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Abstract. A Lagrangian time-stepping model driven by water density. daytime larval feeding and
swimming. and by condition-related larval buoyancy was used to track the vertical position and
condition of individual larval cod (Gadus morfua L.) in a stratified water column. The model results
can explain the varicty of frequencies. phases and amplitudes of vertical migration (including inverse
vertical migrations and increased dispersion at night) observed in ficld studics. Vertical distributions
and conditions of post-volk-sac larvae. derived from the model during day and night, are also
consistent with comparable field observations. When vertical shear is introduced into the model, a
simple localized larval retention mechanism. directly related to feeding. condition and buoyancy. is
revealed. The model results also demonstrate increased shear dispersion (dilution) of poor-condition
larvac relative to good-condition larvae, and may be used to explain the relative paucity of
observations of dying or dead larvac in the ficld. Virtually all of the model results are dircetly
testable in the field and/or laboratory. and we show how the findings may be dircctly applicable to
larvac possessing functional swim bladders and perhaps to freshwater and marine invertebrate
sooplankton.

Introduction

Vertical migrations of marine larval fish (Heath er al.. 1988; Stephenson and
Power. 1988, 1989) and zooplankton (Cushing, 1951; Longhurst, 1976; Zaret
and Suffern, 1976; Dodson, 1990; Ohman, 1990: Bollens and Frost. 1991) are
well documented. However, after almost a century of investigation, irrefutable
evidence for clear and repeated diel vertical migrations is not to be found in the
larval fish literature. Many authors reporting on larval fish vertical migration
tend to expand on a multitude of explanations of how abiotic and biotic factors
are responsible for departures from expected diel patterns, and usually arrive at
conclusions which are quantitatively weak (e.g. Seliverstov, 1974; Sameoto and
Lewis, 1980; Sameoto, 1984). Further, a number of elaborate complicated
schemes have been devised to explain the departures (e.g. Bainbridge, 1961:
Hutchinson, 1967). Overall, these cxplanations have led to additional. and at
best. difficult to test hypotheses. The fisheries and zooplankton research
community remains at a loss for a mechanism that simply explains the observed
temporal variations in vertical distribution and the inferred migration patterns.

Some of the most thorough studies on the vertical migration of larval fish have
focused on the Atlantic herring (Clupea harengus 1..) and date to the early 1900s
(e.g. Johansen, 1925; Russell, 1926, 1928). Recently, it has become possible to
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sample discrete depth intervals with high net efficiencies by using opening and
closing multiple-net sampling systems such as the BIONESS (Sameoto et al..
1980) and MOCNESS (Wiebe e¢r al., 1976). Stephenson and Power (1988)
sampled herring larvae off southwest Nova Scotia in two consecutive years using
the BIONESS. In 1987, a clear dicl cycle (up during the day and down at night)
was observed (Figure 1a). However, Stephenson and Power (1988, 1989) found
a semidiel pattern of vertical migration for herring larvae at the same site in 1985
(Figure 1b). Both patterns were repetitive within each study, but clearly
demonstrate variability in the frequency of vertical migration. Nichols et al.
(1986) show that vertical migration of herring larvae can be the mirror image of
that seen by Stephenson and Power (1988) (Figure 1c¢). Many other examples in
the literature show vertical migrations which have no pattern at all. For
example, Fossum er al. (1987) found the vertical distribution of herring larvae to
be highly variable and without a well-defined frequency (Figure 1d).

In general. our review of the literature (illustrated by more than the few
examples of herring larvac above) leads us to conclude that vertical migration
patterns are highly variable. Evidence for a clear and repetitive vertical
migration pattern within and among larval fish species and regions, based on
endogenous rhythms, is not convincing. We recommend Neilson and Perry
{1990) for a complete review of marine fish vertical migrations.

Mechanisms and adaptive hypotheses frequently found in the planktonic
vertical migration literature include: (i) organisms following preferred light
levels which change through time as a result of variations in time of day. cloud
cover and moonlight (Woodhead and Woodhead, 1955 Blaxter, 1973; Gliwicz,
1986; Hecath ef al., 1988); (ii) light-related predator avoidance (Zaret and
Suffern. 1976: Bollens and Frost, 1989); (iii) animals following optimal prey
concentrations (Ellertsen e al., 1977, 1980; Tilseth and Ellertsen, 1983; Munk et
al.. 1989); (iv) animals synchronizing the phasc of their migration to the
dominant tidal signal (Fortier and Leggett. 1982, 1983): (v) animals migrating to
colder water after feeding to lower metabolic rates and conserve energy
(McLaren, 1963); (vi) larvae migrating to the warmer surface waters to increase
growth (Wurstbaugh and Neverman, 1988): (vii) abiotic factors such as wind
mixing altering the existing migration patterns (Tilseth and Ellertsen, 1983;
Heath er al.. 1988) and finally (viii) changes in larval density/buoyancy resulting
from yolk absorption, development and condition (Blaxter and Ehrlich, 1974:
Coombs, 1981; Henri er al.. 1985; Neilson er al.. 1986: Yin and Blaxter, 1987). It
is the latter of these hypotheses which we examine here. Throughout this paper,
density refers to the mass per unit volume of either the larvae or water. Larval
buoyancy is the force acting on a larva that results from the density difference
between the larva and the surrounding water.

Proposing that vertical movement is directly related to egg or larval buoyancy
is by no means new (e.g. Blaxter and Ehrlich. 1974; Coombs, 1981; Henri et al..
1985; Neilson er al., 1986; Frank and McRuer, 1989; Page er al., 1989).
However, in this paper we investigate the effect of larval condition on larval
buoyancy between the stages of yolk-sac absorption and the development of a
functional swim bladder. We develop a simple model. based on documented
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Fig. 1. Temporal changes in the depth distribution of larval herring: A and B, averaged maximum
larval concentrations (Stephenson and Power, 1988, 1989): C and D. centres of mass (Nichols et al .
19862 Fossum et al.. 1987). Black and white bars indicate night and day periods in cach study.
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behaviour and physiological changes in larval cod (Gadus morhua L.), to
examine vertical distribution patterns and the inferred vertical migration. Our
modelling approach is based on tracking the vertical position of individual larvae
and allowing for physiological changes in response to fecding success. We
propose a simple and readily testable condition-driven buoyancy hypothesis to
explain vertical migration patterns during the early larval stages. This papcr
places emphasis on larval fish. However. many of the findings may be applicable
to zooplankton, as will be outlined below.

