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Abstract

The widespread occurrence of diel vertical migration behavior in pelagic aquatic organisms
suggests that there is a selective advantage of the behavior compared to a static vertical depth
distribution in the water column. Juvenile sockeye salmon ( Oncorhynchus nerka) are active diel
vertical migrators within pelagic lacustrine habitats, usually migrating over vertical distances cov-
ering tens of meters. The migrations are timed such that the animals occupy shallow depths during

crepuscular and nocturnal periods, and spend daytime periods relatively deep in the water column.

Hydroacoustic surveys were undertaken in fifteen British Columbia sockeye and kokanee lakes in
order to compare predictions from selective advantage theories with the performance of the animals
under field conditions. Juvenile sockeye undertook diel vertical migrations in all systems studied
with the exception of Nimpkish Lake, where the migrations were periodically reversed, and Chilko
Lake, where the migrations were periodically relax;ed. None of the single factor theories correctly
predicted all of the features of juvenile sockeye diel vertical migration. A multifactor theory, which
interpreted the migration as a three-way compromise between foragiﬁg, predator avoidance, and
the optimization of nocturnal metabolic efficiency, provided the most realistic exblanation for the
selective advantage of the behavior. The field observations also supported a hypothesized sensory
mechanism for the behavior involving light and temperature controlling the day and night depth

positions respectively.

Two distinct kokanee diel migratory patterns were observed within Okanagan Lake. One group
of animals migrated in a similar fashion as juvenile sockeye, while the second group undertook a
reversed diel vertical migration. Target strength estimates from a high frequency echosounder
suggested that small juveniles comprised the first group, while larger sub-adults comprised the
second. The field observations are consistent with an ontogenetic shift in kokanee diel vertical

migratory behavior within Okanagan Lake.

Crustacean zooplankton prey organisms of juvenile sockeye maintained static diel vertical
distributions within three Fraser River system sockeye lakes. Within Babine Lake, the cladoceran
Bosmina coregont undertook reversed diel vertical migrations probably in response to the vertical
migrations ‘undertaken by the predatory copepod Heterocope septentrionalis. Within Nimpkish
Lake; where juvenile sockeye undertook reversed diel vertical migrations, B. coregbni as well as
other planktonic crustacea undertook diel vertical migrations. The correspondance between vertical

migratory patterns in zooplankton and planktivores Suggests a tight coupling in the diel migratory
* behavior of adjacent trophic levels with potentially important consequences for pelagic aquatic

community structure.

ii
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I. Introduction

“There are many unsolved problems of pelagic natural history, but one seems more baffling

than any other: that of vertical migration.” ' Sir Alister Hardy (1958, p. 199)

The diel vertical migrations undertaken by aquatic organisms comprise one of the most
common forms of co-ordinated mass movement within the biosphere. As the sun sets over the
world’s oceans and lakes, massive numbers of animals actively ascend from deeper dark waters into
shallow surface layers. At daWn, after passing the night in shallow water, the organisms descend to
a characteristic daytime depth level. The behavior is widespread and has evolved independently in
many thousands of species from all major animal phyla, as well as in dinoflagellates. Observations
of diel vertical migration behavior date back to those made by Cuvier on Daphnia iﬁ the early 1800’s
(Cushing 1951) as well as those made on board the first oceanographic vessels. In the Challenger
Expedition Report, Sir John Murray (1885; cited by Cushing 1951, p. 159) wrote: “The great
magjority of plankton organisms live at various depths down to and even deeper than 100 fathoms

during the day ....... and only. come to the surface at night.”

Diel vertical migration is defined here as a synchronized movement by aquatic organisms in
the vertical plane, with a periodicity of 24 h. The migration involves a regular alternation between
spatially separated day and night depth strata. The widespread occurrence of the behavior suggests
that there is a strong selective advantage of diel vertical migration compared to a static vertical
distribution (the maintenance of a fixed depth in the water column). The nature of the selective

advantage is not immediately apparent, and a large number of hypotheses have been put forward.

Among fish, diel vertical migrations are undertaken by both pelagic and demersal species.
Demersal fishes are usually associated with a bottom substrate by day and tend to move off bottom

and into the water column at night (Beamish 1966; Bowman and Bowman 1980). In contrast,



pelagic species often complete their diel vertical migrations in a water column devoid of solid

structure which might serve as a vertical reference.

There are similarities in the diel vertical migrations of unrelated pelagic species. For example,
herring (Clupea harengus) in the ocean undertake a diel pattern of vertical migration (Blaxter 1985)
which resembles the behavior of many freshwater planktivores, including juvenile sockeye salmon
(Oncorhynchus nerka) in British Columbia lakes. Both species feed on planktonic crustacea and
there are marked similarities in thé vertical distance traveled, as well as in the number, timing,
and duration of surface ascents. The parallel vertical migratory behavior in these two unrelated
species suggests that similar selective pressures have operated on both species during the course of

evolution.

Diel horizontal migration, between littoral and pelagic areas, is another form of diel habitat
shift that occurs in certain freshwater planktivores (e.g. Hall et al. 1979; Wurtsbaugh and Li
1985). Both vertical and horizontal migrants alternate between spatially separated day and night
sub-habitats in a precisely-timed and regular fashion. Such habitat shifts usually coincide' with diel
shifts in schooling behavior (aggregated during the day, dispersed during the night). Both types of

migration can be considered as a form of specialized diel time budgeting between alternate habitats.

While the general pattern of planktivore diel vertical migration usually involves a dusk ascent
and a dawn descent, details of vertical migration vary greatly among geographical localities. For
example, differences occur in the vertical amplitude, as well as the frequency of surface ascents by
juvenile sockeye salmon in Babine, Washington, and Great Central Lakes (Fig. 1-1). As well, there
is at least one population of juvenile sockeye (Lake Tustumena on the Kenai Peninsula, Alaska)
where diel vertical migration behavior is reversed (Thorne 1983B). Any theory to explain juvenile
sockeye vertical migration should account for such between-lake differences in vertical migratory
éctivity.

Most sockeye salmon spend their first year of life in the pelagic zone of a freshwater nursery
lake where they undertake characteristic diel vertical migrations. There are major differences in

the morphometry, biological community composition, and limnological characteristics of sockeye
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lakes (Foerster 1968), as well as substantial seasonal changes. These environmental and biological
differences should affect the diel migratory behavior of the fish in predictable ways. By comparing
the vertical migrations of the animals under diverse conditions, observed differences in behavior

may indicate how the animals have adapted to different variables.

Recent theory correctly predicts the timing of bluegill sunfish ontogenetic habitat shifts
between littoral and pelagic regions (Gilliam 1982; Werner and Gilliam 1984). The Gilliam-Werner
theory is based on an optimal control model of the trade-off between food/ consumption and the
risk of predation in different habitats. While diel migrations occur over comparatively short time
scales, the general principle of optimizing the trade-off between growth (via feeding) aﬁd predation

risk can also be applied to diel habitat shifts, such as diel vertical migration.

Kokanee, the non-anadromous form of sockeye, complete most of their life cycle within the
pelagic zone of a lake. Several investigators have documented reversed diel vertical migrations of
sub-adult kokanee (Northcote et al. 1964; Rieman and Bowler 1980), suggesting the possibility of
an ontogenetic shift in kokanee diel migratory behavior. It is important to determine whether such

a shift occurs, and whether it can be predicted on the basis of current theory..

Diel vertical migrations are undertaken by numerous zooplanktonic animals, and recent find-
ings suggest that such migrations confer a survival advantage on certain freshwater species (Zaret
and Suffern 1976; Stich and Lampert 1981; Gliwicz 1986A). Reduced mortality through vertical
migration can only be achieved, however, if the zooplankters minimize spatial contact with their
planktivorous predators. Since juvenile sockeye are active vertical migrators, this potentially pre-
cludes a survival advantage of diel vertical migration (with the same diel timing as sockeye) by

zooplanktonic prey species.

The approach taken in this study was to seek evidence for relevant theories of juvenile sock-
eye diel vertical migration by selectively comparing fish migratory behavior in a divefse set of lakes
within British Columbia. Diel movements were compared to concurrent limnological measurements
and plankton distributions in order to test sensory mechanism and selective advantage theories,
which are reviewed in Section II. Sections III and IV describe the field design and methods re-

spectively. Sections V and VI compare the observed patterns of migration and predictions from



theory. Ontogenetic shifts in diel migratory behavior in kokanee are described in Section VII. Diel
vertical movements of zooplankton are compared to those of their major predators in Section VIII.
Finally, a revised interpretation for the selective advantage of the behavior, in light of the recent

field observations, is presented in Section IX.



II. Theories of Diel Vertical Migration

Diel vertical migrations are undertaken by planktonic invertebrates and are also well known
among fish on the basis of observed day-night differences in catches by commercial fishermen (e.g.
Woodhead 1966). There is a la.rgé body of theory withih the ecological literature (see reviews by
Cushing 1951; McLaren 1963; Hutchinson 1967; Longhurst 1976; Dingle 1980; Kerfoot 1985; and
Bayly 1986) concerning the diel vertical migrations of aquatic organisms. Within this section, I

review theories which pertain to the behavior in juvenile sockeye salmon and kokanee.

In animal behavior, it is important to distinguish between proximate and ultimate causation
(Krebs and Davies 1981). A proximate cause is usually a sensory mechanism that explains how
the animals accomplish their migration. An ultimate cause is an evolutionary explanation which
interprets the behavior in terms of its survival value. The impoftance of addressing both the
proximate as well as the ultimate explanation is that the sensory mechanism must be compatible
with the evolutionary explanation (and vice versa). It may be possible to eliminate certain ultimate
explanations if behavioral mechanisms are incapable of providing a means for achieving a supposed
selective advantage. “More and more biologists have learned that functional and evolutionary biology
are not an ‘either-or’ situation, but that no biological problem is solved until both prorimate and

ultimate (=evolutionary) causations are determined” (Mayr 1982, p. 131).

At the ultimate level, the challenge is to understand the selective advantage associated with
diel vertical migration and the adaptive Signiﬁcance of the behavior. Historically, the concept of
adaptation has created confusion (Dobzhansky 1956; Williams 1966; Curio 1973; Brandon 1984)
because of its tautological connotations and its synonymous interpretation as fitness. Yet it is one
of the most important concepts in ecology and Cowles (1904; cited by Colwell 1985, p. 771) has
stated: “If ecology has a place in modern biology, surely one of its great tasks is to unravel the

mysteries of adaptation”. The definition of adaptation used in the present context is that of a



relative measure (Brandon 1984): Animal ¢ is better adapted than animal b in environment FE if

and only if a is better able to survive and reproduce in E than is b.

Currently, the usefulness of the adaptation concept in behavioral ecology is a subject of
debate. At one extreme are biologists (e.g. Mayr 1974) who argue that the adaptive signiﬁcance
of a behavior can be studied scientifically, while at the other are those (e.g. Gould and Lewontin
1979) who focus on constraints to the process of adaptation in a changing environment. One
healthy repercussion of the debate is a requirement for more stringent standards of evidence: “The
burden of proof has been firmly shifted to the proponent of adaptive explanations for the features of

organisms, populations, communities, or ecosystems” (Colwell 1985, p. 774).

Below, I consider possible sensory mechanisms involved in juvenile sockeye diel vertical mi-

gration, and then describe hypotheses which account for the adaptive significance of the behavior.

Sensory mechanisms for migration

Diel vertical movements of aquatic organisms are often crepuscular, suggesting»tha,t changing
light intensity might serve as a primary sensory stimulus for movement. Deep sca,ttéring layers in
the ocean, composed partially of myctophid fishes (Backus et al. 1968; Barham 1966) undertake
diel vertical migrations that are associated with changes in light intensity (e.g. Boden and Kampa
1967). The role of light in vertical migrations of fish has been reviewed by Woodhead (1966)
and Blaxter (1974) who observed that some vertical migrants such as herring follow the vertical
movement of particular isolumes. At high latitudes, both in the Arctic and Antarctic Oceans, diel
vertical migration of fish is absent (Blaxter 1974). Deep scattering layers of marine organisms
respond to solar eclipses by ascending and descending as light intensities decrease and increase
(Backus et al. 1965), and can be displaced with artificial lights. On one occasion near the Canary
Islands, a deep scattering layer was experimentally displaced downwards from 60 to 300 m (Blaxter

and Currie 1967).



The crepuscular timing of diel vertical migration (Narver 1970; Barraclough and Robinson
1972; Eggers 1978) suggests that jﬁvenile sockeye respond to a light stimulus. Water clarity chazr-
acteristics may affect the amplitude of juvenile sockeye vertical migration. Their relatively deep
daytime distribution in Great Central Lake (70-120 m) and the large amplitude of vertical move-
ment there (Barraclough and Robinson 1972) is probably related to the deep light penetration
into this lake. Narver (1970) reports a September Secchi depth of 14 m for Great Central Lake
compared with 4 m for Babine Lake. At Lake Tustumena on the Kenai Peninsula (Alaska) during
June of 1981 when there was virtually no dark period due to its high latitude, juvenile sockeye did
not migrate vertically (Thorne 1983B).

Fish are highly temperature-sensitive and possess sophisticated thermoregulatory behaviors
(Rozin and Mayer 1961; Neill et al. 1972). The sensory system responsive to temperature is the gen-
eral cutaneous segmental innervation (Sullivan 1954; Murray 1971). During conditioned response
experiments (reviewed by Murray 1971) a majority of fish tested were sensitive to temperature
changes between 0.05 —~ 0.1°C . Smith (1985) has suggested that predictable thermal gradients
might be used as orienting stimuli in fish migrations and there are numerous examples (reviewed
by Reynolds 1977) of temperature serving as a proximate stimulus affecting movements and hence

distribution of fish populations.

The nocturnal distribution of juvenile sockeye in lakes suggests that the fish might be re-
sponding to a temperdture stimulus. At night juvenile sockeye commonly stay in the vicinity of the
thermocline (Narver 1970; McDonald 1973). During the period of thermal stratification of Lake
Washington, fish were distributed in a narrow range of temperatures between 7.6 — 11.0°C (Woodey
1972), about 4°C lower than the preferred 12 — 15°C in laboratory-induced vertical temperature
gradients (Brett 1952).

These observations suggest a sensory mechanism which involves both light and temperature
cues: Day-time depth distribution and the timing of vertical movement may result from the fish
following a particular light intensity level. Night-time depth distribution may be due to thermose-

lection behavior.



Alternative sensory mechanisms theoreticaily capable of predicting sockeye diel depth distri-
butions include 1) a diel shift in temperature preference, and 2) a diel shift in pressﬁre sensitivity.
Both of these mechanisms need to be coupled with light in order to account for the diel timing of
migration. Some fish species have diel thermoregulatory rhythms (Reynolds and Casterlin 1979).
Most diel changes in temperature preference, however, are only a few °C. Juvenile sockeye en-
counter temperature differences as much as 12°C in Babine Lake (Narver 1970; McDonald 1973)
and there is currently no evidence of diel shifts in temperature preference of the required magnitude
to account for fish diel vertical migration. Fish with swimbladders are sensitive to pressure differ-
ences (Blaxter 1979) because of pressure-operated stretch receptors on the wall of the swimbladder
(Qutob 1962). One prediction of a pressure-mediated sensory mechanism is a constancy of sockeye

depth distribution pattern (seasonally) within a lake.

Adaptive significance of migration

1) Foraging hypothesis

Juvenile sockeye are largely planktivorous during their period of lake residence (Table 8-1)
so necessarily must overlap with zooplankton populations in time and space. Most juvenile sockeye
feeciing occurs during crepuscular periods in relatively shallow water (Narver 1970; Barraclough
and Robinson 1972; McDonald 1973; Doble and Eggers 1978). Occasionally, juvenile sockeye feed
during other portions of the diel cycle, including the middle of the day in relatively deep water and

also at night under conditions of calm water and bright moonlight (Narver 1970).

The foraging hypothesis contends that diel vertical movements result from the fish pursuing
and following concentrations of vertically migrating prey organisms so as to maximize capture
rates kand minimize search time. At least some planktivores including alewives in Lake Michigan
(Janssen and Brandt 1980) and freshwater sardines in Lake Kariba (Begg 1976) frack the diel
vertical movements of their zooplankton prey. There are other potential foraging benefits of vertical
migration to planktivores besides maximizing contact with prey. A vertically ascending planktivore

has the advantage of an illuminated background to provide visual contrast with its zooplankton



prey (Zaret and Suffern 1976), an impoftant factor in fish vision. As well, a vertical migrant might
be able to “census ” its prey organisms (Woodhead 1965) especially if horizontal currents operate
in different depth strata. Diel vertical migration would reduce the probability of re-encountering

plankton patches that had been locally depleted due to previous foraging activity.

