast, smolts from 
Tustumena Lake average only 69 mm, show reverse DVM with a 
strong surface affinity, and seldom migrate deeper than 

10 m.
DVM in other lakes falls between these extremes, as do 

the smolt sizes. Great Central Lake smolt average only 
69 mm (Eggers 1978) and Hugh-Smith smolt average 70 mm (Mike 
Haddix, Alaska Department of Fish and Game, Ketchikan, 
personal communication), but both have normal DVM over 
greater depth ranges than either Lake Washington or 
Tustumena. This situation can be extended to Babine 
(82 mm smolts; Eggers 1978), Frazer (89 mm smolts; Kyle et 
al.), and Packers (101 mm smolts) Lakes, where sockeye 
apparently balance predator avoidance and foraging through 
normal DVM over relatively large depth-ranges.

Likely important, but unknown, are size-specific
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predation rates on juvenile sockeye. Juvenile bluegill 
became less vulnerable to predation as they grew, and thus 
shifted habitat use (Mittelbach 1986). Northcote et al. 
(1964) observed reverse DVM by kokanee (landlocked O. 
in a Canadian lake with moderate visibility (summer Secchi 
depths of 1.5-4 m). Kokanee size was not given, but it was 
noted the kokanee would run up tributaries to spawn, so they 
must have been significantly larger than smolt. Perhaps at
this size, kokanee could forfeit anti-predatory behavior and
forage constantly. If juvenile sockeye become less 
vulnerable to predation as their size increases, then this 
could significantly alter the mortality:foraging ratio.

Another effect of fish size is that larger juvenile 
sockeye are more effective planktivores than smaller sockeye 
(Doble and Eggers 1978). Combining these two size-specific 
changes would cause the mortality:foraging ratio to decrease 
even more quickly as sockeye grow. In productive lakes, 
fish could lower the ratio more quickly than in unproductive
one, which should lead to higher survival rates in
relatively productive lakes.

However, fish will shift to sub-optimal diets (Milinski 
and Heller 1978; Cerri and Fraser 1983; Dill and Fraser 
1984) and experience sub-maximal growth when exposed to 
piscivores (Werner et al. 1983; Mittelbach 1986). The gain 
from this behavior is lowered predation risk and greater
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survival. Presuming sockeye respond similarly, then despite 
the long-term advantages of growing large (smolting), 
sockeye opt for the immediate (daily) return of higher 
survival. Short-term minimization of the mortality:foraging 
ratio apparently is the evolutionarily correct behavior, 
since the populations sustain themselves.

The intrinsic productivity of each lake must be 
considered along with the fish behavior. Sockeye in Lake 
Washington spend the majority of their time in antipredation 
(minimal—growth) behavior, yet the result is very large 
age 1. smolts (maximal—growth result). The opposite 
situation is Tustumena Lake juvenile sockeye, which show 
maximal-growth behavior, by continuously coinciding with 
prey and occupying the warmest water. However, the result 
is minimal-growth, due to cold temperatures, short growing 
season, and low zooplankton abundances. Juvenile sockeye in 
all other lakes cited above have sub-maximal growth 
behavior, by spending time each day (via normal DVM) in 
cold, forage-poor environments, and the results are sub- 
maximal growth, but seldom as severe as Tustumena Lake. 
Intrinsic lake productivity needs to include factors such as 
zooplankton species and abundances, heating depth, and 
growing season duration.

Considering productivity alone can be misleading. 
Juvenile sockeye overcome the cold temperatures and low
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zooplankton abundance of Tustumena Lake to produce mostly 
age 1. smolt. However, Hugh-Smith Lake sockeye, with warmer 
surface temperatures and a nutrient enrichment program 
conducted by the Alaska Department of Fish and Game, showed 
almost no change in age 1. smolt size or in the proportion 
of age 1. smolts emigrating from the lake each spring.
Mostly age 1. smolts are desireable since this maximizes the 
number of smolts a lake produces over time. Peltz and 
Koenings (1989) concluded the sockeye's preference for deep, 
cold water, in spite of the available warm surface water and 
abundant forage, was the controlling factor in sockeye smolt 
sizes for Hugh-Smith Lake.

