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Sonar estimates of daytime activity levels of
Euphausia pacifica in Saanich Inlet

Jules S. Jaffe, Mark D. Ohman, and Alex De Robertis

Abstract: A three-dimensional multibeam tracking sonar system (FishTV) was deployed in the stratified waters of
Saanich Inlet in July–August of 1996 and 1997 to assess the swimming behavior of euphausiids in situ. Here, a new
algorithm is used to estimate swimming velocities of animals from the uncorrelated displacements of acoustic targets in
pairs of sonar frames with increasing time delays between frames. Assuming isotropic motions of euphausiids, the
superior spatial resolution of the sonar in one dimension (range) is used to infer the three-dimensional motions. We
applied the algorithm to sonar tracks of groups of 10 000 – 25 000 euphausiids recorded in the daytime at depths just
above the oxycline on six different occasions. The animal movements were described with a probability density
function for velocity which suggests that about 60–70% of the animals were moving less than or equal to
0.3–1.2 cm·s–1. These distributions imply remarkably low swimming speeds and quiescent behavior. Limited motility in
the daytime would confer two major advantages on the euphausiids: reduction of encounter rates with ambush
predators and decreased metabolic costs.

Résumé : Nous avons déployé un système de pistage tridimensionnel par sonar multifaisceaux (FishTV) dans les eaux
stratifiées du bras Saanich en juillet-août 1996 et 1997 pour examiner in situ le comportement de nage des
euphausiacés. Nous utilisons ici un nouvel algorithme pour estimer les vitesses de nage des animaux à partir des
déplacements non corrélés de cibles acoustiques dans des paires de clichés sonar en faisant croître l’intervalle entre les
clichés. En supposant que les déplacements des euphausiacés sont isotropes, nous nous sommes servis de la résolution
spatiale supérieure du sonar dans une seule dimension (la portée) pour inférer les déplacements dans les trois
dimensions. Nous avons appliqué l’algorithme aux tracés sonar de groupes de 10 000 à 25 000 euphausiacés
enregistrés à six occasions différentes, de jour, à des profondeurs juste supérieures à l’oxycline. Les déplacements des
animaux ont été décrits avec une fonction de densité pour la vitesse qui permet de penser que 60 à 70% des animaux
se déplaçaient à une vitesse inférieure ou égale à 0,3–1,2 cm·s–1. Ces distributions correspondent à des vitesses
remarquablement basses et à un comportement passif. Leur motilité réduite pendant le jour peut conférer deux grands
avantages aux euphausiacés : réduction des taux de rencontre avec des prédateurs à l’affût, et baisse des dépenses
métaboliques.

[Traduit par la Rédaction] Jaffe et al. 2010

Introduction

Euphausiid crustaceans are distributed throughout the
World Ocean (Brinton et al. 1999) and in many localities are
dominant components of marine food webs. Owing to their
relatively large body size, they are disproportionately signifi-
cant as prey items for a variety of marine planktivores.
Quantitative models of euphausiid bioenergetics, encounter
rates with prey and predators, bioenergetics, and diel vertical
migrations are dependent upon knowledge of a variety of
behavioral characteristics, most of which remain poorly
known. None have been determined for individual euphau-
siids in their natural habitat. In this article, we report mea-
surement of the daytime activity level of Euphausia pacifica
at depth in Saanich Inlet, British Columbia. To our knowl-
edge, this study is the first quantitative assessment of the
swimming speeds of individual euphausiids in situ.

The ability to formulate sensible models for prey–predator
encounter, individual somatic growth, and growth of popula-
tions rests upon knowledge of natural behavior. For example,
among the more important parameters for encounter models
are prey and predator swimming velocities and local prey
densities (e.g., Gerritsen and Strickler 1977; Buskey et al.
1993). Therefore, diel variations in swimming velocity and
in formation and dispersion of local prey patches can mark-
edly affect computations of encounter rates. Similarly, bio-
energetic growth models require accurate knowledge of
metabolic losses. Since the metabolic rate of euphausiids is
known to depend steeply upon the swimming speed of the
animals (Torres and Childress 1983), it is essential to under-
stand natural swimming speeds and activity levels of
euphausiids. Some models assume negligible swimming
speeds of euphausiids when they are at daytime depths
(Andersen and Nival 1991), but this has never been mea-
sured and remains an important unknown quantity.