Method
The general model

In its simplest form, the model (Figure 2) consists of a two-layered water column
with bottom depth h,, surface (py) and sub-pycnocline (p,) water densities
typical of weakly stratified areas around banks (e.g. Buckley and Lough. 1987,
Taggart et al., 1989). Larval food concentration (F) is assumed to vary with
depth (z) according to:

F = exp [—

w] (1)

=
207

Note that the food concentration reaches its maximum of unity at the pycnocline
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Fig. 2. The physical and biological components of the condition-driven buoyancy model consisting of
a stratificd water column with upper depth (/) and density (p,). and lower depth (/1) and density
(p~). The food maximum is distributed around the pyenocline. Open circles represent larval fish and
their potential daytime movements, and solid circles represent their potential night-time movement.
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(z = h) and has a standard deviation of ¢ about this depth. Food maxima
around density gradients are well documented (e.g. Tilseth and Ellertsen, 1983:
Buckley and Lough. 1987: Taggart et al., 1989).

The model is Lagrangian in that we track the depth of individual larvae
through time and cvaluate changes in their condition. Our approach is similar,
for example, to that of Woods and Onken (1982) who modelled the diurnal
variation of insolation and primary production in the upper ocean using, what
they termed, the *Lagrangian-ensemble’ method. Woods and Onken's (1982)
model allowed for the integration of phytoplankton physiology (short time
scales) at each time step along individual cell trajectories. This Lagrangian
method gave rise to different estimates of primary production when compared to
models cmploying the Eulerian frame of reference where developmental
variability in individual plankters could not be assessed. In our model, as an
individual larva moves through the water column, its depth (z) and the ambient
food concentration F(z) will change. Thus, in this Lagrangian frame. F is an
implicit function of time.

Larval condition (C) is also a continuous variable with normalized values
between () and 1. We assume that condition depends on the fecding success of a
larva during daylight hours according to:

dC

1
— (F — 2
a T, (F=0O) (2)
where 7 is time. This is a “fading memory’” model for condition with an e-folding
time of 7¢; the average food concentration experienced by the larva within T, of
the present (1) essentially determines its condition. Of course the food
concentration experienced by the larva, and hence its condition, will change as it
moves through the water column. The finite difference form of equation (2) used
in our time-stepping Lagrangian model during the day is:

Clt + Ary = e Cley + [1 — e ™ F(r) (3)

where C(r + Ar) is the condition at the new time step. We assume that the larva
does not feed. and its condition does not change at night. Note that this
algorithm for C ensures that it will always lie between 0 and 1. The density of the
larva is assumed to be proportional to its condition, which allows larval
buoyancy to be calculated as a function of time.

At night, we assume that larvae do not swim and that their vertical velocity is
simply determined by buoyancy according to Stoke's terminal velocity (c.g.
Batchelor, 1967):

> (Pw — PL
w = 2gr (—— 4
g ( o0 ) (4)
where g Is acceleration due to gravity, r is the radius of an equivalent larval

spheroid, p,, is the density of the surrounding seawater, p; is the density of a
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larva and v is the coefficient of viscosity of seawater (1.61 X 10" kgm™'s ! at
5°C and salinity 35%0: Dorsey. 1940). During the day, we assume the larva swims
toward the food maximum at speed:

Nl" = Hymu\(‘ (5)
where W, 1 the maximum swimming rate and C is the larval condition. The
larval depth (z) at cach time step is updated during day and night according to:

z(t + Aty = z(t) + wAt + € (6)

where z(t + Ar) is the new larval depth, w is the vertical velocity and € is a
random perturbation added to simulate turbulence. We assume that e is
normally distributed with zero mean and standard deviation (2KAr)™ * (Page et
al.. 1989), where K is the eddy diffusivity. A reflection condition is uscd at the
top and bottom boundaries to ensure that larvae do not ‘leave’ the model
(Fischer et al.. 1979). This is equivalent to a no-flux boundary condition for the
equivalent advection—diffusion concentration cquation in an Eulerian frame of
reference.

In summary, during the day the larva swims towards the food maximum to
feed, at a speed determined by its condition. At night there is no swimming: the
larva either floats or sinks, depending on its buoyancy. which is determined by
its condition and hence feeding success during previous daylight hours. In
addition to daytime swimming and night-time floating or sinking. random
perturbations have been included to simulate turbulence.

Biological parameters

The biological values chosen for the model simulations come from field and
experimental data found in the literature. Cod larvae were selected for this
simulation because of the availability of buoyancy and behavioural data. The
Ellertsen et al. (1980) data on cod larval density were used because of the short
sampling intervals (1 day). Data from the two scparate experiments by Ellertsen
et al. (1980) were averaged (Figure 3) and the original salinity-based units of
density were converted to density (kg m~*) using the UNESCO tables for 5°C
water (Knauss. 1978). On the basis of these data, larval density at yolk-sac
absorption (5 days after hatching) was set at 1027.5 kg m ™ and considered to be
typical of a larva in its “best’ possible condition (Figure 3). Larval density just
before moribund (15 days post-hatch; Ellertsen et al.. 1980) was set at 1024.0 kg
m~* and considered typical of a starved larva in its ‘poorest’ condition. The
decrease in larval density during this 10 day period had an e-folding scale (T) of
~3 days (Figure 3). Results from similar studies (Neilson er a/., 1986; Yin and
Blaxter, 1987) for starved cod larvae are consistent with those of Ellertson er al.
(1980) and show a general decrease in larval density after yolk-sac absorption.

The radius, (r), used in equation (4) for the terminal velocity was calculated
using:
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Fig. 3. The relationship between average larval density and davs post-hateh for starved cod derived
from two separate broods of larvae (after Ellertsen er al.. 1980). The vertical bars show the range of
observations. Good-condition larvae are 1027.5 kg m™ and poor-condition larvac arc 1024.0 kg
m

= (VITT) (7)

assuming that the body of a larval cod (head and gut) is best represented by the
equivalent spherical diameter of an oblate spheroid, where /, and [, are the gut
lengths (mouth to anus) and head depth (posterior of the eye). respectively. A
5.75 mm cod larva has an average [, of 2.4 X 10 *m and [, of 8.0 X 107" m
(T.Miller. personal communication, McGill University, Montreal, PQ., H3A
1B1). For example. assuming a water density (p,) of 1026.5 kg m~* and a *best’
condition larva with density (p,) of 1027.5 kg m ¥, the terminal velocity (w) is
—1.87 X 10" ms™".

Evidence to support feeding of cod larvae only during the day is provided by
both laboratory and field experiments. Tilseth and Ellertsen (1984) show that
cod, like most marine larval fishes, are visual feeders with more prey captures at
high light intensities and fewer prey captures at low light levels. Field evidence
from Tilseth and Ellertson (1983) shows more nauplii per larval cod gut during
the day relative to night, which is consistent with daytime feeding.

Increased dispersion of the larvae at night (e.g. Heath er al., 1988) supports
our assumption of passive floating/sinking at night. More convincing evidence is
provided by Ellertsen et al. (1980) where larval cod swimming activity was shown
to be higher during the daytime.