Conclusions

Accepting any of the above hypotheses as the cause of 
sockeye DVM under natural conditions remains tenuous. As 
Pearre (1979) cautioned, current DVM sampling methods show 
only the locations of groups of organisms at a particular 
instance, with no clue as to the activity level or activity 
type of the individual. Sockeye are also pelagic, and have 
no physical structures to use when avoiding predators. In
lake plankton populations are too vast and intricate to 
describe adquately, using current sampling technology, in 
terms of patchiness by density, species, size, or individual
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behavior. Predator density, distribution, and individual 
behavior is likewise difficult to describe adequately. All 
of these are critical parameters when explaining DVM.

In summary:
1 ) visibility, in addition to light intensity, is 

the most applicable structuring agent for 
juvenile sockeye DVM,

2) juvenile sockeye DVM is not tightly linked to 
zooplankton distribution or DVM,

3) while the piscivores's role has not been
demonstrated in the field, circumstancial 
evidence, laboratory tests, and modeling concur 
that piscivores are a significant structuring 
agent of prey behavior.

4) juvenile sockeye DVM is not tightly linked to
thermal stratification,

5) thus, juvenile sockeye DVM is stuctured by
multiple factors, particularly by balancing #2 
and #3 to modify the effects of #1.

The mortality:feeding rate ratio for juvenile sockeye 
(Eggers 1978; Clark and Levy 1988) has broad applicability, 
but precise quantification is lacking, mostly due to poor 
knowledge of mortality. Under this concept, juvenile 
sockeye balance predation risk and feeding rate in the 
context of visibility. Sockeye appear to prioritize short
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term minimization of the mortality:feeding rate ratio by 
using normal DVM. Growth of juveniles under this strategy, 
while sub-maximal, is still adeguate to sustain sockeye 
populations. Due to the multifactor nature of DVM, 
assigning a single, universal cause is not appropriate. 
Instead, each lake must be considered individually, and that 
lake's assessment may change as conditions change.

Koenings and Burkett (1986) divided sockeye growth 
limitations in Alaskan sockeye lakes into density-dependent 
and density-independent categories. In density-dependent 
lakes, intense planktivory by sockeye can reduce total 
zooplankton biomass and result in intra-specific competition 
and reduced sockeye growth rates (also described by Foerster 
1968; Hartman and Burgner 1972; Kyle et al. 1988). In this 
way, juvenile sockeye may continuously restructure their own 
DVM patterns as they alter the zooplankton community 
characteristics. Varying sockeye abundance from year to 
year would result in different levels of impact each year. 
However, in density-independent systems, such as 
temperature-limited, such feedback mechanisms may not 
operate. This emphasizes that lakes, and more specifically 
DVM explanations, cannot be generalized too broadly.

Fishery managers desire that juvenile sockeye emigrate 
to the ocean after only one year of lake residence, to 
maximize the number of smolts produced. If sockeye
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compromise too much growth using normal DVM, they will not 
emigrate after one year of lake residence. A second year of 
lake residence would result in continued predation and 
intraspecific competition with newly-entering juveniles.

DVM patterns have already proven useful in explaining 
sockeye smolt production patterns. Juvenile sockeye in 
stained Hugh-Smith Lake showed temperature-limited growth by 
occupying cool hypolimnetic water most of the time, even 
though warm epilimnetic water would have allowed greater 
growth (Peltz and Koenings 1989). In stained Packers Lake, 
sockeye avoided this by spending more time in warm 
epilimnetic water (Koenings et al. 1986).
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APPENDIX A
Chronological log of sampling events, weather, and sunrise
and sunset times for Packers and Tustumena Lakes during the
collection of diel vertical migration data.