With the recent development of FishTV (Jaffe et al. 1995)
and the combined OASIS (optical–acoustic submersible im-
aging system) system (Jaffe et al. 1998), we now have the
capability for both tracking and identifying individual zoo-
plankton in situ. The system can be used to measure the
abundance of zooplankton by counting the number of reflec-
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tions in the insonified volume from individual animals. The
intensity of the reflections can then be used to obtain the
animals’ target strength. Three-dimensional locations of ani-
mals are determined that can then be linked together in suc-
cessive frames to form three-dimensional trajectories
(McGehee and Jaffe 1996). Briefly, the OASIS system con-
sists of a sensitive CCD camera, a set of current meters, and
the FishTV system, mounted on a large current vane that is
oriented so that in even moderate current (1–5 cm·s–1), the
sonar is pointing into the current. Observations of animal
trajectories indicated that there was no detectable behavioral
response to the presence of OASIS (Jaffe et al. 1998), as the
device was downstream from the animals and data collection
started at a range of 2 meters from the transducers.

As a study site for our investigations, we chose Saanich
Inlet in British Columbia. Saanich Inlet is a fjord with an
oxygenated surface layer and seasonally anoxic bottom wa-
ters, with a large resident population of E. pacifica (Boden
and Kampa 1965). In midsummer, horizontal advection and
vertical shear are relatively modest, apart from episodes of
strong winds and tidal mixing associated with spring tidal
cycles. Visual observations (Mackie and Mills 1983) from
the Pisces IV submersible in Saanich Inlet indicated that
E. pacifica aggregates immediately above the oxycline.

Methods and materials

Experimental considerations
These studies were conducted in two consecutive summers

(1996 and 1997) during 2 weeks in late July and early August. An
initial CTD-O2 survey along the central axis of the fjord was used
to measure the depth of the anoxic layer. Based on these measure-
ments, a site was chosen (48°34.4′N, 123°30.4′W) where euphau-
siids aggregated at a depth of about 70–90 m during the daytime.
This depth was chosen to be slightly shallower than the present
operational depth capability of the OASIS system. The OASIS sys-
tem, which was deployed in both a vertical profiling mode and at
several fixed depths, provided vertical distribution patterns of
euphausiids that were consistent with those derived from
MOCNESS tows (A. De Robertis, unpublished data).

Briefly, the FishTV system is a multibeam sonar system that op-
erates at a frequency of 445 kHz and at frame rates of up to 4 Hz.
The system provides acoustic backscatter from a set of 64 beams
whose beam widths are 2 × 2°. The system resolves 512 range bins
at a range increment of 0.75 cm, which yields a three-dimensional
data set of dimensions 16° × 16° × 3.8 m. Extensive target strength
determinations done recently with live euphausiids (A. De Robertis,
unpublished data) indicate that, on average, the system can resolve
animals down to a body length of 7–10 mm under the system pa-
rameters used for this set of observations.