The swimming rates of cod larvae are usually determined with the body
aligned in the horizontal direction (e.g. Bishai, 1960). However, in our model it
is assumed that the swimming rates are equally valid in the vertical direction.
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Burst speeds for a 4—6 mm cod larva can reach 4.5-5.0 x 107" m s~ (Blaxter.
1986: Bailey and Houde, 1989). and cruising speeds for a varicty of marine
larvac in this size range are 5.0 X 10 ¥ ms™' (Blaxter, 1986). Therefore. it is not
unreasonable to assume that a good-condition larvae will maintain an average
swimming speed of 1.0 X 107" m s ' during the day (12 h). The swimming
speed of cod larvae was assumed to be proportional to condition. Skiftesvik and
Huse (1987) have shown that starved cod larvac quickly lose their swimming and
feeding abilities, while feeding larvae readily maintain or increase their
swimming activity and prey searching. Frank and Leggett (1982) have shown
that starved capelin (Mallotus villosus Miller) larvae typically display sporadic
and undirected swimming relative to those which are well fed.

Model simulations were initiated with the larvae seeded around the
pycnocline and the maximum food concentration (4)). This depth of initializ-
ation was chosen because: (i) the average depths of centres of mass for early
volk-sac larvae derived from a number of studies were 30—40 m (Sclafani, 1992);
(ii) Page er al. (1989) have used a model and field comparisons to show that
haddock (Melanogrammus aeglefinus L.) eggs. just prior to hatching. will be
concentrated near the pycnocline; (iii) for some species, such as Atlantic
mackerel (Scomber scombrus L.), it has been shown that immediately after
hatching the relatively high-density yolk-sac larvae are found in the pycnocline
region and the zone of maximum food concentration (delLafontaine and
Gascon, 1989): and (iv) the larvae of American plaice (Hippoglossoides
platessoides). yellowtail flounder (Limnada ferruginea) and witch flounder
(Glyptocephalus cynoglossus) are also known to be more concentrated in the
region of the pycnocline (Frank et al., 1992).

Larval mortality was not included in the model. If a larva is in poor condition
its probability of swimming toward the prey maximum decreases and its
condition tends toward zero, resulting in no swimming ability. Size-related
changes in larval swimming (e.g. Bailey and Houde, 1989) and sinking velocities
(e.g. Hoss er al., 1989) were also not included because of the limited time span
for growth in our model (10 days). Average growth between the period of yoik
absorption and up to 16 days after hatching is 0.2 mm for starved larvae
(Ellertsen ef al., 1980) and 0.5 mm for fed larvae (Solberg and Tilseth, 1987).
which translates to limited increase in cruising speed (Blaxter, 1986). Thus,
growth effects on swimming and sinking rates within the model are negligible,
but we recognize that it may play an important role with other species and if
longer periods are considered.

Physical parameters

The density of the surface layer (p;) was chosen to be 1026.0 kg m~? and the
lower layer density (p-) was set at 1026.5 kg m~ . These densities were selected
to represent the approximate values of Ellertsen er al. (1980) for larval cod
rearing conditions. The model pycnocline was centred at 40 m and bottom (4,)
was set at 100 m. The food concentration was normally distributed at an average
depth of 40 m with one standard deviation of 10 m. The size of the random
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perturbations included to simulate turbulence from wind mixing was chosen to
represent a typical upper occan eddy diffusivity (2.0 X 10 *m=s '; Loder et al..
1988). A complete list of parameters and the values used in the simulations is
provided in Table 1.

Model results

Three simulations, using the parameters in Table 1, are detailed below and
illustrate the temporal variations in depth and condition of: (i) two individual
cod larvae: (ii) a population of 200 cod larvae: and (iii) a population of 200 cod
larvae in a vertically sheared flow. During the simulations, we collapsed the
condition into three classes: | > C > 2/3, good condition; 2/3 > € > /3,
average condition: 1/3 > C > (), poor condition.

The first simulation is provided to simply demonstrate how larval condition
and depth change through time. Two larvae were initially introduced at a depth
of 20 m. One began in good condition (C = 0.75) and the other in poor
condition (C = 0.25). After the first ‘night’, it is clear that the larvac are at
ditferent depths due to their condition-related buoyancy (Figure 4a). The poor-
condition larva is positively buoyant and initially floats towards the surface.
while the more dense. good-condition larva sinks out of the surface layer during
the night. The high-frequency (tens of minutes) depth variations are due to
turbulence.

During the day. both larvae swim toward the food maximum. However,
differcnces in condition result in differences in swimming ability and in feeding
success. The poor-condition larva, a relatively weak swimmer, does not reach
the food maximum as quickly and eats less. The good-condition larva swims
faster, rcaches the food maximum more rapidly and cats more. As condition is a
function of larval feeding during the day. the condition of the good larva
increases slightly, while that of the poor-condition larva decreases (Figure 4a).
This becomes more apparent as time progresses. with the poor-condition larva
being found progressively higher in the water column, particularly at night. The
good-condition larva remains relatively close to the food maximum. The
important result is that when repeated over 10 day—night cycles, a bifurcation in
larval condition and average depth develops. and the diel vertical migration of
the poor-condition larva is consistent with the nocturnal diel vertical migration
hypotheses (down at day, up at night), while that of the good-condition larva is
consistent with a diurnal vertical migration pattern (Figure 4a).

Different evolutions in larval condition and vertical position can result from
larvae which began with the same initial condition and depth. For example. two
average-condition (C = 0.4) larvae were introduced at 16 m (Figure 4b). Here.
larval condition and depth variation is clearly driven by the larva’s probability of
encountering food, which is enhanced or reduced by the simulated turbulence
and demonstrates the randomness within the model.

The second simulation shows how the condition and depth distribution of a
population of cod larvae evolves. The simulation was initialized with a
population of 200 cod larvae having a randomly distributed condition of between
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Table I. Summary of variables, parameters and values used in the condition-driven buoyancy model simulations

uosdwroy [ Yy puv pesde] © 1) ‘lULRPS A

Variable Symbol Value Source
Larval density: ‘best’ condition B 1027.5 kgm™* Ellertsen et af.. 1980
Larval density: “poorest’ condition i 1024.0 kg m™* Ellertsen et al.. 1980
Surface layer water density Py 1026.0 kg m™ Ellertsen et al.. 1980
Sub-pycnocline water density pa 1026.5 kg m * Ellertsen er al.. 1980
Bottom depth s 100 m Valentine and Lough, 1991
Pycnocline and food maximum mean depth h, 40 m Buckley and Lough. 1987
Food maximum standard deviation 5] 10m Buckley and Lough. 1987
Maximum daytime swimming speed Wi 10 “ms™! Blaxter, 1986
Larval density e-folding scale - 3 days Ellertsen er al.. 1980

K 20x 10 *m7s! Loder et al.. 1988

Eddy diffusivity coefticient
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Fig. 4. The 10 day evolution of depth and condition of (A) a good-condition (dashed) and poor-
condition (solid) cod larvae initialized at the same depth. and (B) two neutral-condition cod larvae
initialized at the same depth. Black and white stippling indicate night and day periods in each study.
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(and I at depths between 35 and 45 m (Figure 5). A sequence of instantaneous
vertical samples taken cvery 12 h (midday and midnight) reveals the popu-
lation’s depth and condition changes through time. The initial population begins
to form two distinct populations differing in average condition. The overall
depth distribution also reveals which samples were taken during the day or night
(Figure 5). During the day. the larvae are more concentrated around the food
maximum and at night there is greater vertical dispersion. Some of the average-
condition larvac switch between good (midwater) and poor (near-surface)
condition depending on their day-to-day encounters with food. and by the end of
10 days the initial population has scparated into relatively good- and poor-
condition sub-populations. This is important because it demonstrates how
population average condition evolves through time. The results further show
how typical inverse vertical migration patterns based on population centre of
mass can evolve simply through differences in larval condition and buoyancy.