The foraging hypothesis requires that (1) zooplanktonic prey organisms migrate vertically,
and (2) there be a close correspondence in the diel distribution patterns of planktivore and prey.

The timing of planktivore vertical movements should coincide closely with those of the zooplankton.

2) Bioenergetic hypothesis

McLaren (1963) was the first to suggest that bioenergetic benefits might be realized by
diel vertical migrants. The McLaren hypothesis maintains that vertically migrating zooplankton
in thermally stratified waters would achieve an enefgetic advantage (over non-migrants) if they
reduced their daytime metabolic costs by temporary residence in cold hypolimnetic water. Brett
(1971) extended this concept to vertically migrating juvenile sockeye. Metabolic rate calculations
suggested a possibility for metabolic cost reductions while the fish occupied the hypolimnion and
Brett concluded that “..sockeye have evolved a pattern of thermoregulation peculiarly adapted to

magimizing growth, through the selective pressure of bioenergetic efficiency” (Brett 1971, p. 112).

A biocenergetic hypothesis requires that juvenile sockeye are food-limited and grow at rates
less than the physiological maximum. There exists good empirical evidence that juveniles of some
sockeye populations are food-limited duril_lg their lake residency: when such sockeye lakes are arti-
ficially fertilized, smolt sizes increase and marine survival rates are enhanced (Hyatt and Stockner
1985). The density-dependent growth rates that have been observed in Babine (Johnson 1961),
Owikeno (Ruggles 1966) and Frazer (Kyle et al. 1988) lakes further indicate that juvenile sockeye
often grow at less than maximum rates. Brett (1983) estimated that a 5¢, one-year-old sockeye

smolt has achieved only one third of its potential size during its residence in the nursery lake.

Laboratory evidence suggests that diel vertical migration by juvenile sockeye has energetic
consequences. Biette and Geen (1980) reared sockeye under controlled constant and cyclic tem-

peratures (fluctuating on a diel time scale) and found that when food rations were low, highest
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growth rates occurred in fish exposed to cyclic temvperatures. Similar experimental results have
been obtained for rainbow trout where diel temperature fluctuations were shown to be beneficial
to growth (Hokanson et al. 1977). While diel temperature fluctuations evidently promote faster
fish growth, it may be misleading to accept this as evidence confirming the bioenergetic hypothesis.
Vertically migrating fish, especially those with swimbladders, incur significant energy costs in order
to compensate for the accompanying hydrostatic changes (Alexander 1971, 1972). These costs were
not considered by Biette and Geen (1980) and would effectively diminish a growth advantage due to
diel temperature fluctuations. Calculations by Alexander (1972) suggest that the energetic cost to
a vertical migrant with a swimbladder, of hydrostatic compensation at its daytime depth, is on the

order of 25 ¢cm® oxygen - kg™!

- h~1. However, these hydrostatic compensation costs may be rela-
tively small in comparison to the differences in metabolic costs between active metabolism at high
- temperature, and standard metabolism at low temperature. Measurements by Brett (1964) indicate

that for yearling sockeye, the difference in active metabolism at 15°C, and standard metabolism at

5°C, is on the order of 850 mg oxygen - kg~ - h=1. (1 mg O, /1 = 0.70 cm® 0, /1).

Perhaps the most serious criticism of the bioenergetic hypothesis concerns the timing of
vertical movements. For a visual feeding planktivore, daytime occurrence in the illuminated zone
where prey concentrate would seem to be advantageous over a daytime distribution at depth where
light levels are low and prey are sparse or absent. A reversed vertical migration by juvenile sockeye,
whereby the fish occupied surface waters by day, and deep water at night, would result in a cyclic
thermal regime similar to that experienced by “normal” vertical migrants (but out of phase by 12 h).
The increased foraging opportunities provided to such migrants would presumably result in higher
growth rates because of the freshwater growth limitation experienced by many sockeye populations.
Whereas bioenergetic considerations could be important in affecting nocturnal distribution and
movements (at light levels below the visual feeding threshold), the bioenergetic hypothesis in its

current form seems inadequate to explain the full cycle of juvenile sockeye vertical migration.

3) Predator avoidance hypothesis

Among certain freshwater zooplankton, diel vertical migration is evidently caused by inten-

sive predation pressure from visual feeding planktivores (Zaret and Suffern 1976; Stich and Lambert
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1981; Gliwicz 1986A). Eggers (1978) hypothesized that juvenile sockeye in Lake Washington keep
to regions of the water column where light intensity is low and limit their foraging time so as to

minimize the possibility of being detected by squawfish, a visual-feeding piscivore.

The fact that sockeye school by day suggests an influence of predators since schooling can
function as a predator avoidance mechanism (Pitcher 1986). Mortality of juvenile sockeye can
surpass 90 % in some lakes (Foerster 1938; Brett and McConnell 1950; Robinson and Barraclough
1978) primarily from predation by piscivores (Ricker 1941). In both Cultus and Great Central
Lakes, most adult sockeye are lake spawners and produce fry which recruit directly into pelagic
habitats with no period of littoral occupancy. Thus in such lake systems, predator-induced mortality
is largely confined to the pelagic zone. In Cultus Lake juvenile sockeye are exposed to intense
predation pressure from squawfish, Dolly Varden, cutthroat trout, and juvenile coho (Ricker 1941)
and a threefold increase in lake survival rates followed a predator control program (Foerster and
Ricker 1941). A more recent study within Cultus Lake (Steigenberger 1972) has shown that levels

of squawfish abundance are similar to those encountered by Foerster and Ricker (1941).

Two critical assumptions of the. predator avoidance hypothesis are first, that the piscivores
which feed on sockeye themselves utilize vision as a primary method of prey detection, and second,
that predation risk is positively related to light intensity. Two important predators of juvenile
sockeye, cutthroat trout and Dolly Varden, are visual feeders whose reactive distances to prey
are proportional, albeit differently, to light intensity (Henderson and Northcote 1985). Predation
studies with juvenile sockeye (Ginetz and Larkin 1976), cyprinids (Cerri 1983) and bluegill sunfish
(Howick and O’Brien 1983) as prey suggest that prey risk varies inversely with light intensity. These
studies, which confined predators and prey in experimental arenas, demonstrated well developed
predator avoidance behaviors that are most effective under relatively intense light conditions. The
results do not necessarily contradict the predator avoidance hypothesis since the visibility of objects
underwater, and hence the detectability of prey to a visual searching predator, is determined
primarily by luminance contrast (Hemmings 1966; Hester 1968; Ware 1971; Lythgoe 1979). In the
open pelagic waters of a lake, searching ability and detection of juvenile sockeye by visual feeding
piscivores would be greatest in the illuminated surface waters when juvenile sockeye are contrasted

by the lighted background of the surface. In the deeper parts of the water column, light intensities
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are reduced and the light is homogeneous due to scattering and refraction (Blaxter 1970). These

conditions would minimize the visual contrast between juvenile sockeye and their background.

The predator avoidance hypothesis is attractive as a simple way to account for the diel timing
of vertical migration by juvenile sockeye. A difficulty arises, however, since sockeye themselves
require light to search for zooplankton. Hence the rate of food intake and the risk of predation in
surface waters vary over the diel cycle in a similar way. A sockeye juvenile which spent the entire
diel cycle within a hypolimnetic refuge would minimize its risk to piscivores, but would inevitably
face starvation within a period of several weeks (Bilton and Robins 1973). By itself, the predator
avoidance hypothesis fails to account for the diel vertical migrations of juvenile sockeye. A more
realistic hypothesis would explicitly consider the trade-off between zooplankton food intake and

predation risk within the euphotic zone.

Multifactor hypotheses

The three single factor hypotheses can also be combined as multifactor hypotheses. Eggers
(1978) was the first investigator to consider the possibility of interactions between hypotheses
when he stated (p. 1123): “(Brett’s hypothesis) is not inconsistent with the hypothesis developed
here, (predator avoidance) because any energy bonus resulting frOm minimizing respiration costs at
low temperature serves to reduce energy requirements, hence reduces the foraging time needed to
ingest the needed energy, and thus decreases vulnerability to predators.” Below, I consider the four
multifactor combinations that can be derived from three single factor hypotheses (three two-factor

combinations and one three-factor combination).

4)Foraging and predator avoidance combined: the “antipredation window”

Gilliam (1982) and Werner and Gilliam (1984) developed an optimal-control model of the
trade-off between growth rate and predation risk. This model predicted the timing of bluegill sunfish
ontogenetic shifts in habitat preference. For pre-reproductive juveniles, the model predicted that
individuals should choose the habitat which minimizes the ratio of u/g , where u and g are the

mortality and growth rates associated with a particular habitat. This model has now been extended
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to account for amphibian metamorphosis patterns (Werner 1986), and in modified form (minimize
the ratio of p/f, where f is the foraging rate), the model correctly predicts habitat choices of
juvenile creek chubs (Semotilus atromaculatus) in experimental stream enclosures (Gilliam and

Fraser 1987).

A similar model was developed by Clark and Levy (1988) to account for the diel vertical
migrations of jﬁvenile sockeye. This model views the pelagic lake environment as consisting of two
habitats: Hy, a productive but risky surface habitat, and H,, an unproductive but safe deep-water
refuge. The model assumes that zooplankton prey and piscivores are confined to the surface habitat.
Dynamic optimization methods were employed to calculate the optimal crepuscular feeding interval,
A, within H; such that the ratio u/¢ was minimized, where y is the predator-induced mortality

rate, and ¢ is the feeding rate.

The underlying predation model assumes a sigmoid-shaped functional relationship between
feeding rate and visual sighting range underwater. When applied to the different trophic levels (Fig.
2-1), the model predicts a horizontal separation between the sockeye feeding rate curve (sockeye
feeding on zooplankton) and mortality rate curve (piscivores feeding on sockeye). The existence of

this “antipredation window” should provide a strong selective pressure for sockeye to migrate

into surface waters for brief crepuscular periods. The model is capable, at least in principle, of
quantitative predictions of the timing of vertical migration, although this would require several
difficult parameter estimations. A trade-off was evident between the growth and survival rates of
simulated crepuscular and daylight feeders (Fig. 2-2). It thus appears that diel vertical migration

in juvenile sockeye could serve to promote within-lake survival at the expense of growth rate.

The antipredation window model provides a novel explanation for the adaptive significance
of vertical migration in planktivores which hunt by sight and are in turn preyed upon by piscivores
that also search visually. The window is a consequence of the effects of diel variations in light
intensity on the differential trade-off between food intake and fhe risk of predation. The model
assumes that variations in light intensity are directly instrumental in determining the ultimate
cause of juvenile sockeye diel vertical migrations, rather than being merely an incidental cue for

the achievement of bioenergetic or other objectives.
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Figure 2-2. Body weight and probability of survival of simulated crépuscular- and daylight-feeding
planktivores; redrawn from Clark and Levy (1988 fig.5).
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5) Foraging and bioenergetics combined

This hypothesis proposes that juvenile sockeye alternate between a food-rich near-surface area
and a deeper resting area where lower temperatures optimize growth rate. The relative foraging
and metabolic costs and benefits would determine the amount of time spent in each sub-habitat.
Because zooplankton_usua.lly concentrate in epilimnetic surface waters, and sockeye are mainly
visual-feeders, this hypothesis predicts daytime occupation of surface waters, and a nocturnal de-

scent to the thermocline.

A similar hypothesis was developed by Wurtsbaugh and Neverman (1988) to account for
diel vertical migrations of juvenile sculpins (Cottus eztensus) in Bear Lake, Utah. These fish are
associated with the bottom sediments by day where they forage on benthic ostracods and cyclopoid
copepods. At dusk they migrate into the water column and spend the night in shallow water at
the 15°C isotherm. Wurtsbaugh and Neverman suggest that this diel vertical migration serves
to increase digestion rates over those which would occur in the 5°C hypolimnion, and present
data from growth experiments which supports their hypothesis. The hypothesis is similar to that
proposed by McLaren (1963), only in this case, the animals ascend, rather than descend, into the

water column in order to promote metabolic efficiency.

For juvenile sockeye (and probably most ectotherms) the optimal temperature for growth is
dependent upon ration size. The optimal temperature for growth shifts from 15°C to 5°C as ration
levels vary between > 6 % body weight - day™! (excess rations) to 1.5 % body weight - day~' (Brett
et al. 1969).

Brett et al. (1969) calculated net growth efficiency values, E,, for juvenile sockeye salmon
as:
E,=G/(I -M)x100% ' (2.1)

where G is growth, I is the food intake, and M is the fraction of the total ration that is involved
in maintenance. The results suggested maximum net efficiencies, close to 40 % , at temperatures

between 8 — 10°C on low ration sizes.

16



For juvenile sockeye, therefore, a combined foraging and bioenergetic hypothesis predicts
daytime occupation of surface waters for feeding, and a nocturnal descent to the thermocline. The
precise nocturnal depth distributio‘n would depend upon ration level and the temperature structure‘
of the water column. Under this hypothesis, sockeye would never undertake vertical excursions iﬁto

the hypolimnion.

6) Bicenergetics and predator avoidance combined

During non-feeding periods of the year, the optimal bioenergetic strategy would minimize
metabolic costs and growth losses by maintaining body Itemperatures as low as possible (Brett et
al. 1969). Avoidance of visual-feeding predators could be achieved by daytime occupation of deep .
pelagic areas. Such areas would also provide minimum lake temperatures. Thus when sockeye do
not feed, this hypothesis predicts a relaxation of diel migratory behavior and a continual occupation

of deep water.

During the winter the feeding behavior of sockeye within ice-covered lakes is unknown. How-
ever, the sockeye are susceptible to piscivores at this time of the year. Foerster (1968) records
predation by Dolly Varden char and cutthroat trout under the ice in mid-winter at Lakelse Lake.
In southern sockeye lakes which remain ice-free through the winter, field samples suggest a low
level of plankton feeding by sockeye and a high proportion of individuals (> 50 %) which do not
feed (Doble and Eggers 1978).

7) Antipredation window and bioenergetics combined

The antipredation window hypothesis successfully predicts the timing and duration of juve-
nile sockeye Yertical feeding excursions into shallow surface waters. However the model does not
predict any specific nocturnal migration pattern. At light levels below the visual feeding thresholds
of sockeye and their predators, a combined antipredation window and bioenergetic hypothesis pre-
dicts a nocturnal occupation of the thermocline where temperatures optimize metabolic efficiency.

Elements of three single factor hypotheses can thus be combined as a novel multifactor hypothesis.
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. The optimal metabolic temperature is dependent upon ration size (see above). On relatively
low ration sizes, maximum net growth efliciency occurs between 8—10°C (Brett et al. 1969). Within

Lake Washington, juvenile sockeye are in fact nocturnally associated with these temperatures (Fig.

2-3).

During daytime periods, this hypothesis predicts a descent into the hypolimnion (which
would occur at the expense of metabolic efficiency) in order to minimize exposure to visual-feeding
predators. Viewed from this perspective, diel vertical migration by juvenile sockeye would reflect

a three-way compromise between foraging, predator avoidance, and metabolic efficiency.
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IT1I. Research Strategy

Diel vertical migrations by sockeye (and other aquatic organisms) are an established fact
of aquatic life. There is a large body of theory (Table 3-1) concerning diel migratory behavior.
The scientific challenge is to distinguish between the hypotheses and critically evaluate which are
necessary and/or sufficient (sensu Hilborn and Stearns 1982) to provide a causal explanation for

the behavior. This needs to be provided at both the proximate and ultimate levels.

Tests of a sensory mechanism hypothesis can be made through a series of descriptive labo;
ratory experiments, or by observing the outcome of “natural experiments” under field conditions
(e.g. Backus et al. 1965; Blaxter 1974). Considerable insight into the selective advantage of zoo-
plankton diel migratory behavior has been provided by adopting experimental procedures (Huntley
1985; Johnsen and Jakobsen 1987). For sockeye within their nursery lakes, the relevant spatial
scale for behavioral interaction is on the order of 10’s of meters, ﬁahng experimentation difficult.
Several of the strongest hypotheses are multifactorial, further complicating experimental design

and pra,cticality‘ (Hilborn and Stearns 1982).

In “The Growth of Biological Thought”, Mayr (1982) suggests that experimental method-
ology is applicable in only certain branches of science, but not in others (e.g. geology, astronomy,
paleontology). He further argues that observational-comparative methods are of major importance
in evolutionary biology and emphasizes their scientific legitimacy, pointing out that “observation

in biology has probably produced more insights than all experiments combined” (Mayr 1982, p. 32).