The present study is based on six extended deployments at a

Fig. 1. Image created by averaging the acoustic returns from the inner four beams of the sonar system as a function of range and time.
The data were contoured as a fraction of the maximum target strength (about –67 dB) with the black values corresponding to targets
that were within 5% of this value.
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Fig. 2. Simulation of the trajectories of 100 targets as a function of time. The targets were assigned uniformly distributed starting
positions initially in a 10 × 10 unit area and then translated by an amount that was the superposition of a uniform current to the right
and a normally distributed velocity distribution whose standard deviation was 0.25 distance unit per time interval. Shown are the
positions of the targets at delays of (a) one, (b) two, (c) three, and (d) four time intervals (�T) and (e) the underlying probability
density functions for each set of horizontal movements.
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fixed depth in the daytime aggregation layer, four in 1996 and two
in 1997 (see Table 1). Several thousand frames of animal sound re-
flection were collected in each session with up to hundreds of ani-
mals in each. The OASIS system was deployed at a stationary
depth of 70–90 m for intervals of 5–30 min during the daytime.
For this study, a set of six runs were used, four from the summer of
1996 and two from the summer of 1997. During 1996 the sonar
was operated at a rate of 2 Hz and in 1997 at 4 Hz. During 1996
the sonar acquired data starting at a range of 1.9 m and ending at a
range of 5.7 m. In 1997, the sonar acquired data starting at a range
of 4 m and ending at a range of 7.8 m. We chose to use only a sub-
set of these animal trajectories, the strongest 20 acoustic targets in
each frame, to insure that the same individuals were detected in
successive frames. The number of animals that were tracked was a
decreasing function of the length of observation time, with about
25 000 animals tracked for the shortest time intervals (0.25–0.5 s)
to about 10 000 animals tracked for the longest intervals (2–4 s).

Mathematical considerations
Consideration of the sonar geometry and its anisotropic resolu-

tion in three dimensions motivated the development of a special
algorithm to detect small motions. Both the motivation for this al-
gorithm and the theoretical basis for its performance are consid-
ered in this section.

As an example of the problem encountered, consider that the az-
imuthal resolution of the system is 2 × 2°. At a range of 3 m, this
results in a resolution of 10.5 × 10.5 cm across the beam. In con-
trast, the range resolution of the system, which is dictated by the
bandwidth of the signal, is about 1 cm. Since the animal motions
were suspected to be small (see below), an algorithm was devel-
oped that makes use of this much greater range resolution.

An image containing the tracks of many animals is illustrated in
Fig. 1. It was derived by taking the range-varying intensity of the
average backscatter of the inner four acoustic beams and display-
ing it as a function of time. The figure shows many dark diagonal
lines of high acoustic reflectivity that can be interpreted as animals
that are drifting towards the device. Since the sonar is pointed into
the current, the drift is at a constant rate. The parallel lines in
Fig. 1 suggest that the observed motions are primarily due to drift
and not due to animal swimming. On the other hand, several trajec-
tories show animal motions that are not “going with the flow” and
can be interpreted as swimming. Animal trajectories also seem to
appear and disappear. Whether these starts and ends are due to the
animals going outside the inner four beams or perhaps the animals
changing their orientation and thus decreasing their acoustic reflec-
tivity cannot be distinguished from this analysis.

It therefore seemed reasonable to assume that the animals’ mo-
tion relative to the sonar system could be regarded as a mean dis-
placement, due to the mean current, < >�

v , plus some small

changes, ∆�

v , due to a combination of the animals’ movements and
turbulent motions so that the total movement is < > +� �

v v∆ . Fig-
ure 2 shows the results from a simulation designed to illustrate the
basic concept behind this method. The figure depicts the trajecto-
ries of 100 particles whose velocities are the sum of a uniform
component and a random component. The starting position of each
particle was chosen so that the particles were uniformly distributed
in a 10 × 10 unit area centered on the origin. Next, each particle
was displaced by an amount that was the superposition of a uni-
form flow to the right and a random component. The uniform flow
was 1 unit per time interval and the random component was nor-
mally and isotropically distributed in the plane with a standard de-
viation of 0.25 unit per time interval. A single random component
displacement was chosen for each particle, evaluated at ∆T = 1.
This same random displacement was then applied four times to
each particle (once for each time delay) and added to the uniform
flow. The four vector figures (Figs. 2a–2d) show the displacements
of the particles (from T = 0) at different time intervals. Figure 2e
depicts a historgram of the total particle displacement (relative to
T = 0) as a function of delay time for the set of 100 particles. The
translation of the peak to the right is due to the mean current, while
the spreading of the peaks with increasing time delay is due to the
uncorrelated motions of the targets and thus estimates the animals’
true swimming velocities.