As most ocean plankton are found in advective environments, a simple
vertically sheared current simulating wind stress on the water surface was added
to the model. The surface current was 1.5 x 10 m s ' and decayed with an e-
folding scale of 15 m. This makes the Lagrangian model two-dimensional. The
model was initialized as in the previous simulation, with the initial horizontal
position (x) equal to zero, and samples were taken every 12 h over a 4 day
period (Figure 6). After the first night scparation of the good- and poor-
condition larvae results, as well as a rcaggregation ncar the food maximum
during the following day. The poor-condition larvae near the surface are
advected away from the initialization point by the higher current velocitics
there. and at the end of 4 days the increased horizontal dispersion (relative to
the good-condition larvae) is evidence of shear dispersion (Figure 6). The
deeper. good-condition larvae are ‘retained’ near the initialization point due to
lower current velocities and reduced shear and dispersion. At the end of 4 days,
two populations are apparent with the poor-condition larvae separated from the
good-condition larvae by a maximum of 40 km.

Vertical distributions of larval concentration

Vertical profiles of larval concentration, representative of samples taken at 10 m
intervals. were calculated from the model results with the parameters given in
Table T to further examine the vertical distributions as a function of larval
condition. The distribution of the total population of larvae shows greater
vertical dispersion and a slight upward movement at night (10 m), and less
vertical dispersion around the food maximum during the day (Figure 7a). When
the total population is stratificd by condition, the good-condition larvae are
aggregated around the food maximum during the day and show a slight increase
in dispersion at night (Figurc 7b). The poor-condition larvae, however, show
maximum concentrations ncar the surface during both day and night with a slight
downward migration occurring during the day (Figure 7¢). Therefore. stratifying
larval samples by condition, which the ‘Lagrangian ensemble’ method permits,
provides a new view of vertical distribution and inferred migration patterns. This
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Fig. 5. Sequential vertical profiles of a larval cod population showing the depth and condition
distribution over a 10 day period at 12 h intervals representing midday and midnight (crosses
represent individual Tarvae in good condition. dots are average condition and circles are poor
condition).
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Fig. 6. Scquential vertical profiles of a larval cod population simulation showing the depth and
condition distribution over a 4.5 day period at 12 hintervals representing midday and midnight with
a vertically sheared surface current of 1.5 x 100 ' ms™" (crosses represent individual larvae in good
condition. dots are average condition and circles are poor condition). The maximum horizontal
separation between the good- (pycenocline region) and poor-condition (surface) larvae in the final
profile is ~40 km.

425



M.Sclafani, C.T. Taggart and K.R. Thompson

a
£ 4
[=9
X 4
-80 All Larvae 1
-100 - "
0 50 100
0 i, . 0 . Prooinion
b d
= S 1 = ]
oy z
& i 8 i
Good i -80 ¢~ Good 7
A . -100 .
50 100 0 0.1 0.2 03 0.4
v . 0
c | e
4 220~ 4
£ 1 £ ~40} ;
[=9 ey fl
& 1 & l ' 1
-80r Poor . ’SO]' Poer h
-100 . L -100 : : :
0 50 100 0 0.1 0.2 0.3 04
Abundance

Fig. 7. The vertical distribution of condition-based larval cod concentrations collected at 10 m
intervals during the day (dotted line) and night (solid line). The left panels (a.b.c¢) represent model
results without vertical shear. The right panels (d.e) are redrawn from field data for haddock
(Melanogrammus aeglefinus 1.0y larvae collected by Frank and McRuer (1989) oft southwestern
Nova Scotia where the larvae were indexed for condition using Fulton's K.

implies that vertical distribution and migration patterns derived from field
collections without a consideration of variations in condition of the larvae may
be considerably biased.

Comparison with field data

Field data on larval haddock, also a gadoid species, collected off southwest Nova
Scotia by Frank and McRuer (1989) were used for a comparison with the results
provided by our models. Frank and McRuer (1989) classified the larvae into
‘better than average™ and ‘less than average’ condition on the basis of Fulton's K
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(weight/standard length?) condition index (LeCren. 1951). The larvac were
sampled in well-mixed and stratified water masses. as Frank and McRuer's
(1989) model predicted that poor-condition larvae would be found in well-mixed
waters having characteristic low production and good-condition larvac would be
tound in the more productive stratified regions.

Frank and McRuer’s (1989) data were extracted and redrawn as frequency
distributions of good- and poor-condition larvac during day and night. Three
stations were sampled during the daytime and the station data for both the good-
and poor-condition larvae were averaged. The resulting distributions show that
the good-condition larvac remained concentrated at mid-depth during the day
with a shght increase in dispersion at night (Figure 7d). The poor-condition
larvac are more concentrated at the surface during the day and night. with
increased dispersion at night (Figure 7¢). Our model predictions (Figure 7b and
¢) are consistent with these profiles. It is. however. unrealistic to make a
quantitative comparison between our model results and Frank and McRuer's
(1989) field observations because their larval data came from different
hydrographic regions and our model was not fit to the water mass characteristics
encountered in the field. Nevertheless. the distributional similarities are
compelling.

Discussion

The Lagrangian vertical migration model shows that condition-driven buoyancy
can explain most vertical migration patterns and distributions of larval fish
obscrved in the field. This has important implications to the fisheries rescarch
communities as it represents a simple and testable explanation of vertical
distributions. The condition-driven buoyancy model also has important impli-
cations for the vertical distribution and horizontal dispersion of zooplankton and
ichthyoplankton, and possibly to recruitment estimates.

The condition-driven buoyancy model also raises important questions about
the diel vertical migration hypotheses often used to explain these movements.
Are the observed vertical migrations and distributions of larval fish and
zooplankton a result of active or passive movements. or both? Can we more
casily explain vertical distribution and migration through condition and
buoyancy than by behavioural rhythms (e.g. Hoss er al.. 1989)? If so. can we
further explain how abiotic factors will affect the predicted distributions? It is
unrealistic to expect this simple model to account for all vertical migration
patterns for all species. but comparisons of our model results with ichthyo-
plankton field data (e.g. Frank and McRuer, 1989) suggest it is a reasonable first
approximation.