The role of technological advance in permitting meaningful comparative observations is
paramount (Mayr 1982); one frequently cited example in biology is the role of the development
of the microscope. In ecology, the lack of adequate sampling methodology is a major impediment
and Gilbert et al. (1976) have stated (p. 56): “By far the most serious problem in ecology today is

not any difficulty of theory, analysis or interpretation: it is the difficulty of finding and implenting,
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Table 3-1. Predictions of juvenile sockeye diel vertical migration hypotheses.

Hypothesis

Prediction

Sensory mechanism

Light controls daytime position
Light controls migration timing
Temperature controls nocturnal

position

Adaptive Significance

1) Foraging

2) Bioenergetics

3) Predator avoidance
4) Antipredation window

5) Foraging and bioenergetics
6) Bioenergetics and predator
avoidance

7) Antipredation window and
bioenergetics

Daytime depth related to water clarity
Crepuscular-timed vertical movements

Narrow nocturnal temperature distribution

Active zooplankton vertical migrations

Relaxation of migration under isothermal
conditions

Sockeye occur under low light conditions (by
day) corresponding to reduced predator
visual acuity

Brief crepuscular foraging excursions into
surface waters
Daytime occupation of depths with low light

Daytime zooplankton foraging
Nocturnal descent to thermocline

Occupation of deep hypolimnetic regions
during non-feeding periods

Brief crepuscular foraging excursions into
surface waters

Daytime occupation of depths with low light
Nocturnal descent to thermocline
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accurate and unbiased sampling methods in the field”. During the present study, a technological
advance (development of SONAR hardware designed for fisheries research) was a necessary

prerequisite to undertake the research. ‘

The strategy during the present study was to define sets of environmental conditions
where the predictions from theory were in conflict, and then assess sockeye diel migratory be-
havior. Large differences occur in the characteristics of sockeye lakes (Foerster 1968). An initial
factorial sampling design (considering lakes as “treatments”) was abandoned due to errors in
lake classification status. The lakes that were eventually adopted were chosen to encompass wide
differences in limnological characteristics. By exploiting lakes of different condition as “natural
experiments” the observed behavior of the fish then provided a basis for accepting or rejecting

a particular hypothesis.

An example is provided by Owikeno Lake. Owikeno is a glacially turbid lake (Secchi
. depths can be < 1m) which develops a deep thermocline in late-summer (Fig. 3-1). The lake
‘serves as a nursery for the abundant Rivers Inlet sockeye run (Foskett 1958). The bioenergetic
hypothesis predicts vertical migration below the thermocline in this lake (no temperature-related
bioenergetic benefits can be achieved by migrating through an isothermal water column). In
contrast, the predator avoidance hypothesis requires solely that the fish descend to daytime
depth levels of low light intensity which, in a glacially turbid lake, would be relatively high in
the water column. Assessment of sockeye diel migratory behavior in a lake like Owikeno can

therefore quickly provide useful insight into the selective advantage of the behavior.

Replicated sockeye depth distribution and limnological observations from a large set of
sockeye lakes provided the necessary statistical basis for examining the sensory mechanism hy-
pothesis. The observations also provided the basis for testing the single factor selective advantage

theories elaborated in Section II.

It is admittedly difficult to falsify a multifactor hypothesis on the basis of comparative field
observations alone. One requirement of a multifactor theory in my case is that its predictions be

consistent with observed fish behavior patterns in a large number of sockeye lakes representing
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a wide range of conditions. Discrepancies between fish performance in the field and a theoretical

model will suggest a need for further theoretical development.

Schedule and location of lake visits »

I chose 15 lakes within the province of British Columbia as study lakes (Fig. 3-2). Lim-
nological characteristics of the study lakes are summarized in Table 3-2 and are described by
Goodlad et al. (1974), Stockner and Shortreed (1983, 1985) and Stockner (1987). Study lakes
were visited on the dates shown in Appendix 1. Sampling sites are located on the lake maps
contained in Appendix 2. Kokanee are present within the inferior sockeye lakes but largely
absent from the coastal systems studied. Due to historical events (Nelson 1968), sockeye are
presently absent from three lakes within the Columbia River drainage basin (Okanagan, Skaha,
Kootenay). Kokanee predominate in the pelagic zone of these latter 3 lakes (B.C. Fish and
Wildlife Branch, UBC Research Office, unpublished data).

Sockeye lake visits were timed to coincide with relatively dense juvenile populations.
During the period of study, large adult spawning escapements occurred within Fraser (1985),
Meziadin (1985), Babine (1985), Quesnel (1985), Chilko (1986), and Shuswap (1986) lakes.
These systems were visited during the year subsequent to the dense spawner population so
that sampling coincided with a high density of juvenile sockeye within the lake’s pelagic zone.

Kokanee lakes were visited during the summer and fall months of 1987.
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Table 3-2. Geographfcal and limnological characteristics of study 1akes.
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IV. Methods

Hydroacoustic methods

Information on fish diel distribution and migration behavior was derived by hydroacoustic
methods (SONAR). Such methods are routinely used for stock assessment of pelagic fish species
(Thorne 1983A) and have undergone recent refinements due to the development of multibeam
hydroacoustic systems (Ehrenberg 1983; Burczynski and Johnson 1986; Thomas and Jackson 1987;
Traynor and Ehrenberg in press), multifrequency systerﬁs (Simmonds and Armstrong in press), and
the elaboration of appropriate statistical models (Rudstam et al. 1987). Moreover, independently
derived salmon population estimates obtained by weir counts (Thorne 1979; Mulligan and Keiser
1986; Hyatt et al. in press) suggest that hydroacoustic methods are highly accurate in simple

assessment situations (e.g. a single dominant fish species within a lake environment).

Description of fish diel vertical migration is a straightforward application of hydroacoustics.
The first use of such methods for studying vertical migratory behavior occurred over 35 years ago
(Hasler and Villemonte 1953) to document habitat shifts of perch within Lake Mendota. Other
studies which have applied acoustic methods to the analysis of fish diel migratory activity include
Northcote et al. (1964), Beamish (1966), Narver (1970), Dembinski (1971), Begg (1976), Bohl
(1980), Janssen and Brandt (1980), and Hamrin (1986). Acoustic methods are also useful for

describing invertebrate diel vertical migrations (Northcote 1964; Teraguchi and Northcote 1966).

Mathisen et al. (1977) have described juvenile sockeye as being ideally suited for acoustic
enumeration because of their confinement to the limnetic zone, their relatively simple age-structure,
the absence of a large number of co-habiting pelagic fish species, and the relatively simple physical
properties of freshwater (compared to seawater). Many sockeye lakes are surveyed acoustically on
a routine basis in order to provide juvenile population estimates and a basis for predicting adult
returns. As a result, there is a wealth of experience é.nd information concerning the api)hcation of

hydroacoustic methods for the assessment of juvenile sockeye salmon populations.

In many of the study lakes (Babine, Chilko, Cultus, Fraser, Quesnel, Shuswap) trawling

results (Narver 1970; Dept. of Fisheries and Oceans, Cultus Lake laboratory, unpublished data)
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indicate that juvenile sockeye are numerically predominant in the pelagic zone, cdmprising over
90 % (and frequently 100 %) of trawl catches. Thus in these lakes, hydroacoustic targets can be
safely identified as juvenile sockeye. Threespine sticklebacks (Gasterosteus aculeatus) co-occur with
sockeye in the pelagic zone of 4 systems (Kennedy, Nimpkish, Owikeno, and Meziadin), potentially
confounding the identification of acoustic targets in these lakes. Midwater trawl sampling and
surface tow-net sampling (Chernoff 1971) suggests that sticklebacks in Owikeno Lake maintain a

shallower diel vertical distribution than do juvenile sockeye.

Hydroacoustic methods are also applicable to kokanee (Northcote et al. 1964; Rieman and
Bowler 1980; E.Parkinson, B.C.Fish and Wildlife Branch, unpublished observations. Kokanee
maintain a pelagic distribution through most of their life cycle and predominate in the limnetic

zone of several large lakes within British Columbia, including Okanagan, Skaha and Kootenay.

Field data collection procedures

A two-phased data collection—signal processing sequence was adopted during the present
study (Fig. 4-1). Acoustic signals (0.4 msec pulse width generated at a rate of 2/sec) were digitized
via a pulse code modulator (PCM) device and then taped on [-format video cassette recorder
(VCR) tape in the field for subsequent laboratory analysis and data processing. Different BioSonics
echosounder systems were employed during 1986 and 1987. During 1986, I used a single beam 420
kHz echosounder together with a 15 degree transducer (-3db, full angle) and amplified the electronic
returns at 20 Log R time varied gain. During 1987, I used a dual beam 420 kHz echosounder together

with a 6 degree/ 15 degree dual beam transducer, and amplified the electronic returns at 40 Log R

time varied gain.

Echo signals were monitored in the field on an oscilloscope and chart recorder. By monitoring
the detected output from the amplifier playback interface (Fig. 4-1), it was possible to ensure that
echo signals were properly taped and that the receiver ga.in was adjusted so as to achieve echo
voltages between 0.5-3 V' (Vs ), thus maximizing signal: noise ratios and simultaneously avoiding
tape saturation levels (10 V). Nunnallee (1973) describes the trade-off between system gain and

tape saturation. At regular intervals during data collection, the voltage of a continuous wave
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Figure 4-1. Block dlagram showing analysis sequence during A) data collection and B) echo signal
processing,
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calibration tone was measured and taped. This procedure permitted standardized playback gain

adjustment prior to echo signal processing.

The echosounder system was housed under the canvas cover of a 5m fiberglass outboard
boat. The transducer was deployed from a rotatable pipe mount fixed amidships. After a relatively
dense pelagic fish concentration was located, its movements were tracked over a 24 hour period. By
transecting at a velocity of 2m/sec in an irregularly directed fashion, a large number of targets were
encountered and electronic “surface noise” was minimized. Transects of 10 minute duration were
undertaken to characterize the fish vertical depth distribution at a given point during the diel cycle.
The transects were strategically distributed so as to detect cha,nges in fish vertical distribution,
with most intensive sampling at dusk and dawn when the fish were actively migrating. During the
majority of surveys, a total of 20-25 10 minute transects were undertaken to characterize the diel
cycle of migration. Examples of diel echogram sequences from Shuswap and Fraser lakes are shown
in Fig. 4-2. The diel differences in echo target frequency apparent on the echograms result from
diel cha;nges in sockeye schooling behavior. Juvenile sockeye commonly occur in schools by day,

and disperse as individuals at night (Narver 1970; Eggers 1978).

The down-looking deployment of the transducer provided an effective method for tracking
sockeye and kokanee in most circumstances. However, when the fish were distributed in shallow
surface waters most targets disappeared from the echograms. This effect is illustrated in Fig. 4-3,
a diel sequeﬁce from Babine Lake. Juvenile sockeye on this date occurred between 25-30 m by day.
At dusk, the fish ascended close to the surface, and there was a decrease in echo target frequency
(T=2130 on Fig. 4-3). This was followed by an increase in target frequency as the fish descended
to their nocturnal depth of 12-15 m (T=2340 on Fig. 4-3). At dawn, when many of the fish re-
ascended to the surface there was again a decrease in echo target frequency (T=0510 on Fig. 4-3).
Thereafter the fish began to school and descended to their daytime depth level. The reduction in
target frequency in shallow water may have been due either to boat avoidance in shallow water (see

below) or to near-field effects close to the face of the transducer (Shotton and Bazigos 1984).

Choice of the 420 kHz operating frequency reflected the freshwater application (for marine
applications, lower operating frequencies would be appropriate for fish surveys due to the greater

signal attenuation in seawater). Choice of transducer beam angle reflected the anticipated fish
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Figure 4-2. Diel sequence of echograms showing migration of juvenile sockeye salmon within A)
upper 80 m of Shuswap Lake, July 18-19, 1987, and B) upper 30 m of Fraser Lake on Aug.21-
22, 1986 (marks between 0-5 m due to sound reflections from zooplankton). Numbers shown
above echograms indicate time of sampling (PDST).
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‘density and depth distribution since a trade-off exists between acoustic sampling power in shallow
water, and depth penetration in deep water. With the acoustic system employed during 1986, it
was possible to receive echoes from descending schools of sockeye down to a depth of 70 m (Fig.
4-4A). At deeper depths, voltage returns diminished to background noise levels, and it was not
possible to track the fish. In clear lakes (e.g. Quesnel; August 1986 Secchi depth = 9.8m) where
the fish descended beneath 70 m it was necessary to use a relatively narrow beam transducer (6

degrees) in order to estimate the daytime depth of the fish (Fig. 4-4B).

Some fish respond to the sound stimulus produced by an approaching vessel by‘ altering
their vertical distribution (Olsen et al. 1983). To evaluate vessel avoidance by juvenile sockeye,
the nocturnal depth distribution of sockeye was compared under “quiet” (stationary) and “noisy”
(mobile transect) conditions in Shuswap and Chilko lakes. On two dates in Shuswap Lake, sockeye
had a similar vertical depth distribution during stationary deployments and mobile transects (Fig.
4-5A and B). In Chilko Lake, however, sockeye targets were present in shallow depths (0-10 m) on
stationary echograms, but absent from mobile records (Fig. 4-5C). These observations suggest that
active vessel avoidance occurs when the fish distribute in shallow water (0-10 m), but is probably
ﬁegligible at depths below 10 m. Most observations during the present study, with the exception of
those taken from Chilko, Babine and Owikeno lakes, involved juvenile sockeye populations deeper

than 10 m.

Echo signal processing

1) Echo integration: The primary méthod of extracting fish depth distribution information
was echo integration (Nunnallee 1973, 1980; Thorne 1971, 1983A; Burzynski 1982). This technique
was developed for quantifying fish echo observations, and there are a number of echo integrators
that are widely used in hydroacoustic research studies (compared in Johannesson and Mitson 1983).

Most echo integrators produce squared voltage outputs within user-specified depth intervals such
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Figure 4-4. A) Diel echogram sequence from Quesnel Lake on Aug.23-24, 1986, indicating daytime

disappearance of fish targets from field of 15 degree transducer (echogram marks between

40-80 m due largely to electrical noise), and B) daytime echogram with 6 degree transducer
showing juvenile sockeye fish targets between 60-90 m.

34




Mobile ‘Stationary Mobile
A) Shuswap July 3'87

0 T=22:30 T=22:45 T=23:00
~ 10 A o Ry
5 : : "‘_“-,"\"'i,:i A ;.: -
L
£ 20 :
[+] .
o)
30
40
B) Shuswap July 18’87 _
T=21:40 T=21:50 T=22:00

C) Chilko July 15'87 .
' T=02:00 T=02:10 T=02:35

Figure 4-5. Comparison of echograms from Shuswap Lake on A) July 3, 1987 and B) July 18,

. 1987, and C) Chilko Lake on July 15, 1987, showing effect of vessel noise on juvenile sockeye
nocturnal vertical distribution. ' .
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that the echo integrator output, V,:, is given by the product of fish density, D, and mean acoustic

back-scattering cross-section, &p,, multiplied by an equipment scaling constant, K:

Vius = K - D -Gy, | (4.1)

Vout is @ mean value averaged over n sound pulses and is output in m discrete depth strata.
During quantitative population studies, estimates of @, (or alternatively, the decibel equiva.lént,
target strength ) are required in order to scale the echo integrator output, and these can be obtained
in several ways (Ehrenberg 1983). During the present study, since juvenile sockeye of a single size-
class predominated in most of the study lakes (¢, can be considered as a constant), the echo
integrator output was directly proportional with sockeye density. Thorne and Ames (1987) have
recently shown that juvenile sockeye abundance indices in Lake Washington, derived independently

by echo integrator procedures and Isaacs-Kidd midwater trawls, have a strong positive correlation.

Echo integration of the taped echo data took place in the laboratory with a BioSonics Model
121 Digital Echo Integrator (Fig. 4-1). Since the objective was to monitor diel variation in relative
(not absolute) fish density, values of 1 were adopted for the “A” and “B” constants (equipment
scaling factors) required by the instrument. The A constant is computed from factors derived from
the hydroacoustic hardware, the speed of sound in water, and the average back scattering cross
section of the fish and has units of fish/m® - V2, while the B constant is a unitless scaling factor
which corrects for variations in the time-varied gain of the echo sounder. The echo integrator
output ( V2 ) was then used as a measure of the relative fish density in different depth strata.
During all analyses, there was a direct correspondance between the echo integrator output, and the

qualitative information present on the echogram (e.g. Fig. 4-6).