Because movement of the animals can be most accurately mea-
sured in the range direction, a technique was developed to obtain a
statistical characterization of the animals’ three-dimensional mo-
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Fig. 3. Schematic illustration of the geometric arrangement of
the FishTV transducers and current vane during deployment.
Each projected beam is received by eight transducers.

Fig. 4. Set of displacement distribution functions (the number of
targets that underwent translation ∆x in time interval ∆T as a
function of time delay and beam set for the data collected on 31
July 1996. (a) Beam set 1 is the set of eight beams that are
pointing most downward and (b) beam set 8 is the set of beams
that are oriented the most horizontally.

J:\cjfas\cjfas56\CJFAS-11\F99-132.vp
Monday, November 01, 1999 10:07:11 AM

Color profile: Disabled
Composite  Default screen



tions from these range fluctuations after subtracting out the mean
flow < >�

v . Under the assumption that the animals’ movements are
isotropic, changes in range can be regarded as one component of a
three-dimensional distribution function. The remainder of this sec-
tion describes an algorithm that yields an estimate of this distribu-
tion function from the range data.

Mathematical algorithm
The algorithm described in this section was designed to yield an

estimate for the probability density function for animal velocities,
pdf(v). This function describes the animal population with respect
to the motion of the animals under the assumptions of temporal
and spatial stationarity over the observation time. The procedure is
simplified by assuming that the function does not change as a func-
tion of orientation, i.e., it is isotropic. Therefore, every one of the
individual sonar beams should be measuring approximately the
same displacements. By tracking animal displacements in the same
beam for different time intervals, a displacement distribution func-
tion is obtained, ddf1(∆x,∆T), which is the number of animals that
underwent displacement ∆x for a fixed delay time ∆T. We use the
notation “ddf” to denote that this function is not strictly a probabil-
ity density function. Under the assumption of isotropy, there is a
straightforward relationship between this function and the true
three-dimensional displacement distribution function ddf3(∆x,∆T),
which can be used to estimate this true distribution function from
the measured data for each time delay. Although this function
could then be used to directly estimate the pdf(v), a slightly differ-
ent procedure is used here to obtain this function. Instead, the rate
of spreading of this displacement function yields a more accurate
estimate for the animal movements than the observation of the in-
dividual displacement distribution functions because it takes into
consideration the accuracy of the system in localizing animals.
Using the set of time-delayed displacement functions, the standard
deviation of each one is computed as an estimation of the width of
the peak, and then, a straight line is fitted to the set of standard de-
viations as a function of time delay. The slope of this line, equal to
the rate of the spreading of the standard deviation, provides a mea-
sure of the function width for pdf(v).

The starting data for the estimation procedure is a set of matri-
ces of sonar backscatter intensity from a single deployment. We
use a procedure called “trimming” to identify regions of local max-
imum backscatter and then trim out the surrounding area, which
can have large values of backscatter due to the side lobes of the re-
flected sound. The procedure is as follows: first, the backscatter
matrix is inspected to find its maximum value. Next, after applying
a correction for range spreading, attenuation, and calibration of the
system, the target strength of this maximum value and its location
in three dimensions are computed. Since the beam patterns from
our system result in some spreading of the sound into the adjacent
volume (mostly in the azimuth), the volume immediately surround-
ing the identified target is excluded from consideration in finding
more targets. The subsequent matrix is inspected for the next high-
est value and this procedure is repeated until a user-specified target
strength (lower bound) is reached. At the end of this procedure, a
list of target positions and target strengths is available as a function
of frame number for a single set of acoustic reflections.

The list of target strengths is then truncated to the 20 strongest
targets per frame that are compatible with measured target
strengths of adult euphausiids from the OASIS system (Jaffe et al.
1998). For the most part, these target strengths are associated with
adult animals of 15–20 mm total length (–78 dB < TS < –71 dB).2

Using only the largest animals increased the chances of detection
from frame to frame while minimizing the chances of mixing dif-
ferent animals in consecutive positions in sequential frames. These

truncated target lists were then processed to obtain an estimate for
a one-dimensional probability distribution function of displace-
ments as a function of delay time, ddf1(∆x,∆T), by computing the
changes in range between all of the sets of 20 targets between
frames for a given time delay ∆T.