Sample Start End
Lake Date Period Time Time Event

Packers 7/22/86 2400 00:21 00:36 tow netting, tow # 1
speed 1.0 m/s, 
depth 10-12 m 
length 900 m 

00:53 01:08 tow netting, tow # 2
speed 1.0 m/s, 
depth 10-12m 
length 900 m 
Weather: 
overcast
wind S at 15 mph 
(25kph)
seas 1 ft chop 
(30cm)

7/23/86 1200 12:14 12:19 orthogonal
down-looking
hydroacoustic
transect
length 450 m

12:30a - zooplankton tows
12:30a - light readings

Weather:
50% cloud cover 
wind SE at 25-35 mph 
(42-59kph)
seas 14 in whitecaps 
(36cm)
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Appendix A (continued).
Sample Start End

Lake Date Period Time Time Event

Packers
7/23/86 1800 18:09 18:14 orthogonal

down-looking
hydroacoustic
transect
length 450 m

18:25A 
18:25A

zooplankton tows 
light readings 
Weather: 
mostly clear 
wind S at 35 mph 
(59 kph)
seas 18 in whitecaps 
(46cm)

21:01B sunset
7/24/86 2400 23:55 24:00 orthogonal

down-looking
hydroacoustic
transect
length 450 m

00:10A 
too dark

zooplankton tows 
light readings 
Weather: 
overcast
wind S at 25 mph 
(42 kph)
seas 12 in chop 
(30 cm)

03:12 sunrise



116

Appendix A (continued).
Sample Start End

Lake Date Period Time Time Event

Packers
7/24/86 0600 05:51 05:56 orthogonal

down-looking
hydroacoustic
transect

06:05a 
06: 05A

12:30

length 450 m
zooplankton tows 
light readings 
Weather: 
not noted
temperature readings

Tustumena
7/28/86 - 16:19 17:19 tow netting

Caribou Island West 
speed about 1.0 m/s 
depth 0-2 m 
length about 3,600 m

7/29/86 1200 13:02 14:02 down-looking
hydroacoustic
transect
length 5,400 m

14:15 14:45 zooplankton tows
14:15 - light readings

Weather: 
clear
wind N at 2 mph 
(3 kph)
seas 2 in chop 
(5cm)

14:30 - temperature readings
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Sample Start End 
Lake Date Period Time Time Event

Appendix A (continued).

Tustumena 7/29/86 1800 17:51 18:30 down-looking
hydroacoustic
transect
length 3,510 m

18:40a - zooplankton tows
18: 40a - light readings

Weather: 
clear
wind W at 15 mph 
(2 5 kph)
seas 18 in swells 
(46 cm)

20:47 sunset

Tustumena 7/30/86 2400 24:00 00:35 down-looking
hydroacoustic
transect
length 3,150 m

00:45A - zooplankton tows
too dark light readings

Weather: 
clear, no moon 
wind W at 15 mph 
(25 kph)
seas 12 in chop 
(30 cm)

03:27 sunrise
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Appendix A (continued).
Sample Start End 

Lake Date Period Time Time Event

Tustumena
7/30/86 0600 05:51

06:30 
06: 30

06:18 down-looking 
hydroacoustic 
transect
length 2,430 m

- zooplankton tows 
light readings 
Weather: 
clear
wind S at 5 mph 
(8 kph)
seas 8 in chop 
(20 cm)

Tustumena
8/25/87 1800 18:20

19:10A 
19:10A

19:2 0A 
20: 29

19:00 down-looking 
hydroacoustic 
transect
length 3,630 m
zooplankton tows 
light readings 
Weather: 
clear
wind W at 5 mph 
(8 kph)
seas 6 in chop 
(15cm) 

temperature readings 
sunset
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Appendix A (continued).
Sample Start End

Lake Date Period Time Time Event

Tustumena
8/26/87 2400 23:22 00:00 up-looking

hydroacoustic
transect
length 1,140 m

00:36 00:56 down-looking
hydroacoustic 
transect
length 1,800 m

01:11 - zooplankton tows
too dark light readings
01:55 02:16 tow netting, tow # 1

speed 1.0 m/s, 
depth 0-2 m 
length 1,260 m

02:30 02:46 tow netting, tow # 2
speed 1.0 m/s, 
depth 0-2 m 
length 960 m 
Weather: 
clear, no moon 
wind calm 
seas 2 in chop 
(5 cm)