Mean depth of the fish population, Z , for a given transect was computed as :

Z = —I-ZZ,' -V; (4.2)

where

m
Vi = Z V; and m is the total number of depth strata.

i=1
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Figure 4-6. Comparison of nocturnal echogram from Kennedy Lake on Sept. 3, 1986, with echo
integrator results.
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An alternative index of depth distribution, the depth of maximum echo integrator voltage, was used
for analysis of juvenile sockeye depth preference when other species of fish targets were numerous

in the transducer beam.

Echo integration requires 20 Log R—amplified echo data. Because the 1987 data were collected
at 40 Log R amplification (for dual beam analysis), it was necessary to convert the results to their
20 Log R- amplified equivalents. This was achieved by echo integrating a 40 Log R-amplified
calibration tone and computing adjusted B values (Fig. 4-7) according to a procedure outlined
in Appendix B of the BioSonics Echo Integrator Manual. These values were entered into the
instrument prior to echo integration of the 1987 echo data. The 6° (narrow beam) channel was

used for echo integration purposes.

2) Target strength: Quantitative interpretation of echo amplitudes is confounded by the
objects’ spatial position within the transducer beam. It is not possible to easily distinguish the
echo return of a large fish off-axis, from that produced by a small fish on-axis. For this reason,
direct estimates of fish target strength (T'S - a measure of an objects’ acoustic reflecting power),
are difficult to obtain with conventional single beam echo sounder systems (e.g. Rudstam et al.
1987). The SONAR equation (Thorne 1983A) relates the output voltage from an echo sounder,

Vout (measured in decibels), to system operating parameters and physical parameters, as follows:

vout = SL + TS + Gy + 2B(6) (4.3)

where SL is the source level, Gp is the system gain, and B(6) is the beam pattern factor derived

from the directivity pattern of the transducer.

The 2 unknown parameters in the equation are T'S and B(6). The equation can be solved
for T'S provided B(6) can be estimated; such estimates are obtainable in situ through the use of
multi-beam systems, including split beam and dual beam techniques (Ehrenberg 1983). Use of such
devices can in theory provide fish size information, since relationships cdn be derived which relate
fish size and fish target strength (Love 1977; Dickie and Boudreau 1987). However, other factors,

e.g spatial aspect (Buerkle 1987; MacLennan et al. in press) can also influence fish target strength
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values and remote estimates of fish size need to be interpreted with caution. Initial application
of dual beam techniques for estimating juvenile sockeye size distributions has produced favourable

results (Burcynski and Johnson 1986).

In an attempt to establish whether kokanee undertake ontogenetic shifts in diel vertical mi-
gratory activity, dual beam hydroacoustic procedures were applied within Okanagan Lake during
1987. Dual beam data were acquired on a BioSonics Model 181 Dual Beam Processor, and trans-
ferred to computer disk (Fig. 4-1). Pulse amplitude and duration criteria used during analysis were
the recommended values contained in the BioSonics Model 181 Manual. Fish target strength data

were then computed using the BioSonics “TS” computer program.

In order to field test the dual beam system, a study was carried out in Shuswap Lake (Fig.
4-8) using suspended ping pong balls as standard targets. The results of computing target strength
estimates (Fig. 4-9) suggest that the system provides reasonable values for a uniformly shaped
target [the theoretical target strength of a ping pong ball is -40.54 db (J.E. Ehrenberg unpublished
data)]. '

3) Echo counting: Due to the presence of abundant mysid populations which overlapped in
space with the kokanee targets of interest within Okanagan Lake, it was not feasible to integfate
the echo returns to estimate diel changes in depth distribution. Instead, echoes were counted using
the dual beam system (see above) and an estimate of the number of echoes per m® was provided
by an algorithm within the “TS” program which computes the effective sample volume within
particular depth strata according to the mean target strength and the estimated beam pattern
factor of the hydroacoustic system. Echo counting methods have also been used by Kelso et al.

(1974) to quantify fish depth distributions.

Limnological methods

In order to accurately position temperature and light sensors in the water column, a hand-
operated winch system, weighted with a 5 kg weight, was employed for all limnological measure-

ments. Single temperature profiles were measured at mid-day, using a YSI-SCT meter, at 1m
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depth intervals from the surface down to 50 m. Surface temperatures were also measured with a
mercury thermometer accurate to 0.1°C in order to derive a correction factor for inaccuracies of the
SCT meter. Corrections (usually less than 0.5°C) were then applied to the vertical temperature

profile.

Light profiles were measured at xnjd—déy during time windows of constant atmospheric il-
lumination. Light was measured in microeinsteins (lueinstein = 6.02 x 10'"photons; llz =
5.17 x 10%photons - m~? - s71) with a Li-Cor 185-A Quantum Meter having an attached under-
water quantum sensor. Measurements were taken at 1m intervals from the surface down to a depth
corresponding to the maximum sensitivity of the sensor. Light extinction coefficients, K, were es-

timated by fitting regression lines to the standard formula for exponential light extinction (Wetzel

1983):

Iy = Le ¥4 (4.4)

where I is the measured illuminance at depth, d.

Secchi depths were recorded immediately prior to, or following, the light profile measurement
using a 15 cm diameter white Secchi disk which was lowered adjacent to the illuminated side of the

boat.

Zooplankton sampling methods

Replicate 75L zooplankton samples were taken at 5 depths (1, 7, 15, 22, and 30m) using a
Par diaphragm pump powered by 12V battery. A funnel on the intake end of the pump tubing
material was attached to the winch cable and lowered to the desired sampling depth. Because
of observed variation in pump delivery rate, water was first pumped into a 75L vessel, and then
siphoned through a 100 p plankton net. After concentrating the organisms in a small volume
of water, the animals were poured into a glass jar and preserved in approximately 5% sugared
formalin. Two vertical sampling series were taken on each sample date, the first at mid-day, and

the second during the middle of the night.

41



In the laboratory, the preserved organisms were concentrated on a plankton seive made from
100 i Nitex mesh material, and then transferred to a gridded counting vessel for enumeration under
~ a stereo microscope at 10X magnification. All crustacea were identified to genus, and enumerated
to compute the mean number of organisms per m3. Naupliar forms of copepods were subsampled
during.the counting procedure, by counting a subset of 14 (out of 84) regularly spaced grid squares,

and multiplying the result by 6.
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V. Test of the Sensory Mechanism

The sensory mechanism responsible for sockeye diel vertical migration is hypothesized (Sec-
tion IT) to involve the following components: 1) light controlling the daytime depth and the diel
timing of vertical migration, and 2) nocturnal depth distribution due to thermoselection behav-
ior. This hypothesis predicts between-lake differences in the daytime depth of juvenile sockeye
corresponding to local water clarity conditions. Variations in sockeye nocturnal depth distribution
within and between lakes should relate directly to the temperature structure of different pelagic

water columans.

This section compares observations of sockeye depth distribution to limnological conditions

in order to test this hypothesized mechanism.

Influence of light on vertical migration

To compare daytime depth with water clarity I considered only deep lakes where the presence
of a lake bottom did not interfere with the daytime descent of the fish. In shallow systems (e.g.
Cultus and Fraser) sockeye descents could be constrained by the presence of the lake bottom; data

from such systems were not considered for this analysis.

There was a significant negative regression between water clarity and the mean daytime
depth of juvenile sockeye (Fig. 5-1). Sockeye in transparent lakes (e.g. Quesnel and Shuswap)
occupied deeper positions in the water column than did sockeye in more turbid lakes. Juvenile
kokanee in Okanagan Lake (Section VIII) also fell close to the regression line relating fish depth

and water clarity:

Depth = 952K + 83.4 (5.1)

4

where K is the light extinction coefficient. The regression had an.7? value of 0.83. These field
observations are consistent with the hypothesis that sockeye daytime depth distribution is influenced

by water clarity conditions.
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Babine, Owikeno, Quesnel, Shuswap and Okanagan lakes. Okanagan data for the lowermost
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Variations in daytime fish depth distribution could be caused by within-lake water trans-
parency differences. To study the effect of altered water transparency on fish distribution, I com-
pared the daytime depth of pelagic echo targets within Owikeno Lake. Owikeno is a glacial lake
which supports abundant populations of both sticklebacks and sockeye (Ruggles 1966). The lake
has a turbidity gradient extending between its relatively clear Upper Basin and its high turbidity
lower reaches. Surface trawl catches of sockeye within Owikeno (Chernoff 1971) are consistent with
a diel vertical migration. Fish targets within the turbid Basin 2 of Owikeno Lake migrate through a
vertical amplitude of about 15m (Fig. 5-2). A 15 min surface tow net sample obtained from Basin

2 on the night of Oct. 2, 1985, produced a mixed catch of 5 juvenile sockeye and 37 sticklebacks.

Daytime acoustic transects indicated major differences in fish depth distribution between the
major basins of Owikeno (Fig.‘ 5-3). Within the turbid Basins 1 and 2, fish targets were centered
around a daytime depth of about 15m. In contrast, fish targets were centered around a daytime
depth of about 40m within the relatively clear Basin 4 (Fig. 5-3). Limnological measurements
(Fig. 5-4) indicated inter-basin differences in water transparency. Light extinction coefficients were
measured as 0.70 and 0.42 within Basins 2 and 4 respectively. These observations suggest a direct
positive correlation between daytime depth distribution and water clarity. Fish targets in turbid

areas of Owikeno Lake are higher in the water column, by day, than fish targets in more transparent

water.

To evaluate crespuscular changes in water transparency, light conditions were monitored at
dusk and dawn at Cultus and Great Central lakes respectively (Fig. 5-5). On both occasions,
light extinction curves (Fig. 5-5) remained parallel to each other and there was no evidence for a
crepuscular change in light transparency. One simple mechanism that would result in a crepuscular-
timed diel vertical migration would be for sockeye juveniles to remain within a distinct light intensity

preferendum.

Juvenile sockeye responded to seasonal changes in day length by altering the timing of their
diel vertical movements. Vertical migrations always occurred at dusk and dawn, irrespective of the
absolute timing of the crepuscular peridd. In Babine Lake (which remains ice-free between May

and November in most years) juvenile sockeye maintained their nocturnal distribution for a
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Figure 5-2. Diel sequence of echograms from Basin 2 of Owikeno Lake obtained on Oct. 1-2,
1985, with a 70kH z Simrad EY-M. Elongated vertical traces on echograms produced by gas
bubbles within the water column.
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Figure 5-3. Daytime echograms obtained from the four different basins of Owikeno Lake on Oct.
2, 1985.
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Figure 5-4. Light and temperature profiles for 2 different basins of Owikeno Lake on Oct. 1- 2,
1985, shown in relation to the depth distribution of acoustic targets.
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Figure 5-5. Sequential light extinction profiles during 2 crepuscular periods: A) dusk at Cultus
Lake on Apr. 15, 1986, and B) dawn at Great Central Lake on May 27, 1986. Time of
sampling shown adjacent to the curves. :
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considerably longer time period in October (12 h), than in mid- summer periods (8 k) (Fig. 5-6).

These seasonal differences in migration timing correspond directly to seasonal changes in daylength.

Nocturﬁa.l observations suggested that moonlight can influence the depth distribution and
behavior of sockeye juveniles. In Babine Lake, the depth distribution of echo targets was monitored
before, during, and immediately after (Fig.5-7) the rise of a full moon on a calm night (June 26,
1986). Moonrise occurred at 01:10 h. Within 20 min, sockeye juveniles descended 10 m from surface
waters, where they had been largely absent from the SONAR beam (due to near-field eﬁ‘ects)v and
subsequently occupied a depth of 10-15 m. At dawn (04:10) they re-ascended into surface waters,
and thereafter descended to their daytime depth (Fig. 5-7). On another calm moonlit night (Nov.
5, 1987) in Shuswap Lake, there was an unusual bi—modal depth distribution of echo targets (Fig.
5-8). A nocturnal transect across the lake suggested an upper, actively schooling group of fish in
10-25 m, and a deeper disaggregated group of individuals between 25-70 m. Schooling and feeding
beha?ior of juvenile sockeye can 6ccur on calm, moonlit nights (Narver 1970). Other freshwater

planktivores also forage under moonlit conditions (Gliwicz 1986B).

Influence of temperature on vertical migration

The second component of the hypothesized sensory mechanism involves control of nocturnal
sockeye depth by thermoselection behavior. This hypothesis predicts that between-lake differences

in nocturnal depth distribution relate directly to the thermal structure of pelagic water columns.

The nocturnal temperature preference of juvenile sockeye was measured by first echo integrat-
ing nocturnal transects and establishing the depth of maximum echo integrator voltage (Appendix
4). The temperature at this depth was then extrapolated from the temperature profile to obtain
a distribution of temperatures associated with the maximum fish biomass (Fig. 5-9). The results
suggest a narrow distribution of preferred temperatures, éentered around a mean of 10.9°C. These
observations are slightly higher than the mean of 9.2°C observed in Lake Washington (Fig. 2-5),
and somewhat lower than the preferred 12 — 15°C which occurs in laboratory-induced vertical

temperature gradients (Brett 1952). The thermocline in most temperate, stratified lakes will
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Figure 5-6. Diel patterns of juvenile sockeye depth distribution within Babine Lake during 1986.
Diagrams based on diel echogram sequences shown in Appendix 3.
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Figure 5-7. Effect of moonrise on juvenile sockeye depth distribution within Babine Lake on June
26, 1986. A) Diel echogram sequence (marks between 0-5 m due to surface noise), and B)
echo integration results, showing proportion of voltage by depth in corresponding transects.
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Figure 5-8. Echogram from nocturnal transect across Shuswap Lake on a calm, moon-lit night
(Nov. 5, 1987).
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Figure 5-9. Temperature at the depth of maximum echo integrator voltage. Lake sampling dates
and locations listed in Appendix 4.
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occupy a relatively narrow depth range compared to the respective depth ranges of the hypolimnjon
and epilimnion. The relatively narrow distribution of preferred temperatures (Fig. 5-9), compared
to the range of temperatures available in the entire water column, is consistent with the sensory

mechanism as hypothesized above.

Seasonal changes in the temperature structure of a pelagic water column should affect sock-
eye nocturnal depth distribution if the fish are actively thermoselective. Seasonal comparisons of
sockeye day and night distribution were undertaken at Babine and Shuswap Lakes (Figs. 5-10 and
5-11 respectively). The echograms indicate seasonal downward shifts in nocturnal vertical distri-
bution, as well as seasonal expansions in the range of nocturnal depths occupied. Within Babine
(Fig. 5-10), sockeye at night occupied shallow depths on June 25 (prior to moonrise; see Fig. 5-7),
10 m depth ranges during August, and a relatively wide 20 m depth range in October. Within
Shuswap (Fig. 5-11) sockeye nocturnal depth distributions both shifted downward and expanded

over greater vertical ranges during the 5 month period of study.

The most likely explanation for these seasonal shifts in nocturnal vertical depth distribution
relates to the seasonal formation and progression of the thermocline within the water column.
When the preferred temperature isotherms are situated within the thermocline, sockeye show a
narrow depth distribution. Seasonally, as the thermocline descends within the water column and

weakens, sockeye select deeper depth levels and a wider range of depths.

Numerous sockeye salmon lakes within B.C. are routinely surveyed hydroacoustically in order
to obtain juvenile population estimates, and many thousands of nocturnal transects have been
undertaken. During the course of a September 1986 Quesnel Lake survey undertaken on behalf of
the Department of Fisheries and Oceans (DFO), a peculiar echogram was obtained from a transect
oriented perpendicular to the main axis of the lake (Fig. 5-12A). Echo integration results (Fig. 5-
12B) suggested a major “tilt” in the vertical distribution of sockeye juveniles within this particular
region of Quesnel Lake. There was a 4 m difference in mean vertical position of sockeye across the
transect. All of the other 15 transects undertaken during the 2 night survey produced “horizontal”

echograms typical of sockeye salmon juveniles in freshwater nursery lakes.

If the nocturnal vertical distribution of sockeye is controlled by temperature, the distribution
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Figure 5-12. A) Juvenile sockeye nocturnal echogram from a transect across the main axis of
Quesnel Lake on Sep. 22, 1986, and B) mean depth of acoustic targets as computed from 6
distinct echo integrator sequences.
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of echo targets in Fig. 5-12 implies that the thermal distribution in this region of Quesnel Lake was
tilted on Sep. 22, 1986. How could such a thermal distribution arise? Wind-driven thermocline
seiche movements occur in large temperate lakes and can generate Kelvin waves when acted upon
by the earth’s Coriolis force (Goldman and Horne 1983). A two-layered lake model (Fig. 5-13)
illustrates the potential tilting of the thermocline that can occur across the main lake-axis as a

result of counterclockwise rotation (northern hemisphere) induced by Coriolis force.