Our model results suggest that larval condition and buoyancy between the
period of yolk-sac absorption and development of a functional swim bladder
can explain most patterns of vertical migrations observed in the field. If a
sampler Is repeatedly towed through a patch consisting only of poor-condition
larvae (c.g. Figure 7c). a vertical migration in the surface layer is predicted.
Poor-condition larvac would also exhibit the classical nocturnal diel vertical
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migration of up at night and down during the day. When repeatedly sampling a
patch consisting of good-condition larvae (e.g. Figure 7b). our model predicts
dicl vertical movement around the food maximum (pycnocline), with a slight
increase in dispersion at night. Good-condition cod larvae would, however,
exhibit an inverse diel pattern relative to the poor-condition larvae. When
sampling a mixed population consisting of both good- and poor-condition larvae,
morc complicated patterns would be expected. consisting of mixed phases and
amplitudes. as often described in the literature (e.g. Fossum ef al.. 1987:
Stephenson and Power, 1988, 1989).

[t is important to note that our model results are sensitive to the selected
surface and sub-pycnocline water densitics (p, and p,). Our values were selected
to represent the density of water during the larval cod rearing conditions seen in
Ellertsen er al. (1980). The vertical distributions of the larvae would be very
different for other values of water density. For example. using the same valucs
of larval cod density (p;) and sub-pycnocline water density (p») as in the previous
model simulations. and changing the surface layer water density (p,) such that it
was less dense than the weakest-condition larva, would result in all of the larvae
(good and poor condition} being distributed near the pycnocline region, or
deeper. Even the poorest-condition larvae would not float to the surface. This
situation may explain the interannual and short-term (days) and regional
variations in migration patterns that may result from intcrannual and short-term
regional variations in water mass structure.

The model results also reveal an increase in variance at night. relative to day.
for both good- and poor-condition larvae. This variance pattern is commonly
observed in the field (e.g. Heath ef al., 1988).

Our demonstration of how vertical shear can separate an initial population
into two separate populations of good- and poor-condition larvae is also a
significant result. In the model, the good-condition larvae remain decp in the
region having lower current velocities. while the poor-condition larvac are found
near the surface where they are subject to greater advection and shear
dispersion. It is, however, important to recognize that the good-condition larvae
remained aggregated. through a ‘retention’ mechanism that requires limited
innate behaviour (i.e. ‘directed’ daytime swimming). This simple two-
dimensional model clearly demonstrates how populations can develop spatially
and temporally as a rcsult of differential condition and current velocities with
depth.

The comparisons with Frank and McRuer’s (1989) field data were compelling,
as our model results are consistent with their observations of larval haddock
vertical distributions stratified by condition. Owing to the nature of the sampling
scheme (stratified versus well-mixed water). further quantitative comparisons
between larval condition during the day and night are not possible. If. however,
we consider the case where good- and poor-condition larvae are separated by
depth-varying currents, one can speculate that poor-condition larvae should be
advected to other regions, possibly leading to the different larval condition
found on and off banks (e.g. Buckley and Lough, 1987; Frank and McRuer,
1989).
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In addition. Shelbourne (1957) found temporally and spatially separated
concentrations of good- and poor-condition plaice (Pleuronectes platessa L.) in
the North Sea. Shelbourne (1957) also showed a strong correlation between
larval condition and prey concentration. Interestingly, we have calculated from
Shelbourne’s (1957) data that the poor-condition larvae were in relatively low
concentration in low-density water (1027.6 kg m™) compared to that of the
good-condition larvae that were in higher concentration in higher density water
(1027.8 kgm ). Unfortunately, no vertical distribution data were available . but
again our model results are consistent with these observations.

Buoyancy as a predictor of larval condition and implications for recruitment
estimates and patch studies

Frank and McRuer (1989) speculate that it may be possible to assess the
condition of a larval population through vertical distribution data alone. Our
model predictions, Frank and McRuer’s (1989) field data, and the Neilson et al.
(1986) laboratory data are consistent with this suggestion. at least for larval
gadoids. It is expected that larval condition will be different near the surface of a
water column (stratificd or well mixed) relative to greater depths, and it is
possible to examine condition-based depth differences directly in the field to test
this hypothesis. If such differences are found in the field, then fisheries
rescarchers must consider larval condition when making predictions of year-class
strength cstimates from larval surveys (assuming survival probability is a
function of condition). The general pattern of temporal variation in the vertical
distribution of a whole larval population may prove a suitable proxy measure of
the overall condition and, therefore, survival probability of the population. as
suggested by Frank and McRuer (1989).

The results from the vertically sheared simulation also raise the question of
whether we can actually follow the same population of larvae for any given
period with fixed-depth drifters. It is clear in Figure 6 that the poor-condition
larvae separated from the good-condition larvae. Therefore, a drifter which is
drogued at a particular depth would only follow one of the two groups (or a
limited part of both). The simulations show that poor-condition larvae are
quickly advected and dispersed in the surface layer. If one were to sample at a
fixed location, a lower concentration of poor-condition larvae would be
observed relative to the good-condition larvae which remain aggregated deeper
in the water column. Further, increased predation in the well-lit surface waters is
to be expected (Neilson et al., 1986). These results may help to explain the
relatively low frequency of observations of dead or dying larvae in the field.

Condition-driven buoyancy and larger fish

We suggest that it is not unreasonable to apply the concepts particular to our
model to stages beyond the development of a functional swim bladder. Hoss ef
al. (1989) have shown that larval menhaden (Brevoortia tyrannus) migrate to the
air-water interface at night to inflate the swim bladder and subsequently
descend during the day as the swim bladder deflates. The same authors suggest
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that the diel vertical migration of the larval menhaden is not an endogenous
rhythm as the larvae did not maintain periodicity in vertical movement in the
abscence of a change in light cue. Hunter and Sanchez (1976) also provide
evidence that larval anchovy (Engraulis mordax) migrate to the surface at night
to inflate the swim bladder and subsequently descend. Blaxter and Ehrlich
(1974) have shown that changes in the protein, lipid and water content result in
diffcrential buoyancy forces acting on the larvae through ontogeny. We
speculate that differential condition will affect the vertical distributions of larvae
having functional swim bladders. particularly as inflation of the swim bladder
does not necessarily overcome negative buovancy (Hoss et al.. 1989). Thus, it
may be instructive to assess larval condition in conjunction with swim bladder
volume when interpreting the vertical distribution of larger fish.