05:36 sunrise
0600 06:15 06:45 down-looking

hydroacoustic
transect
length 2,777 m

06:54 07:13 zooplankton tows
06:54 07:13 light readings

Weather: 
not noted
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Appendix A (continued).
Sample Start End

Lake Date Period Time Time Event

Tustumena 8/26/87 1200 11:50 12:17 up-looking
hydroacoustic
transect
length 807 m

12:55 13:15 down-looking
hydroacoustic 
transect
length 1,811 m

13:37 - zooplankton tows
13:37 - light readings

Weather: 
clear 
wind calm 
seas calm 

14:11 14:31 tow netting, tow # 1
speed 1.0 m/s, 
depth 0-2 m

Packers
8/27/87 1800 18:09 18:15 orthogonal

down-looking
hydroacoustic
transect
length 494 m

18:17 18:24 longitudinal
down-looking 
hydroacoustic 
transect
length 663 m

19:04 - zooplankton tows
19:04 - light readings
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Appendix A (continued).
Sample Start End

Lake Date Period Time Time Event

Packers
8/27/87 1800 Weather: clear

wind S at 5-10 mph 
(8-16 kph) 
seas 4 in chop 
(10 cm)

19:20A - temperature readings
8/28/87 2400 00:43 01:05 longitudinal

up-looking
hydroacoustic
transect
length 652 m

01:19 01:27 longitudinal
down-looking 
hydroacoustic 
transect
length 704 m

01:30 01:36 orthogonal
down-looking
hydroacoustic
transect
length 533 m

01:45 - zooplankton tows
too dark light readings
02:15 - tow netting, tow # 1

aborted, gear fouled 
02:49 02:54 tow netting, tow # 2

speed about 0.8 m/s
depth 15-17 m 
length 240 m 
Weather:
overcast, wind calm, 
seas calm 

05:41 sunrise
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Appendix A (continued) .

Lake
Sample 

Date Period
Start
Time

End
Time Event

Packers
8/28/87 0600 06:06 06:12 orthogonal

down-looking
hydroacoustic
transect
length 483 m

06:13 06:22 longitudinal
down-looking
hydroacoustic
transect
length 830 m

06:3 5A 
too dark

zooplankton tows 
light readings 
Weather: 
fog
wind calm 
seas calm

8/28/87 1200 10:56 11:19 longitudinal
up-looking
hydroacoustic
transect
length 701 m

11:32 11:39 longitudinal
down-looking
hydroacoustic
transect
length 654 m

11:41 11:47 orthogonal
down-looking
hydroacoustic
transect
length 554 m
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Appendix A (continued).
Sample Start End

Lake Date Period Time Time Event

Psck6]rs 8/28/87 1200 11:58 - zooplankton tows
11:58 - light readings

Weather: 
fog
wind N at 5 mph 
(8 kph)
seas 3 in chop 
(8 cm)

12:35 12:45 tow netting, tow # 1
speed 0.8 m/s, 
depth 15-17 m 
length 540 m

Atime not recorded, but estimated afterwards 
-time not recorded
BSunrise and sunset times at Anchorage, Alaska (61° N,
150° W). Corrected for daylight savings time, but not for 
distance. Sunrise and sunset occurs when the upper edge of 
the disk of the sun appears exactly on the horizon (Tables 
of Sunrise and Sunset, United States Naval Observatory).