An opportunity to test this model arose in August of 1987 when Quesnel Lake was again
surveyed on behalf of DFO. The population of sockeye juveniles was much less dense in 87 than
in ’86; echograms taken during the '87 survey (Fig. 5-14) have been re-scaled to facilitate vertical
distributioﬁ comparisons. During the day prior to the start of the survey (Aug. 10, 1987) a strong

storm passed through the area causing minor damage to shoreline dock structures.

Differences in juvenile sockeye vertical distribution were evident both between and within
transects (Fig. 5-14). On Transect 4, sockeye were centered at 15 m depth, several m shallower
than sockeye on Transect 6 (sequences 1 and 2; Fig. 5-14B). Sockeye distributed across Transect 6
again showed a tilted vertical distribution, with a 3 m difference in mean vertical position across the
‘transect. Theré was evidently an active seiche in Quesnel Lake at this time; temperature profiles
taken at a monitoring site on Transect 6 showed a 10 m ascent of the thermocline position over a

25.5 h period between Aug. 11 and 12 (Fig. 5-15).

Comparison of the temperature distribution across Transect 6 at 05:00 on Aug.12 (Fig. 5-
16) suggested a non-uniform temperature distribution across the transect. The thermocline was 5
m deeper in the middle part of the transect than at either the north or south sides (Fig. 5-16),
suggesting the presence of an active Kelvin wave. There was no obvious correspondence between
the tilted sockeye distribution on Transect 6 (Fig. 5-14) and the deeper thermal distribution at the
middle of the transect. This discrepancy possibly relates to the 4 h timing difference between the

acoustic transect and the temperature measurements.

These observations suggest that juvenile sockeye respond (nocturnally) to vertical differences
in thermal distribution caused by wind-driven seiche movements. The response is consistent with

the thermoselection mechanism hypothesized to control nocturnal vertical position.
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Figure 5-13. Establishment of a Kelvin wave in a temperate lake as a result of Coriolis force
operating on a wind-driven seiche. Redrawn from Goldman and Horne (1983,fig.5-20).
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Discussion

The sensory mechanism controlling juvenile sockeye vertical migration must account for the
day and night pelagic depth positions, as well as the diel timing of their migration. The hypothesized
mechanism requires both thermoselection behavior and a light response to control the night and
daytime vertical distributions respectively. The crepuscular timing is hypothesized to result from
the sockeye light response. Field observations from B.C. sockeye lakes are in agreement with this

sensory mechanism.

Daytime depth is related to water clarity, and field evidence suggests a direct effect of water
clarity on daytime position. Sockeye in clear lakes tend to be deeper, and migrate over greater
vertical distances, than sockeye in more turbid systems. During nocturnal periods, juvenile sockeye

are evidently thermoselective, and associate with a narrow range of temperatures.

For ectothermic organisms in thermally stratified lakes, temperature will provide a strong
and unambiguous environmental signal. Within laboratory-induced steep experimental gradients
of temperature, most fish show strongly peaked, monomodal frequency distﬂbutions (Neill 1979).
Wild juvenile sockeye populations under field conditions also demonstrate a strongly peaked dis-

tribution in temperature preference (Figs. 5-9, 2-3) in a fashion consistent with the hypothesized

sensory mechanism.

Two different mechanisms capable of controlling the diel timing of fish vertical migrations
were elaborated by Blaxter (1974). The first involved the fish ‘“following isolumes’ whereby the
animals remained within a distinct light intensity preferendum, while the second was a function
§f the fish responding to a specific rate of change in light intensity. Both of these mechanisms
would result in a crepuscular-timed diel vertical migration. In a review of photoperiodic-induced
shifts on marine animal behavior, McFarland (1986) concluded (p. 399): “What is not clear is
whether the trigger (for behavior) in each species is the result of the achievement of some absolute
light threshold, or a directional and prolonged duration of rate of light intensity change, or the
achievement of a specific rate of light intensity change, or some intemctibe combination of all of

these factors.”
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Results from the present study support the importance of light in controlling the diel timing
of juvenile sockeye vertical migration. However, the particular attributes of light to which the fish
respond are difficult to specify. The simplest rﬁechanism controlling the diel timing of migration is
for the fish to maintain themselves within a distinct light intensity preferendum over the diel cycle.

Such behavior would suffice to move the fish vertically up and down through the water column.

The potential usefulness of the diel cycle as an orienting mechanism in fish behavior was
summarized by Smith (1985, p. 14): “Although it may be modified by cloud cover, water clarity or
eclipse, the daily cycle of light intensity is one of the most precise and regular cycles accessible to
vertebrates. It is an appropriate timing stimulus for behavioural and physiological rhythms related

to diel activity.”

Other vertical migrators appear to respond directly to diel shifts in light intensity (Woodhead
1966; Blaxter 1974). Unusual light conditions can alter the normal timing of vertical migration;
examples include solar eclipses, which may trigger vertical migration (Backus et al. 1965); artificial
lights, which may alter normal migration patterns (Blaxter and Currie 1967); and the absence of

darkness during polar summers, which may inhibit vertical migration altogether (Zusser 1958, cited

in Blaxter 1974).

In summary, the combined light and temperature sensory mechanism is consistent with the
observed patterns of juvenile sockeye migration within B.C. lakes. The physiological and ecological

consequences of these behaviors are considered in Section IX.
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VI. Tests of Selective Advantage Theories

The seven hypotheses concerning the selective advantage of diel vertical migration (Section
II) make specific predictions concerning the movements of juvenile sockeye with respect to their
zooplankton prey, limnological conditions, and diel cycles in light intensity. This section compares
fish behavior to physical conditions and prey distributions in order to test the predictions of the

various hypotheses and make inferences about the selective advantage of the behavior.

1) Foraging hypothesis

This hypothesis predicts that if crustacean zooplankton undertake diel vertical migrations,
then so will juvenile sockeye to maintain a high degree of spatial overlap with their primary food

source.

Comparison of day and night zooplankton vertical distributions provided the basis for as-
sessing zooplankton diel migrations. Replicated, depth-stratified zooplankton pump samples were
taken from the pelagic zone (both day and night) in the same vicinity as the echo séunding loca-
tion. To evaluate pump sampler selectivity, zooplankton counts from Babine Lake were compared
to results obtained by Narver (1970) using Miller net samplers, which by virtue of their rapid,
towed deployment (Andersen and Narver 1968), accurately sample largé crustacean zooplankton.
Heterocope septentrionalis and Bosmina coregoni are the only two zooplankters that migrate ver-
tically in Babine Lake (Fig. 6-1), the former migrating to a daytime depth of 15-30 m, and the

latter undertaking a reversed diel vertical migration.

Zooplankton pump samples from Babine Lake (Fig. 6-2) produced results similar to those
obtained by Narver (1970) with one notable exception. Heterocope septentrionalis were absent
from daytime pump samples and only captured incidentally at night. Heterocope is a large (2-3
mm), predatory copepod evidentally capable of avoiding capture by the pump sampler. The pump

sampler adequately sampled the other genera in the lake, showing that copepods and Daphnia were
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Figure 6-1. Day and night vertical depth profiles of the predominant zooplanktonic organisms
within Babine Lake on Aug. 5-6, 1967, as indicated by averaging depth-stratified Miller
samplers from 8 discrete depths; redrawn from Narver (1970,fig.11).
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Figure 6-2. Day and night vertical depth profiles of the predominant crustacean zooplankton species
captured in plankton pump samples from Babine Lake on 2 dates during 1986. Kites depict
relative abundance of organisms at 5 particular depths throughout the upper 30 m of the
water column. :
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static in the upper portion of the water column, while Bosmina undertook a reversed diel vertical
migration. The reversed diel vertical migration of Bosmina was apparent during both June and

August of 1986 (Fig. 6-2).

Zooplankton pump sampler results (Fig. 6-3) indicated static (non-migratory) zooplankton
populations in Cultus, Quesnel and Shuswap Lakes. Day and night depth distribution pattéms
were similar in all 3 lakes. The occasional minor diel difference in depth distribution pattern
can be ascribed to sampling error, rather than active vertical migration. These observations are

inconsistent with the foraging hypothesis prediction of an active zooplankton vertical migration.

The foraging hypothesis prediction of a high degree of diel spatial overlap between sockeye
and zooplankton was rejected. Sockeye diel vertical migration patterns in Babine (Fig. 5-6),
Shuswap (Fig. 4-3), Quesnel (Fig. 4-4), and Cultus (Fig. 6-4) indicated that sockeye descended far
below regions of concentrated zooplankton abundance in these lakes during daytime periods. The

daytime descent effectively decreased zooplankton foraging opportunities.

The observed discrepancies in the distribution and movement patterns of fish and zooplank-
ton invalidate the foraging hypothesis as an explanation of diel vertical movements by juvenile
sockeye. To maximize foraging success, day and night residence in shallow water where zooplank-
ton concentrate would be advantageous over a large amplitude diel vertical migration that segregtes
sockeye from their primary prey. Clearly, a selective agent other than foraging success alone is re-

quired to explain diel vertical migration behavior in juvenile sockeye salmon.

2) Bioenergetic hypothesis

This hypothesis suggests that migrating juvenile sockeye achieve an energetic advantage over
non-migrants due to the effect of cyclic temperature fluctuations on growth rate. The hypothesis
predicts a relaxation of diel migratory activity in isothermal water columns where temperature-

related growth benefits cannot be achieved.

The temperatures experienced by sockeye migrants (Fig. 6-5) indicated that vertically mi-
grating sockeye experienced average water temperatures of 6.9°C and 10.9°C during day and night

periods respectively, with an average (absolute) diel temperature difference of 4.6°C. In most lakes,
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Figure 6-3. Day and night vertical depth profiles of the predominant crustacean zooplankton species
~captured in plankton pump samples from Cultus, Quesnel and Shuswap lakes.
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sockeye were situated in cooler water by day than at night. However, in Nimpkish Lake (see below),
sockeye diel vertical migrations were reversed, and the fish experienced warmer water by day than

at night.

Juvenile sockeye in several lakes undertook diel vertical migrations under near-isothermal
conditions. Such migrations were apparent in Lakelse, Babine, and Owikeno lakes. Lakelse Lake is
subject to intense wind action which periodically disrupts the lake’s thermal stratiﬁca;tion (Brett
1950). During June of 1986, fish targets (presumed juvenile sockeye) were observed to undertake
diel vertical migration under isothermal conditions (Fig. 6-6). Within Babine Lake, juvenile sockeye
migrated vertically on June 25-26, 1986 (Fig. 5-6) within an isothermal water column (June 25’86
temperature profile is shown in Fig. 5-10). Lastly, the diel vertical migration of sockeye within
Owikeno Lake observed in October of 1985 (Fig. 5-3) occurred in a water column that was close
to isothermal (Fig. 5-4). Other observations of diel occupancy of similar temperatures by juvenile

sockeye include those made by Woodey (1972) in Lake Washington.

These field observations suggest that thermal stratification of the pelagic water column is not
a necessary prerequisite for diel vertical migration to occur. Moreover, within an isothermal water
column, physiological functions occur at the same rate over all depths, and vertical migration under
these conditions cannot provide temperature related bioenergetic benefits. I conclude therefore,
that a simple bioenergetic hypothesis does not provide an adequate explanation for the selective

advantage of diel vertical migration to juvenile sockeye salmon.

3) Predator avoidance hypothesis

This hypothesis predicts that sockeye vertical migrants will seek out particular irradiance
isopleths where visual searching ability of the dominant piscivores is reduced or negligible. Thus the
evolved light preference of vertical migrants should occur below the saturation irradiance threshold,
SIT, of the dominant piscivore, whefe SIT is defined as the minimum quantity of irradiance that

maximizes reaction distance to prey targets (Henderson and Northcote 1985).

Varjations in the daytime depth distribution of sockeye (Fig. 5-1) are consistent with this

prediction: sockeye in clear lakes occur deeper in the water column, by day, than sockeye in more
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Figure 6-6. Diel vertical migration of echo targets under isothermal conditions within Lakelse Lake
on June 21-22, 1986. Upper echograms show diel change in fish depth distribution, while
lower graph shows the temperature for the upper 25 m of the water column.
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turbid systems. During daytime periods (Fig. 6-7), sockeye experienced a mean irradiance level of
1.1 x 10*®photons-m~2 -sec™! (range = 10'® — 10 photons-m~% -sec™1). Two important predators
of juvenile sockeye, cutthroat trout and Dolly Varden char, have SIT valﬁes considerably higher
than this level (Fig. 6-8). Based on the laboratory data collected by Henderson and Northcote
(1985), sockeye at their daytime depth would be invulnerable to cutthroat and only marginally
visible to Dolly Varden. Although comparison of laboratory results and pelagic field observations
needs to be undertaken with caution, existing evidence is consistent with the main prediction of

the predator avoidance hypothesis.

Considerable variation occurs in the mortality rates of juvenile sockeye within their nursery
lakes. Predators are numerous in both Cultus and Lakelse lakes (Foerster 1968) and within-lake
survival has been estimated as 5.5% (Foerster 1938) and 16% (Foerster 1968) respectively. In
Babine Lake, fry-to-smolt survival rates varied between 7.5% and 49.9% during 16 years of study
(McDonald and Hume 1984). Lakes where sockeye show exceptionally high within-lake survival
include Port John Lake and Chilko Lake (Foerster 1968). Fry-to-smolt survival rates of sockeye
within Chilko varied between 45.4% to 56.7% over the period 1949-1955, with a mean value of
52.6% (Foerster 1968, Table 86). In reference to Chilko Lake fry-to-smolt survival, Foerster (1968,
p. 310-311) reported: “In comparison with most findings elsewhere this high level of lake survival
seems fantastic, but the figures for Port John Lake are of the same order if the 2- year lake life
there is taken into account. No information is to hand regarding the prevalence of predator and

competitor fishes in Chilko Lake.”

I surveyed Chilko Lake hydroacoustically during the daylight hours of July 28, 1986 and
did not defect any fish targets within the pelagic zone at the northern end of the lake. Surface
dimpling was observed in the afternoon suggesting a daytime surface orientation of juvenile sockeye
on this date. On July 15-16’87, juvenile sockeye were defected by the SONAR equipment and they
undertook a diel vertical migration covering at least 80 m of the water column (Fig. 6-9A). When the
observations were repeated on August 14-15’87 (Fig. 6-9B), there was little evidence of substantial
diel vertical migration, and sockeye schools were again observed dimpling the surface during hours
of daylight. These visual surface observations suggest that at least some juvenile sockeye within

Chilko have relaxed their diel vertical migratory activity for at least a portion of their lake
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residency. The observations provide circumstantial support for the predator avoidance hypothesis
in view of the low fry-to-smolt mortality that has been documented for Chilko. However, the
observation of a large amplitude vertical migration (Fig. 6-9A) in a lake of moderate transparency
(July ’87 Secchi depth = 7.1 m), as well as the different vertical migratory behavior observed
on different dates, remains puzzling. Unlike most Fraser sockeye lakes, substantial numbers of
juveniles occupy Chilko Lake for a 2 year (vs. 1 year) freshwater residence period (Foerster 1968).
Possibly the different migratory behaviors correspond to respective migratory patterns of different

size classes of juvenile sockeye. Ontogenetic shifts in vertical migratory activity can occur in kokanee

(Section VII).

During most diel hydroacoustic samphng sequences,' sockeye were numerically predominant
dnd few targets wére observed that wouid qualify. as “potential predators”. Such was not the
case within Little Shuswap Lake (Fig. 6-10) where diel sequences showed a group of echo targets
that ascended from the lake bottom into the hypolimnion remaining largely segregated from the
vertically migrating juvenile sockeye téxgets. When the target strengths of the 2 spatially distinct
groups of echo targets were compared (sequence T=21:30 on Fig. 6-10), different distributions were
evident (Fig. 6-11). Echo targets between 0-20 m and 40-60 m had mean target strength values
of -50.6 and -46.7 db respectively. These target strength values correspond to fish of mean size
5.5 and 10 cm respectively, when fish sizes are estimated from the empirical regression equation
derived by Love (1977):

TS =19.1LogL — 0.9 — 62.0 (6.1)

where T'S is the dorsal aspect target strength measured in decibels, L is the fish length in cm,
and f is the frequency in kHz. Previous work within Shuswap (Williams et al. in prep.) has
shown that the majority of fish species within the lake consume sockeye during years of dominant
cycle residency. Many of the deeper fish targets within the hypolimnion of Little Shuswap can
be considered potential consumers of juvenile sockeye, but predator species identification awaits

further netting studies.