To increase the probability that the same animal is being consid-
ered, the displacement values were used only if the target stayed in
the same beam for the pair of frames that were under consider-
ation. These difference matrices were integrated over all of the
frames for a single set of data and then binned to provide the num-
ber of targets that underwent displacement ∆x for time interval ∆T.
At the end of this stage of processing, a set of one-dimensional dis-
placement distribution functions for displacement as a function of
delay time were obtained.

The geometric arrangement for the deployment, showing the
grouping of the 64 beams into eight sets of eight beams, is illus-
trated in Fig. 3. Beam set 8 was oriented the most horizontally (de-
clined at 19° from horizontal) and beam set 1 was oriented the
most vertically (declined at 33°). The density displacement func-
tions ddf1(∆x,∆T) for beam set 1 and beam set 8 for one of the runs
are shown in Fig. 4. The figure illustrates several features of the
data sets as follows. (i) The mean displacement of the peak in-
creases with time delay between frames due to the mean current.
The slope of the relationship between mean displacement and time

© 1999 NRC Canada
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Fig. 5. Simulation illustrating the relationship between a set of
50 000 three-dimensional translations and the actual one-
dimensional projections that are measured by the system. (a) The
three-dimensional translations are all of the same magnitude, x′,
however isotropically oriented. (b) Values that would be
measured by projecting this set of three-dimensional vectors onto
a single one-dimensional vector, corresponding to the actual
range measurements that the sonar would be making.

2 Our previous paper, which documented the first use of the OASIS system (Jaffe et al. 1998), contains a calibration error: all target strengths
reported in that paper were overestimated by 6 dB.
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delay approximates the mean current speed. (ii) The width of the
peak increases as a function of delay time, due to the dispersion in
the measured positions of the animals. This spread in the peak
width approximates the swimming speed of the animals. (iii) The
beam set pointing most horizontally, beam set 8, undergoes a larger
mean displacement than beam set 1 because the horizontal projec-
tion of the mean current vector was slightly larger than for beam
set 1. (iv) The widths of the distribution functions for the more
horizontally oriented beams were slightly wider than for the more
vertically oriented ones (this point will be discussed in more detail
below).

The next step was to compute an estimate of the three-dimensional
displacement distribution functions, ddf3(∆x,∆T), from the one-
dimensional displacement distribution function, ddf1(∆x, ∆T), by
applying a linear transformation. Although the details of the trans-
formation are provided in the Appendix, the motivation for its use
is described here. As an example of one particularly peculiar case,
consider a center point of location {0,0,0} as shown in Fig. 5 and
the simulated set of 50 000 isotropic displacements of fixed dis-
tances ∆x′. Because the methodology here makes use of only the
range dimension, the relationship of the range data to the true
three-dimensional data needs to be considered. The set of three-
dimensional locations {xi,yi,zi} are “projected” onto the axis of the
sonar beam, yielding a set of displacement distances (Fig. 5b). The
figure illustrates the somewhat curious result that the projection of
the set of three-dimensional displacements of an isotropic and single-
valued displacement onto one axis results in a constant function.
Theoretical analysis of the problem (not presented here) validated
this numerical result. Evidently, the result of projecting this three-
dimensional distribution onto a one-dimensional beam direction
has resulted in a distortion of the probability density function.
Since this projection operator is essentially an inner product be-
tween the displacement vectors and the beam direction, it is a lin-
ear transformation. Moreover, since any one-dimensional observed
distribution is a sum of a set of these simple displacement distribu-
tions, a linear transformation can be formulated that describes
the forward problem. In principle, inversion for the true three-di-
mensional distribution function from these one-dimensional obser-
vations can then be performed. The Appendix contains a proof that
the animal displacements are approximately a projection of the dis-
placements, as well as an example of the projection of a normal
distribution and an explanation of the inversion technique that was
used to obtain an estimate of the three-dimensional displacement
density functions from the one-dimensional observations. Four ex-
amples of the transformation from ddf1(∆x,∆T) to ddf3(∆x,∆T) are
displayed in Fig A2 in the Appendix.