APPENDIX B
Total number of zooplankton captured in vertical tows of an 
0.2-m diameter plankton net in Packers and Tustumena Lakes 
during the 1986 and 1987 diel vertical migration sampling. 
Two tows were taken at the specified depth and time
combinations, and the two tows 
times to estimate the standard

Tow 
Depth Time
(nO (hours) Taxon__________

Packers Lake

5 600 Daphnia sp.
5 600 Bosmina sp.
5 600 Cyclops sp.
5 600 Diaptomus sp.
5 600 Epischura sp.
5 1200 Daphnia sp.
5 1200 Bosmina sp.
5 1200 Cyclops sp.
5 1200 Diaptomus sp.
5 1200 Epischura sp.
5 1800 Daphnia sp.
5 1800 Bosmina sp.
5 1800 Cyclops sp.
5 1800 Diaptomus sp.
5 1800 Epischura sp.

5 2400 Daphnia sp.
5 2400 Bosmina sp.
5 2400 Cyclops sp.
5 2400 Diaptomus sp.
5 2400 Epischura sp.
10 600 Daphnia sp.
10 600 Bosmina sp.
10 600 Cyclops sp.
10 600 Diaptomus sp.
10 600 Epischura sp.

were bootstrap sampled 500 
errors (S.E.).

Tow
1 2 Mean S.E.

23 July 1986
2500 3700 3100 430
180 300 240 40
480 830 660 120
710 670 690 20
310 430 370 50

2400 7100 4700 1700
200 400 300 70
470 800 630 120
2600 8700 5700 2100
230 800 520 200
1200 1500 1400 110
110 70 90 10
390 420 400 10
810 730 770 30
240 530 390 100

1200 1900 1500 240
40 40 40 0
340 290 320 20
1300 1200 1300 30
150 140 150 3

4100 3900 4000 70
270 250 260 6
670 1100 870 140
3100 2400 2700 250
100 200 150 40
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Appendix B (continued).
Tow 
Depth Time
fun (hours') Taxon__________

Packers Lake,

10 1200 Daphnia sp.
10 1200 Bosmina sp.
10 1200 Cyclops sp.
10 1200 Diaptomus sp.
10 1200 Epischura sp.

10 1800 Daphnia sp.
10 1800 Bosmina sp.
10 1800 Cyclops sp.
10 1800 Diaptomus sp.
10 1800 Epischura sp.

10 2400 Daphnia sp.
10 2400 Bosmina sp.
10 2400 Cyclops sp.
10 2400 Diaptomus sp.
10 2400 Epischura sp.

20 600 Daphnia sp.
20 600 Bosmina sp.
20 600 Cyclops sp.
20 600 Diaptomus sp.
20 600 Epischura sp.

20 1200 Daphnia sp.
20 1200 Bosmina sp.
20 1200 Cyclops sp.
20 1200 Diaptomus sp.
20 1200 Epischura sp.

20 1800 Daphnia sp.
20 1800 Bosmina sp.
20 1800 Cyclops sp.
20 1800 Diaptomus sp.
20 1800 Epischura sp.

20 2400 Daphnia sp.
20 2400 Bosmina sp.
20 2400 Cyclops sp.
20 2400 Diaptomus sp.
20 2400 Epischura sp.

Tow
1_______2_____Mean_____S. E.
23 July 1986
5100 2600 3900 930
730 320 530 150
1300 820 1000 160
5500 2800 4200 980
800 170 480 220

2900 2900 2900 20
200 170 180 10
880 570 730 120
1800 2100 2000 100
430 300 370 50

3600 3600 3600 0
30 330 180 100

1100 1600 1400 180
2500 2600 2600 40
300 170 230 50

5500 6800 6200 470
200 130 170 20
3500 3400 3500 20
3200 2800 3000 150
400 530 470 50

3200 2600 2900 190
330 300 320 10
2600 1800 2200 290
3400 3100 3300 100
270 470 370 70

4200 2900 3600 460
200 30 120 60

4300 3500 3900 310
2000 1900 2000 50
230 170 200 20

3400 5000 4200 600
270 470 370 70
2500 4400 3500 680
1900 2500 2200 180
200 470 330 100
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Appendix B (continued).
Tow
Depth
(TCl)