These observations suggest an alternative predator avoidance hypothesis which is partially
consistent with observed patterns of juvenile sockeye diel vertical migration. Nocturnal avoidance

of the hypolimnion might be a favourable survival strategy if there were a nocturnal predator which
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relied on non-visual stimuli for sockeye capture. Squawfish (Ptychocheilus oregonensis) are in fact
capable of capturing prey in complete darkness using olfactory stimuli (Chisholm 1975). Howe\}er,
this hypothesis cannot -explain the full cycle of sockeye diel vertical migratidn, since, under this
hypothesis, there would be no selective advantage for sockeye to descend into deep water during
daylight hours. The nocturnal avoidance of hypolimnetic predators that hunt by non-visual stimuli

could however re-inforce an established pattern of sockeye vertical migration.

The predator avoidance hypothesis is consistent with field observations of juvenile sockeye
diel vertical migration. However, the hypothesis is incomplete (Section II) since it does not explicitly
consider the trade-off between food intake and predation risk. Below, I consider predator avoidance

as a component of multifactor hypotheses of diel vertical migration.

4) Multifactor hypotheses

There are 4 multifactor hypotheses (Table 3-1), three of which involve 2-way interactions
between 3 factors (foraging, bioenergetics, and predafor avoidance) and one of which involves a 3-
factor combination. A combined foraging and bioenergetic hypothesis has been dismissed (Section
II) since it predicts neither the diel timing, nor the observed amplitude of vertical migration.
A combined bioenergetics and predator avoidance hypothesis is not valid since juvenile sockeye
actively feed during the course of their diel vertical migration (Narver 1970; Doble and Eggers 1978).

I here evaluate the remaining 2 multifactor hypotheses in light of the recent field observations.

The antipredation window model (Clark and Levy 1988) combines foraging and predator
avoidance. The main novel prediction of the hypothesis is that planktivores which hunt by sight and
which are subject to visual predation will undertake diel vertical migrations to feed on zooplankton
in surface waters for relatively brief crepuscular periods. The model does not make any explicit
nocturnal migration predictions. Field observations (Section V) suggest that juvenile sockeye are
nocturnally thermoselective and associated with temperatures that optimize metabolic efficiency

(Brett et al. 1969).

In addition to Chilko Lake where diel vertical migration is (periodically) relaxed, fish targets

within Nimpkish Lake (both sticklebacks and juvenile sockeye are present within the pelagic zone)

78



undertook altered diel vertical migrations (Fig. 6-12). On June 17-18°86 (Fig. 6-12A) most of
the fish targets undertook a diel vertical migration, ascending at dusk, and descending at dawn.
However, the pattern of movement was radically different oﬁ Sept. 8-9’86 (Fig. 6-12B) when fish
targets descended at dusk and ascended at dawn. A similar reversed diel vertical migration of

pelagic fish targets was observed on Sept. 16-17’86 (Fig. 6-12C).

Comparison of fish depth distributions with temperature profiles (Flg 6-13) suggested that
the most dense group of fish targets weré nocturnally associated with the thermocline in a manner
consistent with the hypothesized sensory mechanism (Section V). During hours of daylight, however,
fish targets were concentrated in brightly illuminated shallow water. The deeper nocturnal depth
distribution of the main group of fish targets on Sept. 16-17’86, compared to Sept. 8-9’86, probably

corresponds to the deeper thermocline distribution on this date.

There are at least 2 possible explanations for the reversal of diel vertical migration behavior
by juvenile sockeye within Nimpkish Lake. First, there could be a low predator-induced mortalityv
rate since few predators have been observed within the pelagic zone, relative to other sockeye
nursery lakes (K.Hyatt, Dept. of Fisheries and Oceans, Nanaimo, B.C., unpublished observations).
Second, the presence of competition from threespined sticklebacks within Nimpkish Lake might
select for a reversed diel verfical migration by juvenile sockeye within Nimpkish Lake. Pelagic
sticklebacks are planktivorous and have been shown to compete with juvenile sockeye in enclosure
experiments conducted at Kennedy Lake (O’Neill and Hyatt 1987). It is presently difficult to reject

either explanation.

A reversed diel vertical migration is not predicted by the antipredation window hypothesis.
In order to generate a reversed migration, it is necessary to postulate a bioenergetic influence on
nocturnal distribution. Also, the nocturnal temperature observations (Fig. 5-9) suggest nocturnal
selection of temperatures optimal for sockeye growth under restricted food rations (Brett et al.
1969). It is therefore apparent th@t the hypothesis which best explains the selective advantage of
juvenile sockeye diel vertical migration, is a multifactor hypothesis combining the antipredation

window and bioenergetics.
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Discussion

The major premise underlying this study is that there must be a selective advantage for
juvenile sockeye which migrate compared to individuals which maintain a fixed depth in the water
column. The exact nature of the selective advantage is not immediately apparent, and seven
distinct hypotheses have been developed (Section II). In order to test the predictions of the various
hypotheses (Table 3-1), vertical movements of juvenile sockeye were compared under a wide range

of limnological and biological conditions.

The research has shown that diel vertical migration is a ubiquitous behavior in juvenile
sockeye salmon. Detailed and quantitative descriptions of vertical migration behavior have been
provided for most of the major sockeye salmon lakes of B.C. All of the populations studied undertook
diel vertical migrations for at least a portion of their lake nursery residence. Variations in the

normal diel pattern of migration were observed in 2 lakes where migrations were periodically relaxed

(Chilko) or reversed (Nimpkish).

None of the three single factor hypotheses (foraging, bioenergetics, and predator avoidance)
is capable of consistently predicting observed diel vertical migration behavior. The foraging hy-
pothesis is inconsistent with the observed spatial segregation and dissimilarity in diel movement
pattern between planktivore predator and zooplankton prey.v The bioenergetic hypothesis does not
account for £he diel timing of vertical migration nor the observations of diel vertical migration
under isothermal conditions. The predator avoidance hypothesis is consistent with field observa-
tions, but does not explicitly account for the trade-off between foraging and predator avoidance.
In the absence of a single factor hypothesis which is sufficiently robust to account for the selective

advantage of the behavior, it is necessary to consider multifactor explanations.

It is methodologically challenging to investigate processes caused by multiple factors (Hilborn
and Stearns 1982). The approach followed during the present study was advocated by Gilbert et
al. (1976) and involved modelling thev process assuming multiple causes and then refining the
model by testing each component. The antipredation window model (Clark and Levy 1988) served
as the initial model and provided new insights into the selective advantage of juvenile sockeye

diel vertical migration. However, even this model was incapable of predicting all of the observed
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field observations. In order to account for juvenile sockeye nocturnal depth distribution it was
necessary to invoke a bioenergetic influence on vertical distribution at light levels below the visual
feeding thresholds of juvenile sockeye and their predators. The combined trade-off between foraging,
predator avoidance, and metabolic efficiency at different temperatures provides the most realistic
éxplanation for the selective advantage of diel vertical migration in juvenile sockeye salmon. This

trade-off has yet to be modelled in a rigorous quantitative fashion.

Both Magnuson et al. (1979) and Crowder and Magnuson (1983) evaluated the distribution
of fish in heterothermal environments and concluded that fish respond to both temperature and
food according to bioenergetic expectations. However, the influence of predators on distribution
was not even considered. The antipredation window model (Clark and Levy 1988) concluded that
vertically migrating pelagic planktivores sacrifice growth in order to avoid predation. Predator
avoidance considerations could easily modify, and even out-weigh, bioenergetic and feeding con-
siderations in affecting the distribution and diel migratory behavior of fishes within the pelagic
enviroﬁment. Moreover, as pointed out by Mittelbach (1988), piscivores may have a greater impact
on fish community organization through their indirect influence in modifying prey behavior, than
through their direct consumption of a relatively small percentage of prey. More realistic models of
aquatic population and community dynamics need to therefore incorporate predator avoidance as

an important influence on prey distribution and abundance.

The daytime descent of juvenile sockeye evidently serves as a form of pelagic concealment
from visual feeding piscivores. Future investigations of the selective advantage of diel vertical
migration in juvenile sockeye should focus on estimating visual predation risk and foraging rate as a
function of ambient light intensity. Empirical studies are required to quantify the trade-off between

predator avoidance and the achievement of energetic returns (both foraging and bioenergetics).
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VII. Ontogenetic Shifts in Diel Vertical Migration Behavior

Major ecological changes often coincide with the ontogeny of individual animals. Ontogenetic
niche shifts in resource use are commonplace in fishes and are predictable on the basis of body size
(Gilliam 1982; Werner and Gilliam 1984). Sockeye salmon show considerable variation in body
size, commencing life as a fertilized egg weighing 0.013 g and terminating growth as a 2300 g adult

(Brett 1983). Selective pressures undoubtedly change in importance across these extremes of body

size.

Kokanee, the lake-locked form of sockeye salmon, complete their growth within the limnetic
zone of a lake. Previous studies suggest that sub-adult kokanee undertake reversed diel vertical
migrations. Kokanee in Nicola Lake wére shown to have a reversed diel vertical migration during
8 out of 10 intensive 24 h netting series conducted during the summer and fall months (Northcote
et al. 1964; Northcote 1967). In Babine Lake, McDonald (1969) captured kokanee in shallow
(0-16 m) purse seine sets by day indicating tha.f in this lake, kokanee are surface oriented during
daylight hours. In Pend Oreille Lake, Idaho, summer echo sounding studies (Rieman and Bowler
1980) indicated that kokanee were distributed between 0-20 m during daylight hours and between
18-27 m during the night. While sub-adult kokanee evidently undertake reversed diel vertical
migrations, there is no information available on juvenile kokanee diel vertical migrations from such
systems. It is not known whether juvenile kokanee undertake reversed diel vertical migrations, or
whether they behave like juvenile sockeye, shifting their diel vertical migratory behavio_r later in life.
The occurrence (or absence) of an ontogenetic shift in vertical migratory activity has important

implications for explanations of the selective advantage of the behavior in kokanee.

To establish whether an ontogenetic shift occurs in kokanee diel vertical migratory activity,
diel echo sounding studies were undertaken in the pelagic zone of Okanagan Lake on four occasions
during the summer and fall months of 1987. For comparative purposes, similar data were also

collected on one occasion respectively from Skaha and Kootenay lakes. Previous trawling studies
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(B.C. Fish and Wildlife Branch, unpublished data) have indicated that kokanee comprise virtually
100% of the fish vulnerable to an 3 X 5 m midwater trawl device operated within the pelagic zone

of Okanagan, Skaha and Kootenay lakes.

Diel vertical migrations by kokanee

Echograms from Okanagan Lake showed major diel differences in appearance. Back-
scattering was observed from objects throughout the upper 100 m of the pelagic water column
(Figs. 7-1A and B). Moreover, back-scattering occurred at different vertical positions within the

pelagic water column by day and night.

There were 3 distinct groups of echo targets present (Fig. 7-1). The predominant organism
formed a dispersed group of targets centered at 100-120 m by day, ascending to within 15 m
of the surface at night. This was followed by a dawn descent under low light intensities. The
back-scattering was observed on the oscilloscope as a broad band of low voltage, suggesting the
combined echo reflections from a large biomass of small-bodied organisms. This organism was
tentatively identified as the mysid Mystis relicta which was introduced into Okanagan Lake in 1966
(Lasenby et al. 1986) and presently occurs there in high abundance. - This species is a known

vertical migrator in a number of lakes (Beeton and Bowers 1982).

In addition to the vertically migrating mysid layer, there were 2 distinct groups of fish targets
present on echograms (Fig. 7-1). The first was present in shallow (15-25 m) water depths by day,
while the second was observed to migrate vertically. The latter group évidently ascended from a
daytime depth of 50-80 m and merged together with the shallow water group at night. At dawn,
the second group descended away from the shallow water group, and gradually re-assumed the

daytime depth level.

Observations of the fish targets were quantified by counting the echoes, scaling the counts
by the estimated sample volume, and then expressing the number of echoes per m® within each
depth strata as a proportion of the sum (Fig. 7-2). On all 4 sampling dates there was a distinct
bi-modality in the daytime vertical depth distribution of echo targets. The shallow group of echo

targets was “loosely” associated with the thermocline of the lake and appeared to shift its daytime
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Figure 7-1. Diel echogram sequences from Okanagan Lake on A) July 21-22, and B) Sep. 30-Oct.
1, 1987. Dispersed marking on echograms due to echo returns from Mysis relicta.
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vertical position in response to seasonal changes in the thermocline depth (Fig. 7-2). The deep
group of echo targets was positioned at a depth of low light intensity and appeared to have a
light preference comparable to juvenile sockeye, showing a similar relationship as juvenile sockeye

between the mean daytime depth position and the light extinction co-efficient (Fig. 5-1).

During nocturnal periods, kokanee within Okanagan Lake dispersed downwards, occupying
a depth layer of 50 m thickness (Fig. 7-2). This nocturnal dispersal was evidently unrelated to
thermal distribution, since the lake was well-stratified during three out of the four sampling dates,

and many of the fish were situated in the isothermal hypolimnion (Fig. 7-2).

Target strengths of individual fish echoes were compufed in order to make inferences about
the size distribution of the tvs}o"groups of fish echo targets. Separate results were computed for
day and night transects (Fig. 7-3). During each of the four sampling dates there was a distinct
bi-modal depth distribution in the frequency of daytime echo targets. There was also a difference
in the ‘mean target strength of the two groups of echo targets such that the mean of the deeper
group of fish echoes was 8-14 db smaller than the mean of the shallow group (Fig. 7-3). These
results suggest that the deeper group of migrating fish targets in Okanagan Lake were smaller in

body size than the shallow targets.

At night when the two groups of fish targets overlapped spatially, separate modes in target
strength distribution could not be resolved (Fig. 7-3). This may be due to a homogeneous vertical
depth distribution of different-sized animals, or alternatively to an inherent inability to resolve
target strength modes when variance is high (variance in target strength is greater than variance -

in size due to effects of target attitude; see Burczynski and Johnson 1986).

These hydroacoustic results provide qualitative evidence for an ontogenetic shift in vertical
migratory behavior of kokanee within Okanagan Lake. Small fish (juveniles) migrate vertically in a
similar fashion as juvenile sockeye. Later in life; the fish alter their behavior and remajn in shallow
Water during daylight hours. Angling practices within Okanagan Lake support this interpretation
since sub-adult kokanee are vulnerable to shallow surface-deployed fishing gear during daylight

hours.
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Different diel patterns of echo target distribution were observed within Kootenay (Fig. 7-4)
and Skaha (Fig. 7-6) Lakes. Muysis relicta are present within both of these lakes and undertook
extensive vertical migrations which were evident on echograms. Within Kootenay Lake, there was
evidence for separate modes in daytime fish depth distribution (Fig. 7-4A); however, the shallow
daytime group was deeper in the water column (25-50 m) than the one observed in Okanagan.
When target strength distributions were compared (Fig. 7-5), there was no clear evidence for
depth-related differences in target strength distribution. Within Skaha Lake, diel differences in the
vertical depth distribution of echo targets were slight (Fig. 7-6), and there was no indication of

depth-related differences in target strength distribution (Fig. 7-7).

Discussion

There were two distinct groups of fish targets present within the pelagic zone of Okanagan
Lake. The first occurred in relatively shallow water within the general vicinity of the thermocline,
while the second undertook diel vertical migrations similar to those of juvenile sockeye. Daytime
target strength estimates, obtained while the two groups were spatially segregated, indicated a lower
target strength for the diel vertical migrants. These hydroacoustic results suggest the existence of an
ontogentic shift in diel vertical migratory behavior by kokanee within Okanagan Lake. Diel vertical
migration behavior is evidently undertaken by small-bodied juveniles soon after they recruit into
the pelagic zone. Later in life, at a larger body size, tile behavior changes and the fish maintain a

shallow orientation during the day and disperse downwards at night.

The occurrence of an ontogenetic shift in diel vertical migratory behavior is consistent with
the Ciark and Levy (1988) antipredation- window model. If one assumes an inverse relationship
between predator-induced mortality and body size, and a direct relationship between plankton
food requirements and body size, it follows that larger-bodied individuals would spend a greater
proportion of their diel time budget within shallow water. Moreover, since planktivorous kokanee
are often food-limited within freshwater (their growth rate is generally much slower than that of

their marine sockeye counterparts) bioenergetic benefits could be achieved by large-bodied kokanee
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Figure 7-4. Diel echogram sequences and scaled echo count data for Kootenay Lake hydroacoustic
transects on Sep. 25-26, 1987.
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in the vicinity of the thermocline, provided these were not out-weighed by the additional predation

risk from visual-feeding piscivores in shallow euphotic waters.