Applicability of model results to zooplankton

The condition-driven buoyancy hypothesis may be applicable to freshwater and
marine zooplankton. Vertical migration patterns of zooplankton also reveal
variable frequency, phase and amplitude which are cued to light (e.g.
Hutchinson. 1967; Raymont, 1983). Endogenous rhythms are believed to be
primarily responsible for the observed patterns (e.g. Hutchinson, 1967:
Longhurst, 1976). However, evolutionary hypotheses such as predator avoid-
ance (e.g. Zaret and Suffern, 1976: Bollens and Frost, 1989) and cnergetic
bencfits (e.g. Mclaren, 1963; Ohman, 1990) arc commonly considered.
Developmental stages (ontogeny) also play an important role in determining the
different amplitudes of diel vertical migration in zooplankton (Ohman, 1990;
Uye et al.. 1990). For example. some adult copepods exhibit large diel vertical
migrations. whercas some copepodite stages exhibit little or no vertical
movement (Uye ef al., 1990). These patterns may simply result from buoyancy
difference between the adults and the copepodites. Adult copepods are known
to have oil globules (Raymont, 1983) which can change in lipid content.
Therefore, condition differences in the adults may give rise to diel and
ontogenctic vertical migrations as in our model of larval fish. whereas the
copepodite stages, which have a less developed oil globule, will appear non-
migratory.

Bollens and Frost (1991) show that non-ovigerous adult female copepods
(Euchaeta elongata) display a strong diel vertical migration. On the other hand.
ovigerous adult females were non-migratory or “weakly’ migratory and found in
deeper water. The same authors use an adaptive argument to conclude that the
ovigerous females remain at depth both day and night to avoid visual predators.
A simpler and testable explanation is that buoyancy differences between
ovigerous and non-ovigerous females give rise to the observed patterns.
Ovigerous females are very likely to be in good condition, as feeding constraints
limit egg production. If in good condition and laden with eggs. it is also likely
that the cggs will increase the density of the adult copepod, bringing them
deeper in the water column to a level of neutral buoyancy. After the eggs are
released. another change in density, inverse relative to the ovigerous stage,
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would act to bring the copepod towards the surface again. This would represent
an ontogenetic vertical migration on a seasonal scale. It is also expected that the
ovigerous females, as a result of their condition status, would display limited
vertical movements once they have reached a depth of neutral buoyancy. If the
non-ovigerous females consisted of a mix of conditions, the individuals would
adjust to a depth of neutral buoyancy on a relatively short (possibly dicl) time
scale and appear to actively migrate.

Further support for density changes which depend on sexual maturity of the
individual organism is provided in Kapp (1991). The author discusses the
function of a gelatinous matrix in the lateral fins of chaetognaths as a mechanism
to reduce their density and balance the increase in weight from their maturing
gonads. The density increase during the maturation process is species specific
and other plankton organisms such as salps and medusae are also belicved to use
jelly as a buoyancy regulator. In addition to length- and gonad-dependent
differences in density, we speculate that condition-driven buoyancy will also
affect the chaetognath’s vertical position in the water column.

Stirling et al. (1990) concluded that changes in the diel vertical migration of
Daphnia galeata mendotae were a direct response to changes in planktivore
density. Changes in the residence time of Daphnia in the epilimnion and changes
in amplitude of vertical migration were correlated with an increasc in the
planktivorous fish biomass. The authors were not able to reject Zaret and
Suffern’s (1976) predator avoidance hypothesis where vertical migration
amplitudes were observed to increase with predators. We suggest that the
interannual variations in the depth and size distributions may simply have been
the result of passive ascension/descension at night due to differences in
buoyancy. Further, Stirling er al. (1990) state that the numbers of Daphnia
caught at midnight were always greater than at midday. The limited amplitudes
(2-6 m) of vertical migration observed and the consistent midnight ascensions
may be most casily explained through differential sampler avoidance (Sclafani,
1992).

The condition-driven buoyancy model results provide a simple and testable
means of explaining the various vertical distributions and migration behaviours
of larval fish and zooplankton typically observed in the field. The particle
tracking model is clearly simplistic and does not include all of the biological or
physical processes, but it can easily be extended to represent any species of
larval fish or zooplankton and their surrounding water mass characteristics and
subsequently tested. As each larval fish species displays different density
changes during starvation (see Blaxter and Ehrlich. 1974; Yin and Blaxter,
1987), it is possible that the various observations of vertical distributions and
migration patterns could be explained through differential buoyancy forces
acting on the individuals.

The Lagrangian time-stepping model makes predictions that can be rcadily
tested in both the laboratory and field. Eggs and larval densitics can be
measured in density columns (e.g. Coombs, 1981) or derived from measure-
ments of weight on microbalances (e.g. Power et al., 1991), and condition
indices can be developed from morphometric (¢.g. Neilson er al., 1986) and/or
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biochemical (e.g. Fraser, 1989; Hakanson. 1989; Ouellet et al., 1992) measure-
ments. Our model has displayed the variables to which it was sensitive and we
believe that further tests of the hypothesis should be examined through direct
measurements of these variables. A rc-examination of historical vertical
distribution data complemented with morphometric measures and water mass
characteristics may also be used for tests.

We arguc that the combination of physical and biological models used to
address transport- and recruitment-related questions may be limited due to
improper representation of the biological components. Describing vertical
migration patterns as ‘well behaved” particles may lead to erroneous estimates.
Laboratory and field tests of the condition-driven buoyancy hypothesis are
warranted for both ichthyoplankton and zooplankton.

Acknowledgements

We are grateful to P.Oucllet and K.Frank for early critical input, and to D.Kelly
and S.Matheson for assistance with computerized graphics. This research and
support to M.S. was provided in part by Natural Sciences and Engineering
Research Council grants to C.T.T. and K.R.T.. a Department of Fisheries and
Oceans science subvention grant to K.R.T. and by OPEN (the Ocean
Production Enhancement Network), one of the 15 Networks of Centres of
Excellence supported by the Government of Canada.

References

Bailey.K.M. and Houde,E.D. (1989) Predation on eggs and larvae of marine fishes and the
recruitment problem. In Blaxter.J.H.S. (ed.). Adv. Marine Biol.. 25, 1-83.

Bainbridge R. (1961) Migrations. In Waterman.T. (ed.). The Physiology of Crustacea. Academic
Press. New York, Vol. II, pp. 431-463,

Batchelor G.K. (1967) An Introduction to Fluid Dynamics. Cambridge University Press, Cam-
bridge. 615 pp.

Rishai.H.M. (1960) The effect of water currents on the survival and distribution of fish larvac. J.
Cons. Ini. Explor. Mer. 25, 134-146.

Blaxter J.H.S. (1973) Monitoring the vertical movements and light responses of herring and plaice
larvae. J. Mar. Biol. Assoc. UK, 53, 635-647.

Blaxter.J.H.S. (1986) Development of sense organs and behaviour of teleost larvae with special
reference to feeding and predator avoidance. Trans. Am. Fish. Soc.. 115, 98-114.

Blaxter.J.H.S. and Ehrlich K. .F. (1974) Changes in behaviour during starvation of herring and plaice
larvae. In Blaxter J.H.S. (¢d.). The Early Life History of Fish. Springer-Verlag, New York. pp.
301-323.

Bollens.S.M. and Frost.B.W. (1989) Predator-induced diel vertical migration in a planktonic
copepod. J. Plankton Res.. 11, 1047-1065.