Time 
(hours) Taxon

Tow
Mean S.E.1 2

___ V ail--
Tustumena Lake, 28 July 1986

5 600 Cyclops sp. 460 430 450 10
5 600 Diaptomus sp. 300 490 390 60

5 1200 Cyclops sp. 1000 570 800 170
5 1200 Diaptomus sp. 1000 1100 1000 20

5 1800 Cyclops sp. 1000 1000 1000 9
5 1800 Diaptomus sp. 1800 1600 1700 90

5 2400 Cyclops sp. 930 820 880 40
5 2400 Diaptomus sp. 120 810 470 260

10 600 Cyclops sp. 670 640 660 10
10 600 Diaptomus sp. 360 400 380 10

10 1200 Cyclops sp. 910 1100 1000 60
10 1200 Diaptomus sp. 910 1100 1000 70

10 1800 Cyclops sp. 730 850 790 40
10 1800 Diaptomus sp. 1100 1300 1200 90

10 2400 Cyclops sp. 1300 1400 1400 40
10 2400 Diaptomus sp. 430 290 360 50

20 600 Cyclops sp. 570 620 600 20
20 600 Diaptomus sp. 520 230 380 100

20 1200 Cyclops sp. 1200 910 1100 100
20 1200 Diaptomus sp. 1300 1000 1200 100

20 1800 Cyclops sp. 970 840 910 50
20 1800 Diaptomus sp. 1500 2100 1800 210

20 2400 Cyclops sp. 1200 1400 1300 80
20 2400 Diaptomus sp. 370 420 390 20

30 600 Cyclops sp. 470 470 470 2
30 600 Diaptomus sp. 370 300 330 30



Appendix B (continued).
Tow 
Depth Time
(nn (hours) Taxon__________

Tustumena Lake,

30 1200 Cyclops sp.
30 1200 Diaptomus sp.

30 1800 Cyclops sp.
30 1800 Diaptomus sp.

30 2400 Cyclops sp.
30 2400 Diaptomus sp.

Packers Lake,

5 600 Daphnia sp.
5 600 Bosmina sp.
5 600 Cyclops sp.
5 600 Diaptomus sp.
5 600 Epischura sp.

5 1200 Daphnia sp.
5 1200 Bosmina sp.
5 1200 Cyclops sp.
5 1200 Diaptomus sp.
5 1200 Epischura sp.

5 1800 Daphnia sp.
5 1800 Bosmina sp.
5 1800 Cyclops sp.
5 1800 Diaptomus sp.
5 1800 Epischura sp.

5 2400 Daphnia sp.
5 2400 Bosmina sp.
5 2400 Cyclops sp.
5 2400 Diaptomus sp.
5 2400 Epischura sp.
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Tow
l 2 Mean S.E.

28 July 1986
1100 1000 1100 50
1300 1000 1200 100

910 690 800 80
2000 1600 1800 130

1500 1300 1400 80
510 290 400 70

August 1987
380 300 340 30
190 220 200 10
30 30 30 2
20 10 10 2
180 210 190 10

430 260 340 70
1100 960 1000 60

10 20 10 1
3 0 1 1

240 130 190 40

480 410 440 20
760 720 740 10
30 20 30 2
9 10 10 1

180 140 160 10

480 540 510 20
100 100 100 1
90 80 90 2
160 200 180 10
220 220 220 1



Appendix B (continued).
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Tow 
Depth Time 
fun (hours)

Tow

10 600
10 600
10 600
10 600
10 600
10 1200
10 1200
10 1200
10 1200
10 1200
10 1800
10 1800
10 1800
10 1800
10 1800
10 2400
10 2400
10 2400
10 2400
10 2400
20 600
20 600
20 600
20 600
20 600
20 1200
20 1200
20 1200
20 1200
20 1200

Taxon

Daphnia sp. 
Bosmina sp. 
Cyclops sp. 
Diaptomus sp. 
Epischura sp.
Daphnia sp. 
Bosmina sp. 
Cyclops sp. 
Diaptomus sp. 
Epischura sp.
Daphnia sp. 
Bosmina sp. 
Cyclops sp. 
Diaptomus sp. 
Epischura sp.
Daphnia sp. 
Bosmina sp. 
Cyclops sp. 
Diaptomus sp. 
Epischura sp.
Daphnia sp. 
Bosmina sp. 
Cyclops sp. 
Diaptomus sp. 
Epischura sp.
Daphnia sp. 
Bosmina sp. 
Cyclops sp. 
Diaptomus sp. 
Epischura sp.