Kokanee within Kootenay and Skaha Lakes behaved differently from those within Okanagan.
Kootenay fish were largely absent from the upper 25 m of the water column during daylight periods,
and all kokanee size classes appeared to migrate verticaily to some extent. There.were no obvious
diel changes in vertical distribtion of kokanee within Skaha, suggesting a static diel vertical distri-
bution. Sub-adult kokanee within Nicola (Northcote et al. 1964) and Pend Oreille (Rieman and
Bowler 1980) lakes undertook reversed diel vertical migrations. This observed geographical varia-
tion suggests that kokanee diel vertical migratory behavior is variable from lake-to-lake, presumably

in response to local selection pressures.

Sockeye salmon shift their diel vertical migratory behavior as they develop. Following their
year-long pelagic zone residency (when diel vertical migration is well-developed), sockeye within
Babine Lake become surface-oriented and are observable in shallow surface waters by day (Johnson
and Groot 1963). During their coastal marine out-migration, sockeye maintain a shallow vertical
distribution and are vulnerable to surface-operated purse seine devices during daylight hours (Groot
and Cooke 1987). After reaching their marine nursery areas, sub-adult sockeye again undertake
diel vertical migrations (Manzer 1964) which are presumably maintained until the fish commence
their return migration. Within coastal waters, returning adult sockeye are distributed in shallow
waters (Quinn and terHart 1987). It is likely that when sockeye are actively migrating between
freshwater and marine sub-habitats, navigation and orientation requirements over-ride selective

pressures associated with diel vertical migration.
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VIII. Coevolution of Vertical Migratory Behavior in O. nerka and Zooplankton Prey

Both planktivores and zoopl@ktqn often undertake diel vertical migrations. Zooplanktonic
diel vertical migfants can achieve survival benefits by reducing spatial and visual contact with their
visual-feeding planktivore predators (Zaret and Suffern 1976; Stich and Lampert 1981; Gliwicz
1986A). In arguing that vertical migration of zooplankton in alpine lakes is an adaptation to
predation pressure, Gliwicz (1986A) presented evidence showing that vertical migration is often
absent in lakes devoid of planktivorous fishes. The introduction of pla,nktivores to such lakes can
rapidly deplete or exterminate populations of zooplankton that have not evolved vertical migratory

behavior.

A zooplankton survival benefit through diel vertical migration is only possible, however, if
the predominant planktivore preys on zooplank.ton during illuminated portions of the diel cycle.
Where visual-feeding planktivores undertake diel vertical migrations, this will preclude a standard
vertical migration by zooplankton as an effective predator avoidance mechanism. Alternatively,
in lakes where planktivore diel vertical migrations are reversed there should be strong selective

pressure for zooplankton to migrate vertically.

These predictions were tested by comparing the diel vertical migratory behavior of zooplank-
ton in several lakes where fish vertical migration studies were undertaken. This section reviews
available information on juvenile sockeye and kokanee feeding habits and then relates the diel

vertical movements of the zooplankton to those of the predominant planktivore.

Juvenile sockeye and kokanee feeding behavior

Juvenile sockeye and kokanee dietary observations, both published and unpublished, are sum-
marized in Table 8-1. Sockeye and kokanee are largely planktivorous, although both occasionally

exploit juvenile and adult stages of insects. Crustacean zoopla:nkfon, including most of the
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Table 8-1. Occurrence of prey in the stomach contents of juvenile sockeye and kokanee within
northwest Pacific lakes.
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LAKE REFERENCE
A. SOCKEYE LAKES
Babine X X , X b3 Narver (1970)
Babine X X X X X McDonald (197 3)
Babine XX XX XX Rankin (1977)
Cultus X X x X Ricker (1937)
Fraser X X X X X DFO (unpublished)
Frozer X X Kyle etal (1988)
Gemmtal XX X xxx © Sreeedhere)
Harrison  x X DFO (unpublished)
lliamna X X X Hoag (1972)
Lakelse X X X McMahon (1948)
Owikeno X X X % x x  Chernoff (1971)
Pitt X X X DFO {unpublished)
Quesnel  x x X DFO (unpublished)
Shuswap X X ' X X X DFO (unpublished)
Stuart X X X x DFO (unpublished)
Takla X X X X DFO (unpublished)
~ Trembleur x x X X x DFO (unpublished)
Washington x X x X X X x X Woodey (1972)
Washington x  x XXX %ggfrs” (1978)
B. KOKANEE LAKES
Kootenay X % Northcote (1972)
Nicola X x X X X leg’rtz\c?}s;s)
Okanagan X X ZBCFW (unpublished)
. !
Orellle XXX XXX xox e (i980)

1. Department of Fisheries and Ocean, Cultus Lake Laboratory
2. B.C. Fish and Wildlife Branch, Penticton Laboratory
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predominant cladocera and copepods, form the basis of sockeye and kokanee diets in most lakes.
Large bodied cladocerans, notably Daphnia, are heavily exploited by juvenile sockeyé within many
of the interior Fraser system lakes, including Cultus, Fraser, Quesnel, Shuswap, Takla, and Trem-
bleur (Dept. of Fisheries and Oceans, Cultus Lake Laboratory, unpublished data). Rotifera are
noticeably absent from sockeye and kokanee diets, except for Asplanchna which has been recorded

from the stomach contents of sockeye within Owikeno Lake (Table 8-1).

Variations, both spatial and temporal, have been recorded in the diets of sockeye within their
nursery lakes. For example, Narver (1970) compared juvenile sockeye feeding behaviour within
Babine Lake off Nine Mile Creek (northern basin) with those feeding off Pierre Creek (main basin).
While Heterocope septentrionalis, Daphnia longispina, and Bosmina coregoni were predominant
food of sockeye off Nine Mile Creek, adult insects (mainly Homoptera and Diptera) supplanted the
former 3 zooplankters as the predominant food off Pierre Creek. Stomach analysis of main basin
fry by McDonald (1973) also indicated the importance of Daphnia and Heterocope in the diet, as
well as. Déaptomus. Rankin’s (1977) analyéis ‘showed that Cyclops were also eaten, especially in the
northern part of the main arm. Within Babine Lake sockeye fry feeding habits also shift seasonally
over time. Between July and September, the importance of Heterocope in the diet decreased, while
the importance of Bosmina and especially Daphnia increased (Narver 1970; McDonald 1973). By
October, sockeye shifted back to feeding on Heterocope (McDonald 1973). These observations
suggest that all of the predominant crustacean zooplankton species within Babine Lake can be
considered as potential sockeye prey organisms, but their relative importance shifts, probably in

response to local and seasonal differences in abundance. .

Barraclough and Robinson (1972) have also recorded diel shifts in zooplankton feeding by
juvenile sockeye within Great Central Lake. Over a 24 hour period in June of 1970, Epischura,
Daphnia, Cyclops, and Bosmina all contributed substantially to the juvenile sockeye diet. However,
the rélative contribution of the four zooplankters to the diet shifted markedly over the diel cycle.

These variations were probably due to diel shifts in predation rates.

Stomach analyses by Narver (1970), Barraclough and Robinson (1972), McDonald (1973),
and Doble and Eggers (1978) suggest that most zooplankton prey are captured during brief cre-

puscular foraging episodes. Within Lake Washington, sockeye feeding occurs during a single dusk
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feeding period (Doble and Eggers 1978),. while in other lakes, sockeye feed for brief periods both at
dusk and dawn (Narver 1970; Barraclough and Robinson 1972). Feeding occasionally occurs dur-
ing other portions of the diel cycle, notably on Heterocope septentrionalis at depth during daytime
periods within Babine Lake, and also on several species of zooplankton in surface waters on calm,

clear moon-lit nights (Narver 1970).

Sockeye juveniles are sufficiently abundant within their nursery lakes to exert a cropping
effect on the zooplankton community. Examples include Babine Lake where zooplankton biomass
is inversely related to sockeye biomass (Johnson 1961), and also Frazer Lake, where zooplankton
community changés coincided with the establishment of a sockeye run over a 35 year period (Kyle et
al. 1988). Moreover, it has been observed that sockeye growth rates are density-dependent within

several systems including Babine (Johnson 1961), Owikeno (Ruggles 1966), and Frazer (Kyle et al.
1988). '

- In addition to cladocera and copepods, kokanee also feed heavily on Muysis relicta in lakes
where they are present (Table 8-1). Analysis of kokanee stomach contents obtained from anglers
on Okanagan Lake during May and June of 1987 and 1988 (B.C. Fish and Wildlife Branch, Pen-
ticton Laboratory, unpublished data) showed that small kokanee between 220-270 mm fork length
(n=34) fed exclusively on microcrustacea, while those between 340-540 mm fork length (n=49) fed
exclusively on Mysis. These data suggest that kokanee shift their feeding behavior as they develop,
switching from microcrustacea to Mysis at a fork length of approximately 300 mm. Similar ontoge-
netic shifts in Mysis exploitation by kokanee over 300 mm also occur in Kootenay Lake (Northcote

1973).

The preceding review suggests that juvenile sockeye and kokanee both exploit the predom-
inant microcrustacea within the limnetic zone of their nursery lakes. Large bodied zooplankters,
particularly cladocerans, are selectively acquired where they are present. Juvenile sockeye are suf-
ficiently numerous that they can affect zooplankton community structure. Lastly, in lakes where
Mysis are present, kokanee apparently switch from feeding on microcrustacea to feeding on Mysis

at an intermediate body size of about 300 mm.
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Diel vertical movements of zooplankton in sockeye and kokanee lakes

Possible migration strategies for zooplankton in the presence of a vertically migrating plank-
tivore were considered by Clark and Levy (1988). Three possible strategies were described and
are diagrammed in Fig. 8-1. The first strategy ([1] on Fig. 8-1) involved refraining from vertical
migration altogether, spending the entire 24 h period in surface waters and facing the risk of preda-
tion for brief intervals at dawn and dusk. Reversed diel vertical migration ([2] on Fig. 8-1) would
be an effective strategy if the zooplankter was able to pass quickly through the zone of vertically
ascending planktivores. A third strategy ([3] on Fig. 8-1) was for the zooplankter to undertake diel
vertical migration, spending the day in deep water beneath the planktivore, and migrating to feed
in shallow water at night, after the planktivore had ascended. Such behavior would largely evade

the planktivore, but would also reduce considerably the time available for feeding in shallow water.

The majority of zooplankton in the sockeye lakes studied were evidently non-migratory in
shallow surface waters. Such was the case for all of the dominant crustacean zooplankton species
within Cultus, Quesnel and Shuswap Lakes (Fig. 6-3). Juvenile sockeye within these 3 lakes
undertook diel vertical migrations, and occurred in dense numbers in 2 of the systems (Quesnel
in 1986, Shuswap in 1987). Shuswap zooplankton diel vertical movements were compared in the
vicinity of the mouth of the Adams River (an area of dense juvenile sockeye numbers) both in June
and September of 1987, corresponding to respective time periods before and after juvenile sockeye
had recruited into the pelagic zone of the lake. There was no evidence for zooplankton diel vertical

migration at either of these time periods (Fig. 6- 3C).

Whereas the majority of crustacean zooplankton were non-migratory within Babine Lake
(Fig. 6-2), the cladoceran Bosmina coregoni was a notable exception and undertook reversed diel
vertical migrations on both of the sampling dates considered. The same species was a non-migrator
in the three Fraser system sockeye lakes (Fig. 6-3). Narver (1970) has also documented reversed diel
vertical migrations of Bosmina within Babine Lake, and also well-developed diel vertical migrations
by the large bodied (2-3 mm) predatory calanoid, Heterocope septentrionalis (Fig. 6-1). [The
absence of Heterocope from zooplankton pump samples during the present study was probably a

sampling artifact - see Section VI].
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Figure 8-1. Three possible diel migratory patterns of zooplankton in relation to the diel movements
of a predominant planktivore. :
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The presence of a planktivore which undertakes reversed diel vertical migrations should exert
a strong selective pressure for zooplankton to avoid the euphotic zone during daylight periods. This
prediction was tested by comparing the diel vertical movements of zooplankton within Nimpkish
Lake, a lake where juvenile sockeye vertical migrations are on occasion reversed (Section VII),
and where limnetic sticklebacks occupy shallow pelagic areas. Within Nimpkish Lake, most of the
dominant zooplankton, including Bosmina, Diaptomus, and Daphnia, all undertook diel vertical
migrations (Fig. 8-2). Two genera (Epishura and Cyclops) were also distributed in shallower water
at night than dﬁl’ing the day (Fig. 8-2); however, diel movements of the latter two genera were not

as pronounced as those of the former.

These field observations suggest that the diel vertical movements of zooplankton prey and
their planktivorous predators are closely coupled. Zooplankton are evidently static in lakes where
sockeye exhibit diel vertical migration. One exception to this pattern occurs in Babine Lake where
Heterocope and Bosmina migrate vertically in opposite directions. It is suggested that in this
la,ke,bthe Bosmina reversed vertical migrations are a response to Heterocope diel vertical move-
ments (see Discussion below). Within Nimpkish Lake, where limnetic sticklebacks are present and
where sockeye vertical migrations are periodically reversed, zooplankton vertical migrations are

well developed.

Hydroacoustic surveys indicated the presence of high densities of vertically migrating Mysis
relicta populations within Okanagan, Skaha and Kootenay Lakes, the three kokanee lakes that were
surveyed. A diel echogram sequence from Okanagan Lake is shown in Fig. 8-3A. Mysids within
this lake are concentrated between 90 - 125 m by day, and rise to within 15 m of the surface at
night. The upper limit on the nocturnal distribution of Mysis is apparently set by temperature and
there was a discrete discontinuity in the distribution pattern which occurred at the thermocline
(Fig. 8-3B). Similar Mysis nocturnal distribution patterns were observed within Okanagan on three

additional sampling dates, as well as within Kootenay and Skaha lakes (Figs. 7-4 and 7-6).

Compared to the vertically migrating kokanee within Okanagan Lake (Section VII), mysids
ascended into shallow waters after the kokanee had ascended, and descended at dawn prior to the
kokanee descent (Fig. 8-3). The rate of Mysis vertical ascent and descent was rapid, and there

were detectable differences in vertical distribution even within the 10 minute hydroacoustic
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Figure 8-2. Day and night vertical depth proﬁles of the predominant zooplankton species captured
in plankton pump samples from Nimpkish Lake on 2 dates during 1986.
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A) Diel Echogram Sequence
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Figure 8-3. A) Diel vertical migration of Mysis relicta within Okanagan Lake on Sep. 30-Oct. 1,
1987, and B) nocturnal mysid distribution in relation to the temperature profile.
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transect period (e.g. T=18:50 and T=06:30 on Fig. 8-3A). It would appear that the Mysis vertical
migrations are timed so that the animals minimize contact with their kokanee predators, many of
which are also vertical migrators. Mysis therefore provide an example of an evasive zooplankter
which migrates vertically so as to minimize contact with their planktivorous predators (strategy [3]
on Fig. 8-1). The result is that Mysis have minimal spatial overlap with kokanee and are largely

unavailable as a food item for much of the diel cycle.

Discussion

Coevolution is defined as “..the joint evolution of two (or more) taza that have close eco-

logical relationships but do not ezchange genes, and in which reciprocal selective pressures operate
to make the evolution of either tazon partially dependent upon the evolution of the other.” (Pia.nka
1974, p.175). The main conclusion from the preceding analysis is that coevolution has occurred in
the vertical migratory behavior of zooplankton and their planktivorous predators. In the presence
of non-migratory planktivores, freshwater zooplankton commonly undertake diel vertical migra-
tions (Zaret and Suffern 1976; Stich and Lampert 1981; Gliwicz 1986A). However, in the presence
of a vertically migrating planktivore like juvenile sockeye salmon, there is no selective advantage
for zooplankton to migrate vertically, and the animals maintain a static distribution within the eu-
photic zone. Daphnia longispina for example, is a cladoceran which migrates vertically within Lake
Kvernavatn, Norway, in order to balance predator avoidance and the risk of starvation (Johnsen
and Jakobsen 1987). The same species maintains a shallow static distribution within Babine Lake

(Figs. 6-1 and 6-2) where its main predator, juvenile sockeye salmon, is a diel vertical migrator.