Bollens.S.M. and Frost.B.W. (1991) Ovigerity. selective predation, and variable dicl vertical
migration in Euchaeta elongata (Copepoda: Calanoida). Occologia (Berlin). 87. 155-161.

Buckley.L.J. and Lough.R.G. (1987) Recent growth, biochemical composition. and prey ficld of
larval haddock (Melanogrammus aeglefinus) and Atlantic cod (Gadus morhua) on Georges Bank.
Can. J. Fish. Aquat. Sci.. 44, 14-25.

Coombs.S.H. (1981) A density-gradient column for determining the specific gravity of fish eggs. with
particular reference to eggs of the mackerel Scomber scombrus. Mar. Biol.. 63, 101-106.

Cushing.D.H. (1951) The vertical migration of planktonic crustacea. Biol. Rev.. 26, 158-192.

deLafontaine.Y. and Gascon.D. (1989) Ontogenetic variation in the vertical distribution of cggs and
larvae of Atlantic mackerel (Scomber scombrus). Rapp. P.-V. Réun. Cons. Int. Explor. Mer 191,
137-145.

432



Condition, buoyancy and distribution of larval fish

Dodson.S. (1990} Predicting diel vertical migration of zooplankton. Limnol. Oceanogr.. 35, 1195—
[200).

Dorsey N.E. (1940) Properties of Ordinary Water Substance. Am. Chem. Soc. Monogr. Ser. No. 81.
Reinhold. New York, 673 pp.

Ellertsen.B.. Mocksness.E.. Solemdal.P.. Stromme.P.. Tilseth.S. . Westgard. T. and Qiestad V.
(1977) Vertical distribution and feeding of cod larvae in relation to occurrence and size of prey
organisms. ICES C.M. 1977/1.:33.

Ellertsen.B.. Moksness.F.. Strémme.P.. Tilseth.S. . Westgard. T. and @Qiestad,V. (1980) Some
biological aspects of cod larvae (Gadus morhua L), Fisk. Dir. Skr. Ser. HavUnders., 17, 29-47.

Fischer H.B.. List.E.J.. Koh.R.C.Y.. Imberger.J. and Brooks N.H. (1979) Mixing in Inlund and
Coastal Waters. Academic Press. Boston, 483 pp.

Fortier.I.. and Leggett, W.C. (1982) Fickian transport and the dispersal of fish larvace in estuaries.
Can. J. Fish. Aquar. Sci.. 39, 1150-1163.

Fortier.L. and Leggett.W.C. (1983) Vertical migrations and transport of larval fish in a partially
mixed estuary. Can. J. Fish. Aquar. Sci.. 0. 1543-1555,

Fossum.P.B.. Bjokre H. and Setre.R. (1987) Distribution. drift and condition of herring larvac off
western Norway in 1986, JCES C.M. 1987/H:34.

Frank K. T. and Leggett. W.C. (1982) Environmental regulation of growth rate. efficiency. and
swimming performance in larval capelin (Mallotus villosus). and its application to the match/
mismatch hypothesis. Can. J. Fish. Aquat. Sci., 39, 691-699.

Frank K. T. and McRuer J. K. (1989) Nutritional status of ficld-collected haddock (Melanogrammus
acglefinus) larvae from southwestern Nova Scotia: An assessment based on morphometri¢c and
vertical distribution data. Can. J. Fish. Aquar. Sci.. 46. 125-133,

Frank . K. T.. Loder.J.W., Carscadden J.E.. Leggett. W.C.and Taggart.C.T. (1992) Larval flatfish
distributions and drift on the southern Grand Bank. Can. J. Fish. Aquat. Sci., 49, 167-483.

Fraser.A.J. (1989) Triacylglycerol content as a condition index for fish, bivalve. and crustacean
farvae. Can. J. Fish. Aquat. Sci.. 46. 1868—1873.

Gliwicz.M.Z. (1986} A lunar cycle in zooplankton. Ecology. 67. 883-897.

Hakanson.J.1.. (1989} Condition of larval anchovy (Engraulis mordax) in the southern California
Bight. as measured through lipid analvsis. Mar. Biol., 102, 53=159.

Heath M.R.. Henderson E.W. and Baird.D L. (1988) Vertical distribution of herring larvae in
relation to physical mixing and illumination. Mar. Ecol. Prog. Ser.. 47.211-228.

HenrtiM.. DodsonJ.J. and Powles H. (1985) Spatial configurations of young herring (Clupea
harengus harengus) larvac in the St. Lawrence estuary: importance of biological and physical
tactors. Can. J. Fish. Aquat. Sci.. 42.91-104.

Hoss.D.E.. Checkley.D.M. and Settle L.R. (1989) Diurnal buoyancy changes in larval Atlantic
menhaden (Brevoortia tvrannus). Rapp. P.-V. Réun. Cons. Int. Lxplor. Mer 191, 105-111.
Hunter.J.R. and Sanchez.C. (1976) Diel change in swim bladder inflation of the larvac of the

northern anchovy. Engraulis mordax. Fish. Bull. US. 74. 847-835.

Hutchinson.G.E. (1967) A Treatise on Limnology. John Wiley and Sons. New York. Vol. II.
1115 pp.

Johansen.A.C. (1925) On the diurnal vertical movements of voung of some fishes in Danish waters,
Medd. Komm. Havundersogelser. Ser. Fiskeri. 8. 1-27.

Kapp.H. (1991) Some aspeets of buoyancy adaptations of chactognaths. Helgol. Meeresunters. .
45, 263-267.

Knauss J.A. (1978) Introduction 1o Physical Oceanography. Prentice Hall, New Jersey. 338 pp.

LeCren.E.D. (1951) The length—weight relationship and seasonal cycle on gonad weight and
condition in perch (Perca fluviatilis). J. Anim. Ecol . 20, 201-219.

Loder. J.W., Ross.C.K. and Smith.P.S. (1988) A space and time-scale characterization of
circulation and mixing over submarine banks. with application to the northwestern Atlantic
continental shelf. Can. J. Fish. Aguar. Sci.. 45, 1860— 1885,

Longhurst. A.R. (1976) Vertical migration. In Cushing.D.H. and Walsh.,J.J. (eds). The Ecology of
the Seas. W.B.Saunders. Philadelphia. pp. 116-137.

McLaren.l.A. (1963) Etfects of temperature on growth of zooplankton. and the adaptive value of
vertical migration. J. Fish. Res. Board Can.. 20. 685-727.

Munk.P.. Kigrboe T. and Christensen.V. (1989) Vertical migrations of herring. Clupea harengus.
larvace in relation to light and prey distribution. Environ. Biol. Fish.. 26. 87-96.

Neilson J.D. and Perry,R.1. (1990) Diel vertical migrations of marine fishes: an obligate or
facultative process? In Blaxter,J.H.S. and Southward A I. (eds), Adv. Marine Biol..26. 115-168.