Mean S.E.

August 1987
1000 960 990 20
800 850 830 20
310 390 350 30
300 340 320 10
270 220 240 20

660 800 730 50
1300 1500 1400 80
150 170 160 7
20 50 30 10
250 230 240 7

730 950 840 80
860 1000 930 50
260 210 230 20
50 50 50 0
130 120 130 3

1100 1300 1200 50
350 260 300 30
590 560 580 10
600 520 560 30
250 220 240 10

1100 1000 1100 50
960 850 910 30
840 840 840 0
330 250 290 30
340 180 260 60

840 910 880 30
1300 1200 1200 50
880 880 880 1
400 410 410 4
150 220 180 20
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Appendix B (continued).
Tow 
Depth Time

(hours) Taxon--------
Packers Lake,

20 1800 Daphnia sp.
20 1800 Bosmina sp.
20 1800 Cyclops sp.
20 1800 Diaptomus sp.
20 1800 Epischura sp.

20 2400 Daphnia sp.
20 2400 Bosmina sp.
20 2400 Cyclops sp.
20 2400 Diaptomus sp.
20 2400 Epischura sp.

Tustumena Lake

5 600 Cyclops sp.
5 600 Diaptomus sp.

5 1200 Cyclops sp.
5 1200 Diaptomus sp.

5 1800 Cyclops sp.
5 1800 Diaptomus sp.

5 2400 Cyclops sp.
5 2400 Diaptomus sp.

10 600 Cyclops sp.
10 600 Diaptomus sp.

10 1200 Cyclops sp.
10 1200 Diaptomus sp.

10 1800 Cyclops sp.
10 1800 Diaptomus sp.

Tow 1_______2_____Mean____S .E.

27 August 1987
1500 1200 1300 110
1100 910 1000 80
1 1 0 0 11 00 1 1 0 0 20
400 310 350 30
240 190 210 20
1300 1200 1300 20
790 770 780 7
1400 1300 1400 20
830 550 690 100
200 200 200 0

25 August 1987
610 700 660 30
170 180 170 4
730 730 730 2
140 140 140 0
600 690 640 30
190 240 220 10
570 490 530 30
200 200 20 0 0

612 825 719 75
191 186 189 2
847 856 852 3
186 199 193 4
759 749 754
242 234 238
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Appendix B (continued).
Tow
Depth Time

' onrc; ̂ Taxon___________
Tow 

1_______ _ 2 ______ Mean S.E.
(in)____!11UU1 D j

Tustumena Lake, 25 August 1987

10
10

2400
2400

Cyclops sp. 
Diaptomus sp.

531
197

521
204

526
201

3
3

20
20

600
600

Cyclops sp. 
Diaptomus sp.

812
213

881
145

847
179

26
25

20
20

1200
1200

Cyclops sp. 
Diaptomus sp.

996
300

834
166

915
233

58
48

20
20

1800
1800

Cyclops sp. 
Diaptomus sp.

946
292

741
188

844
240

73
37

20
20

2400
2400

Cyclops sp. 
Diaptomus sp.

739
200

589
146

664
173

53
19

30
30

600
600

Cyclops sp. 
Diaptomus sp.

1067
216

664
227

866
222

140
4

30
30

1200
1200

Cyclops sp. 
Diaptomus sp.

930
155

1040
149

985
152

38
2

30
30

1800
1800

Cyclops sp. 
Diaptomus sp.

867
192

946
221

907
207

27
10

30
30

2400
2400

Cyclops sp. 
Diaptomus sp.

861
184

910
195

886
190

17
4