The cladoceran Bosmina longirostris serves as prey for both juvenile sockeye (Table 8-1) as
well as the predatory contact-feeding calanoid, Heterocope septentrionalis (O’Brien and Schmidt
1979). The absence of Bosmina from arctic ponds has been attributed to predator-induced mor-
tality from Heterocope (Luecke and O’Brien 1983). Within sockeye lakes, three different vertical
migratory patterns were evident in Bosmina coregoni. Depending upon the lake, this cladoceran

was either static, a vertical migrator, or a reversed vertical migrator. The animals were static
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within the Fraser system lakes where sockeye migrated vertically. Within Nimpkish Lake where
sockeye vertical migrations were reversed, Bosmina undertook vertical migrations. Within Babine
Lake where vertically migrating Heterocope septentrionalis were present, Bosmina was a reversed
vertical migrator, presumably in order to minimize its spatial overlap with the copepod. It there-
fore appears that a tight coupling exists in the vertical migratory patterns of zooplankton and

planktivores within sockeye salmon lakes.

It is likely that the vertical migrations of Heterocope septentrionalis within Babine Lake are
a response to predation by juvenile sockeye. Heterocope within this lake probably adopt a strategy
of entering shallow surface waters only under extreme light levels (strategy [3] on Fig. 8-1) in order
to minimize contact with the vertically migrating sockeye juveniles. It is suggested that Bosmina
within Babine undertake reversed vertical migrations in order to avoid the vertically migrating
Heterocope. Bosmina are also susceptible to predation by sockeye juveniles, however, Heterocope
probably exerts a more severe predation mortality than sockeye, and provides the selective pressure

for Bosmina to avoid surface waters at night. Similar conclusions concerning the reversed vertical

migration behavior of Bosmina were reached by Zaret (1980, p.77).

The findings of the present study suggest that freshwater zooplankton will adopt a static ver-
tical distribution in the presence of vertically migrating planktivores. Pijanowska and Dawidowicz
(1987) attributed the lack of vertical migration in Daphnia to a homogeneous seston distribution
within Lakes Mikolajske and Majcz and concluded (p. 181): “.. under conditions of homogenously
distributed food, there is no necessity to pay the energetic costs of diurnal vertical migration. Un-
der these circumstances fish predation pressure does not promote migratory behavior and a stable
pattern of vertical distribution results.” However, two out of the three planktivores present within
the lakes (Coregonus albula and Osmerus eperlanus) are diel vertical migrators (Northcote and
Rundberg 1970; Dembinski 1971) and an alternative interpretation is that Daphnia within these
two lakes are non-migratory because their planktivorous predators undertake diel vertical migra-
tions. Under these circumstances, there would be no selective advantage for Daphnia to migrate

vertically.

Mysis relicta undertook large amplitude vertical migrations within Okanagan, Skaha and

Kootenay Lakes, effectively minimizing their encounters with kokanee. It is apparent that Mysis
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within these lakes are sensitive to extremely low light intensities and vertical migration behavior in
this species likely contributes to avoidance of visual predators. Similar vertical migration behavior

is widespread in other Mysis populations (Beeton and Bowers 1982).
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IX. Summary: The Selective Advantage of Diel Vertical Migration Behavior in O. nerka

In order for diel vertical migration behavior to evolve in sockeye salmon, selective benefits
must be achieved by migrants which compensate for the reduced zooplankton foraging opportunities
that accompany a daytime descent into the v(zater column, Sockeye grow at rates substantially less
than the maximum possible within their freshwater nursery lakes (Brett 1983)§ Since sockeye
marine survival rates are posifively correlated to smolt size at the time of downstream migration
(Foerster 1954), there must be a selective advantage achieved by diel vertical migrants during their

lake residency which compensates for the reduced opportunity for freshwater growth.

I interpret diel vertical migration in juirenile sockeye salmon as an adaptive compromise
between foraging on zooplankton, miniﬁﬁzing exposure ‘risk to visual-feeding piscivofes, and pro-.
moting (nocturnal) metabolic efficiency. The mechanism underlying this trade-off is the diel change
in the relative vulnerability of sockeye juveniles and zooplankton under different light intensities
(Clark and Levy 1988). By ascending into shallow portions of the water column under low light
conditions during crepuscular periods, sockeye achieve a measure of protection from their visual-
feeding prédators. This risk averse behavior r_esults in reduced zooplankton foraging, and a reduced
sockeye growth rate, compared to a continual occupation of the euphotic zone. Due to their poten-
tial susceptibilify to visual-feeding piscivores, daytime occupants of the euphotic zone would suffer

a high predation rate.

Aithough sockeye metabolize relatively inefficiently in the éold hyﬁolimm'oﬁ during hours of
daylight, metabolic efficiency is optimized during nocturnal periods by associating with tempera-
tures that provide maximum growth under.restricted ration levels. Cyclic temperature fluctuations
may also stimulate growth rate; however, such bioenergetic considerations are by themselvés inéuf-

ficient to account for the diel timing of vertical migration.

Major adjustments to diel vertical migratory behavior are also possible, and there is evidence

from Nimpkish and Chilko lakes (this study) as well as from Lake Tustumena (Thorne 1983B),
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that juvenile sockeye radically alter their diel migratory behavior under certain conditions. The
observed relaxation of diel vertical migration behavior within Chilko and reversal of movement
within Nimpkish suggest that juvenile sockeye are locally adapted. to the particular conditions
within their lake nurseries. The diel pattern of juvenile sockeye migration can evidently evolve in
response to local selective pressures. Evidence for locally adaptéd differen>ces in juvenile sockeye'
migratory behavior has been provided by Raleigh (1967) and Brannon (1972) who demonstrated
that rheotactic responses of recently .emergent Jjuvenile sockeye served to facilitate lake-ﬁndjng by

the ﬁsh.

The sensory mechanism which controls diel vertical migration in juvenile sockeye is a simple
one involving light and tefnperature. Daytime depth position and the diel timing result from the
sockeye light response, while nocturnal depth position is due to thermoselection behavior. There is
~ evidence that these light and terlnpera,ture. responseé are themselves adaptive for juvenile sockeye.-
The isolumes associated with sockeye daytime depth (Fig. 6-7) are funcfiona.lly related to the visual
foraging capabilities of two of the dominant piscivores (Fig. 6-8). By associating with such low
isolumes, the fish may be nearly invisible to their major predators. Likewise, the températures
where sockeye conceﬁtréte at night (Fig. 6-5A) serve to maximize the metabolic efficiency of the

animals (Brett et al. 1969).

The potential rate of change of diel \}ertical migration behavior depends whether the behavior
is flexible (Dill 1983) or fixed (Sih 1987). Unlike bluegill sunfish which routinely encounter their
bass predators in the littoral zone of a lake, pelagic planktivores like juvenile sockeye would only
rarely encounter their predators in a lake’s pelagic zone. Sih (1987) has argued that diel migratory
behavior could be genetically ﬁxea due to the higﬁ cost (potential death) of gathering information
about predation intensity within the euphotic zone. Gilliam (1982) has suggested that habitat
selection in aquatic animals which cannot monitor their predators visually would depend upon
an evolved affinity for physical structure. Due to its critical importance in fish feeding behavior,
the evolved sockeye light response may serve as the physical variable which directly controls the

trade-off between zooplankton foraging and predator avoidance.

In sockeye lakes with different zooplankton and piscivore densities, it is easy to conceive how

minor changes in the sockeye light response could affect the diel time budget and alter the balance
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between foraging and ﬁreda,tor avoidance. Juvenile sockeye could achieve a risk-prone vertical
Iﬁjgra;tion. merely by associating with a‘higher light- intensity. Conversely, they could achieve a
risk-averse vertical migration by maintaining themselves at lower intensity isolumes. The specific
sockeye light response would be affected by the relative zooplankton ‘concentration and piscivore

density, as well as the particular visual acuity of the predonﬁnant piscivore.

During the 1930’s, a program of predator removal wa'us implemented at Cultus Lake Whichb
resulted in more than a 3-fold increase in juvenile sockeye within-lake survival rates (Foerster and

- Ricker 1941). Predator control resulted in an increased number of seaward migrating smolts due to
the reduced piscivore mortality. Interestingly, not only were the migrating smolts more numerous,
but alsb, they were among the largest on record, and fish production calculations by Ricker and
Foerster (1948) document a higher production rate of juvenile sockeye: during years of predator
control. Since there were no obvious changes in lake productivity during the predator control
years, I speculate that juvenile sockeye relaxed their diel migratory behavior in the absence of
- piscivore predation pressure. If diel migratory behavior is genetically fixed in juvenile sockéye, this
_' . im?lies that there was (and probably still is) more than one vertical migratory phenotype present

in the Cultus Lake population.

In many zooplanktonic species; adult forms migrate vertically, while the juvenile stages
(e.g. nauplii) are static in shallow Water (McLaren 1963). In contrast, juvenile kokanee from
Okanagan Lake'ﬁndertook diel vertical migrations, while older size-classes maintained a surface
.orientation. This behavioral shift might be acéomplished by an altered light preference, with older
stages associating with higher lighf intensities than younger stages. The ontogenetic shift in vertical
migratory beilavior is consistent with recent theories on fish foraging under mortality risk in size-

structured populations (Gilliam 1982; Werner and Gilliam 1984; Clark and Levy 1988).

Results from this study rule out obvious single factor explanations for the selective advantage
of vertical migration in O. nerka. While multifactor hypotheses are more difficult to test than tra-
ditional single factor explanations, they provide a more realistic interpretation of vertical migration .
‘behavior. Several recent studies on »zooplanktoﬁ also interpfet vertical migration as an evolutionary
éompromise or “trade-off” between minimizing predation risk from visual foragers and exploiting

surface food resources (Giguere and Northcote 1987; Johnsen and Jakobsen 1987; Vuorinen 1987).
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Two recent review articles (Kerfoot 1985; Bayly 1986) conclude that vertical migrations in zoo-
planktonic grazers are related to the antagohistic selective pressures of maociriﬁzing foraging intake

and avoiding visual predators within surface waters.

Comparisons of sockeye and zooplankton migratory patterns suggest that a tight coupling
exists in the vertical migratory behavior of planktivores and zooplankton. In most sockeye lakes
where the fish migrate vertically, zooplankton are static. In Nimpkish Lake where sockeye diel
migrations can be reversed, zooplankton are active vertical migrators. It is therefore necessary to
analyze the respectivé diel \’rertical movements of all trophic levels when considering the diel migra-
tory behavior of a particular species. Fish can exert important “top-down” influences on aquatic
communities (Northcbte 1988). The present study provides an example of piscivore influence in
modifying prey (planktivore) behavior, with consequent influences on lower zooplankton trophic

levels.

It is important, from both theoretical and practical perspectives, to gain an improved un-
derstanding of the factors which regulate juvenile sockeye production in pelagic environments. The
recent analysis by McQueen et al. (1986) considers the relative importance of both “bottom-

" and “top-down” processes in structuring pelagic aquatic communities. Evans et al. (1987)

up ’
concluded that both “bottom-up” and “top-down” control processes operate in temperate fish com-
munities and are nested such that overall productivity is determined by energy inputs, nutrients,
edaphic factors, and habitat variables, but that the distribution of production by species is strongly
influenced by interactions between species. Piscivores can evidently modify the vertical migratory
patterns of planktivores, which in turn, can affect the migratory behavidf of zooplankton. These

behavioral interactions which extend across three (or more) trophic levels undoubtedly have im-

portant consequences for the pelagic community.
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Babine:
- June 25-26’86
Aug. 1-2°86
Aug. 19-20°86
Oct. 13-14°86

Chilko:
July 27-28°86
July 14-15°87
Aug. 15-16°87

Cultus:
“Apr. 14-16’86
July 9-10°86
Sept. 29-30°86

Fraser:
June 27-28°86
Aug. 21-22’86
Oct. 14-15°86

Great Central:
May 26-27°86
July 20-21°86
Sept. 6-7°86
Kennedy: :
May 28-29°86
July 20-21°86
Sept. 4-5°86

Kootenay:
Sept. 25-26°87

Lakelse;
Aug. 13-14°86

June 21-22°86

Appendix 1. Timing of Lake Visits
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Meziadin;
June 23-24’86
Aug. 10-11°86

Nimpkish:
June 16-17°86
Sept. 8-9°86
Sept. 16-17°86

Okanagan:

' June 6-7°87
July 1-2°87
July 21-22°87
Oct. 1-2°87

Owikeno:
Oct. 1-3°85
Sept. 11-14’86

Quesnel:
Aug. 4-5’86
Aug. 23-24°86
Sept. 20-21°86
Aug. 11-12°87

Shuswap:
Sept. 23-25°85
July 1-2°86
July 2-4'87
July 18-20°87
Sept. 28-29°87
Nov. 4-5'87

Skaha:
July 23-24°87



Appendix 2. Location of Sampling Sites -
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Appendix 3. Diel Echogrém Sequences from Babine Lake

BABINE LAKE

June 25 - 26, 1986

N
(@)

H
(®)

R RRU SLEI AR RO LA A e LA INRELEY b ‘-!- 7
) . ) ]
g DR oo LRy
i ¥
1060 1100 2100 2120 2140
‘e
2200 2220 2240 2300 2320
2340 0110 0130 01560 0410
! 0 ". i) ) 1
T . |

0430




DEPTH (m)

BABINE LAKE

August 1-2, 1986

o

N
o

PN
o

141

ik
T, bt voan,
N 5 'f i T LE
. A
v " T
1140 1150 1950 2010 2030
e . i L
- .
2060 2110 2130 2150 2210
2230 2250 2310 0040 0410
—
' 0 LA X TX T . —*= R
' N o
0430 0>450 0610 0630 0860
"-f~'.‘§.t;:""' ‘ B
b :
; "




DEPTH (m)

N
o

BABINE LAKE

August 19 - 20, 1986

H
()

SAEE] 2 )
A ; X
TS T
. L —t T 1\11.,'ll"
- X l : ) ‘1 ‘ -" vt
) \ , oy AN \ n o
1010 1020 1400 1930 19560
™y .
" 2 s 0 ! e i
[ " DREEN V."‘ .
’I"I.. . Ty 0
2010 - 2030 2050 2110 2130
o D
. ',' 'T‘ . e "‘f:.' ‘. ..v" ] L,
v T AR A .\Wl-t.l.-,-:-x oo T T
g — g —

2180 2210 2340 0140 0160
.t T i, A i ""w a
N ::n 'l - i .
L W . -l'l'.,'_.. N
lr'ﬁ FEIi Sl P :

+ M 1 1
1 s
0430 0450 06510 0530 0550
N 1
" . M
T Ty TR IO — " : -
s T T o ; BN
: - T =
P

0650

142

0710




DEPTH (m)

20

40

BABINE LAKE

Oct. 13-14,1986

1
N ' | ]
] N \ . . \ , ," v
I - AR ]
i ; 1 . ;
L 2
v hededs Leddad
1310 1700 1720 1740
[ L BN
S
1800 1840 1900 1820
A TN T TR = -

143

0540 0620 0840 0700
P l T
Ol ! " .
1‘ -“‘t\' |‘ol‘l It l
Vol woat h o N
A !u‘ . -
B ; T N
0720 0800 0820 0840



Appendix 4. Temperature at Maximum Nocturnal Echo Integrator Voltage

Nocturnal Depth (m) of maximum Temperature
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Lake Date
transect integrator voltage (9]
Babine June 26’86 T13 12 10.5
Babine Aug.2’86 T14 10.5 12.2
Babine Aug.20’86 T25 14 15.1
Babine Oct.13’86 T11 15 10.1
Cultus  July 9’86 T12 6 11.7
Cultus Sep.29’86 T11 14 8.3
Chilko July 15’87 T2 14 12.5
Fraser June 27’86 T13 14 11.8
Fraser Aug.21’86 T12 24 11.8
Fraser Oct.14’86 T10 19 12.2
Great Central July 22’86 T20 9 12.5
Great Central  Sep.6’86 T12 15 7.8
Kennedy July 20’86 T12 11 10.1
Kennedy Sep.4’86 T12- 12 8.5
Meziadin Aug.10°86 T12 7 12.0
Nimpkish  Sep.8’86 T11 26 9.0
Nimpkish Sep.16’86 T2 32 10.0
Quesnel  Aug.5’86 T11 9 14.0
Quesnel Aug.23'86 T11 17 10.2
Quesnel  Sep.20°86 T1 18 8.6
Shuswap  Sep.23°85 T8 17 11
Shuswap July 3’87 54 14 10.1
Shuswap July 18’87 T12 16 10.2
Shuswap July 19’87 T12 19 14.2
Shuswap Sep.28’87 T2 20 8.6