Neilson.J.D.. Perry.R.1.. Valerio P. and Waiwood K.G. (1986) Condition of Atlantic cod Gadus

433



M.Sclafani, C.T. Taggart and K.R.Thompson

morhua Tarvae after the transition to exogenous feeding: morphometrics, buovancy and predator
avoidance. Mar. Ecol. Prog. Ser.. 32, 229-235.

Nichols.J.H.. Thompson.B.M. and Riley.J.DD. (1986) Herring larvae studies in the west central
North Sea in 1985 JCES C.M. 1986/H:23.

Ohman.M.1>. (1990) The demographic benefits of dicl vertical migration by zooplankton. Ecol.
Monogr.. 60, 257-281.

Oucllet. P, Taggart.C.T. and Frank . K.T. (1992) Lipid condition and survival in shrimp (Pandalus
borealis) larvae. Can. J. Fish. Aquat. Sci.. 49, 368-378.

Page 1 H.. Frank K. T. und Thompson K R, (1989) Stage dependent vertical distribution of
haddock (Melanogrammus aeglefinus) cggs in a stratificd water column: Observations and model.
Can. J. Fish. Aquar. Sci.. 46, 35-67.

Power. . H.. Morrison.W.1.. and Zeringue,J. (1991) Determining the mass, volume. density and
weight in water of small zooplankters. Mar. Biol.. 110, 267-271.

Ravmont J.E.G. (1983) Plankton and Productivity in the Oceans. Volume 2—Zooplankton.
Pergamon Press. Oxtord. 824 pp.

Russcll.F.S. (1926) The vertical distribution of marine macroplankton. 111 Diurnal observations on
the pelagic voung of teleostean fishes in the Plymouth area. J. Mar. Biol.. 14. 387414

Russell.F.S. (1928) The vertical distribution of marine macroplankton. VIIIL. Further observations
on the diurnal behaviour of the pelagic young of teleostean fishes in the Plymouth area. J. Mar.
Biol.. 15, 829-850.

Sameoto.D.D. (1984) Environmental factors influencing diurnal distribution of zooplankton and
ichthvoplankton. J. Plankton Res.. 6. 767-792.

Sameoto.D.D. and Lewis.M.K. (1980) Vertical distribution and abundances of zooplankton and
ichthvoplankton on north-castern Georges Bank. October 1978, Can. Tech. Rep. Fish. Aquat.
Scii 974,62 pp.

Sameoto.D.D.. Jaroszynski.1.O. and Fraser.W.G. (1980) BIONESS a new design in multiple net
zooplankton samplers. Can. J. Fish. Aquar. Sci.. 37.722-724.

Sclafani.M. (1992) Vertical migration of marine larval fish: patterns. models and application to
recruitment research. MSe Thesis, Department of Occanography. Dalhousie University, Halifax.
N.S.. 13+ pp.

Seliverstov.A.S. (1974) Vertical migrations of larvae of the Atlanto-Scandian herring (Clupea
harengus 1), In Blaxter J.H.S. (ed.). The Early Life History of Fish. Springer-Verlag, New York.
pp. 253-262.

Shelhourne J.E. (1957) The feeding and condition of plaice larvace in good and bad plankton
patches. J. Mar. Biol. Ass. UK. 36. 539-552.

Skiftesvik. A B. and Huse.l. (1987) Behaviour studies of cod larvae. Gadus morhua L. Sarsia, T2.
367-368.

Solberg. T.S. and Tilseth S, (1987) Variations in growth pattern among volk-sac larvae of cod (Gadus
morhua 1) due to differences in rearing temperature and light regime. Sarsia. 72, 347-349.

Stephenson. R and Power.M.J. (1988) Semidiel vertical movements in Atlantic herring Clupea
harengus larvac: a mechanism for larval retention? Mar. Ecol. Prog. Ser.. 50, 3—11.

Stephenson.R.L. and Power M.J. (1989) Observations on herring larvae retained in the Bay of
Fundy: variability in vertical movement and position of the patch edge. Rapp. P.-V. Réun. Cons.
Int. Explor. Mer, 191 177-183.

Stirling.D.G., McQueen.D.J. and Johannes. M.R.S. (1990) Vertical migration in Daphnia galeaia
mendotae (Brooks): demographic responses to changes in planktivore abundance. Can. J. Fish.
Aquar. Sci.. 47. 395-400.

Taggart.C.T.. Drinkwater.K.F., Frank K. T.. McRuer J.K. and LaRouche P, (1989) Larval fish.
zooplankton community structure, and physical dynamics at a tidal front. Rapp. P.-V. Réun.
Cons. Int. Fxplor. Mer. 1910 184-194,

Tilseth.S. and Ellertsen.B. (1983) The detection and distribution of larval Arcto-Norwegian cod.
Gadus morhua, food organisms by an in sit particle counter. Fish. Budl.. 82, 141-156.

Tilseth.S. and Ellertsen.B. (1984) Food consumption rate and gut evacuation processes of first
feeding cod larvac (Gadus morhua L), In DahlE.. Daniclssen.D.S.. Moksness.D. and
Solemdal P, (eds). The Propagation of Cod {Gadus morhua L) Flodevigen Rapportser.. 1. pp.
167-182.

Uye.S.. Huang.C. and Onbe.T. (1990) Ontogenctic diel vertical migration of the planktonic
copepod Calanus sinieus in the Inland Sea of Japan. Mar. Biol.. 104, 389-396.

Valentine.P.C. and Lough.R.G. (1991) The sea floor environment and the fishery of castern
Georges Bank. The influence of geologic and oceanographic environmental factors on the

434



Condition, buoyancy and distribution of larval fish

abundance and distribution of fisheries resources of the northeastern United States continental
shelt. US Geological Survey. Open-File Report 91-439.

Wiebe . P.H.. Burt.K.H.. Bovd.S.H. and Morton.A.W. (1976) A multiple opening/closing net and
environmental sensing system for sampling zooplankton. J. Mar. Res.. 34, 313-326.

Woodhead.P.MJ. and Woodhead A.D. (1955) Reactions of herring to light: a mechanism of
vertical migration. Nature, 176, 349-330.

Woods J.D. and Onken.R. (1982) Diurnal variation and primary production in the ocean—
preliminary results of Lagrangian ensemble model. J. Plankton Res.. 6. 767-790.

Wurtsbaugh W A and Neverman.D. (1988) Post-feeding thermotaxis and daily vertical migration in
alarval fish. Natre. 333, 846-848.

Yin.M.C. and Blaxter J.H.S. (1987) Temperature. salinity tolerance. and buovancy during carly
development and starvation of Clyde and North Sea herring. cod. and flounder larvae. J, Exp.
Mar. Biol. Ecol. 107, 279-290.

Zaret. T.M. and Suffern.).S. (1976) Vertical migration in zooplankton as predator avoidance
mechanism. Limnol. Oceanogr. . 21, 804813,

Received on March 18, 1992 accepted on December 12, 1992