Although the resultant three-dimensional displacement probabil-
ity density functions could simply be averaged together to obtain
an estimate for the velocity distribution (after dividing through by
time), an additional step was added to provide a more accurate es-
timate of the animal motion. The motivation for its implementation
comes from the following reasoning: even though the system can
measure range accurately, the measurement of displacement is still

subject to a myriad of environmental effects. Fluctuations in ani-
mal orientation for animals that subtend more than one range bin,
rotation of the sonar system about the suspension wire, and other
small instrumental motions are all examples of factors that can de-
grade the range displacement resolution of the system. Any spread-
ing of the displacement distribution as a function of time would
then be superimposed on these more systematic changes. For this
reason, the approach taken here attempted to estimate and subtract
these motions.

To obtain an estimate for the displacement resolution of the sys-
tem, the peak widths of the set of three-dimensional displacement
distribution functions were computed. Next, a linear fit of the peak
width as a function of time delay was obtained. Both the slope and
the intercept were computed. The slope of this curve, equal to the
value at a 1-s delay with the systematic delay subtracted off, was
then used to estimate the true peak width of the animal probability
density function for velocity. So, for example, if the measured peak
width is pwmeas and the true peak width is pwtrue, then the effect of
animal motion leads to a linear spreading of this distribution so
that

pwmeas = pwspread rate × time + sdoffset

where sdoffset is the intercept of the linear function at time delay
zero. The slope at 1-s delay is thus equal to pwmeas – sdoffset, which
is assumed to approximate the true animal distribution (pwtrue). So,
for example, if the animals were not moving but the instruments
were still subject to the environmental effects, a set of identical
displacement probability density functions of some finite width
would be observed. In this case, since the standard deviations of
the set of displacement probability density functions would not
change, the slope of a plot of standard deviation versus delay time
would be zero, leading to the correct inference of no animal move-
ment. This procedure assumes that the broadening of the animal
displacement function can be viewed as a linear process and that it
makes sense to simply subtract out the extrapolated zero time delay
value. A more complete treatment would likely involve more so-
phisticated linear inverse theory; however, the essential results of
this analysis would probably not change.

Results

The acoustic returns from six sessions where the sonar was
deployed at a fixed depth in the daytime were processed by
the algorithms described above. These resulted in the estima-
tion of animal positions in three dimensions, the computation
of the one-dimensional displacement density functions, the in-
version for the three-dimensional distribution functions, and
an estimation of the width of those distributions (the latter
approximated by their standard deviation). To address vari-
ability of estimated swimming speeds, the individual beam
sets were not combined until the last stage of the data pro-

© 1999 NRC Canada
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Estimated swimming
speed (cm·s–1)Date Time Depth (m) SD (cm·s–1)

29 July 1997 18:10–18:13 80 0.3 0.23
31 July 1997 16:05–16:09 80 0.9 0.40
8 August 1996 10:11–10:17 80 1.0 0.21
12 August 1996 10:49–10:57 85 1.2 0.43
13 August 1996 11:07–11:15 90 1.1 0.28

Note: Swimming speeds are estimated from the rate of spreading of animal displacement distributions. Standard
deviations of swimming speeds are estimated from numerical simulations that computed the resultant standard
deviations in the estimated swimming speeds by performing the linear inversion process 10 000 times using the
observed standard deviation among the beam sets as an estimate for the true standard deviation of the data.

Table 1. Estimated swimming speeds of E. pacifica from six deployments in Saanich Inlet, B.C.
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cessing. In this way, an estimation of beam-to-beam consis-
tency of the spread in peak widths for a single run was
possible.

The results from analysis of the six data sets are listed in
Table 1. In all cases the average speed of the animals, as es-
timated by the standard deviation, was quite low. It ranged
from 0.3 to 1.2 cm·s–1. In order to estimate the variability as-
sociated with these mean speeds, a Monte Carlo approach
was employed. First, the standard deviations for the set of
peak widths were computed for a given delay time and de-
ployment by comparing the peak widths from the eight beam
sets. Next, random numbers were drawn from a normal dis-
tribution which used the observed mean peak width as an es-
timate of the true mean peak width and the observed
standard deviations among the beam sets as an estimate of
the true standard deviation of the estimated swimming speed
estimates. Then, the slope of the line of peak width versus
delay time was computed. This linear inversion was then re-
peated 10 000 times for each realization of the four peak
widths as a function of delay time. These values are all less
than the mean values, indicating relatively little variability
among the beam sets in estimating swimming speeds. In ad-
dition, the intercept of the straight line fitted to peak width
as a function of time delay estimated the systematic delay or
the ability of the system to resolve animals positions. These
values ranged from 0.02 to 1.2 cm.

Cumulative distribution functions were calculated for a
few of the data sets. The purpose of this analysis was to see
what fraction of the animals were moving at speeds within
one standard deviation from the mean total displacement.
Consistent with the distributions being approximately
Gaussian, between 60 and 70% of the animals were moving
less than or equal to this value.

Discussion

The most striking feature of the estimated swimming
speeds of euphausiids reported here is their low values com-
pared with previously reported values. Sustained pleopod
swimming speeds of euphausiids from measurements made
in aquaria (Hanmer 1984; Price 1989; Land 1992) and in
situ estimates (Hanamura et al. 1984; M.D. Ohman, unpub-
lished data) when scaled to body length range from 0.7 to
5 body lengths·s–1. Because the swimming speeds observed
in this study (0.5–1 body lengths·s–1) are at the lower end of
this range and are low in absolute units (0.3–1.2 cm·s–1), we
infer that E. pacifica exhibits quiescent behavior with lim-
ited motion in subsurface waters during the daytime.

While not surprising, these results provide the first direct
evidence for markedly reduced swimming activity of diel
migrant euphausiids at their daytime depths. This behavior
has at least two adaptive advantages over the alternative of
sustaining swimming activity in deeper strata. First, the re-
duction of swimming velocity will reduce encounter rates
with most types of predators, especially ambush predators
(e.g., Gerritsen and Strickler 1977). Second, reduced motil-
ity is an energetically efficient behavior that decreases meta-
bolic costs.

This reduction in metabolic cost as a consequence of re-
duced swimming activity at depth should not be confused
with once-hypothesized metabolic advantages of diel vertical
migration behavior, a long-abandoned (McLaren 1974) argu-
ment for zooplankton diel vertical migration. Torres and
Childress (1983), in the best experiments to date addressing
the metabolic costs of swimming in euphausiids, discovered
that there is more than a threefold increase in metabolic rate
as E. pacifica increases its rate of swimming (see Fig. 6, re-
drawn from their study). Work on zooplankton metabolism
prior to these authors often arrived at different conclusions
because of the authors’ failure to distinguish between basal
metabolism (animals at rest) and routine metabolism (ani-
mals spontaneously active). When this distinction is made
properly and resolved experimentally, the rate of oxygen
consumption varies steeply with the activity level of the ani-
mals (Fig. 6), conferring considerable energetic benefit on
quiescent behavior. Conversely, as Torres and Childress
(1983) pointed out, the increase in swimming speed when
animals migrate vertically results in substantial metabolic
costs that nullify any hypothetical metabolic savings of diel
vertical migration for euphausiids. The adaptive value of diel
vertical migration for euphausiids, as for other zooplankton
(Ohman 1990; Bollens et al. 1994), generally concerns the
minimization of predation risk. Substantial energetic costs
associated with locomotion have been demonstrated in
planktonic mysids (Buskey 1998a), lophogastrids (Cowles
and Childress 1988), and planktonic copepods (Buskey 1998b).

The velocities that we have measured from the rate of
spreading of animal displacements as a function of time de-
lay are the uncorrelated velocities between pairs of acoustic
reflectors. These velocities actually include two sources of
motion: the swimming motions of the animals and an un-
known contribution of turbulent fluid motions. We are not
able to resolve the relative contributions of these two
sources. However, our result is not affected by this ambigu-
ity. In the extreme case of no turbulent motions, all of the
observed displacement would be caused by swimming,
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Fig. 6. Relationship between oxygen consumption rate and
swimming speed for E. pacifica (redrawn from Torres and
Childress 1983). Measurements were made at 8°C and 1 atm
pressure (101.325 kPa) in the daytime, but animals were cycled
to 12°C at night while held in the laboratory prior to
experiments.
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which leaves the motion remarkably small. In the other ex-
treme, if all the motion were due to turbulent velocity fluctu-
ations in the fluid, the animals would be absolutely
stationary in the daytime, further reinforcing our result.

We tested our assumption of isotropic swimming motions
by analyzing three-dimensional swimming vectors of
euphausiids using a target-tracking algorithm. These results
showed that the euphausiids in this study site exhibit nearly
isotropic swimming behavior at most times (A. De Robertis,
unpublished observations). An exception occurs at the times
of peak vertical flux during diel vertical migrations, when
animal displacements are highly directional, but such inter-
vals are not relevant here. Furthermore, any small departure
from isotropy would likely cause us to overestimate the
mean swimming speeds. Since the acoustic beams are ori-
ented just off the horizontal axis and we rely on the higher
sonar resolution in the range dimension, if the euphausiids
were swimming mainly in the horizontal plane to maintain
themselves at a constant depth, our emphasis on the horizon-
tal swimming velocities would cause us to overestimate (not
underestimate) the true swimming speeds.

Another possible source of error arises if currents are not
constant during the time intervals over which the displace-
ment distribution functions are calculated. Rapidly fluctuat-
ing currents would cause peak widths to broaden with
increasing time delays, which would also lead us to overesti-
mate the behavioral component of swimming velocities to
some extent. Hence, any bias introduced by this factor
would also lead us to report maximal daytime swimming ve-
locities.

Our assumption that the swimming movements of euphau-
siids are uncorrelated implies that there is no significant
schooling behavior. While Euphausia superba in the Antarc-
tic is well known to form coherent schools (e.g., Hamner et
al. 1989) and E. pacifica has been reported to form groups
with parallel orientation at the sea surface in the Sea of Ja-
pan (Komaki 1967; Hanamura et al. 1984), we are not aware
of any reports of daytime schooling behavior of E. pacifica
in the vicinity of Saanich Inlet. Mackie and Mills (1983) ob-
served dense aggregations of up to 10 000 animals·m–3 in
very thin vertical layers above the oxycline in Saanich Inlet
but made no remarks suggesting that these animals were ar-
ranged in schools with similar orientation and coordinated
swimming motions.

Various other aspects related to the data processing and
estimation merit discussion. Distances between the 20 stron-
gest targets in each of the successive frames were used be-
cause this increases the likelihood of tracking the same set
of targets from frame to frame. If the 20 strongest targets are
even moderately uniformly distributed within the sonar vol-
ume, the closest target to a given target between frames
should be the very same target. Figure 1 illustrates that the
sonar records contain the reflections from many targets that
are strong and can be followed from frame to frame. In addi-
tion, inspection of the target lists showed that there were
many targets that were clearly identifiable and either drifting
or moving very slowly. At longer frame delays (4 s was the
maximum delay used) the possibility of mistaking target tra-
jectories becomes more probable unless a specific target-
tracking  algorithm  is  use.  As  applied,  our  procedure  pro-
vided reasonable estimates for both the current velocity and

the spreading of the animal displacement distribution func-
tions.

Consideration of the bias produced by requiring the ani-
mal to stay in the same beam is also an important question.
Since the target identification procedure only recognizes tar-
gets that have stayed in the same beam, it is possible that the
faster moving targets could be missed. Targets that are
transiting from one beam to another will also be missed. In
order to judge the effects of this potential source of bias, a
computer simulation was performed. The simulation placed
a set of targets inside a volume with the approximate dimen-
sion of one of the insonfied beams. Next, the targets were
translated with a displacement that was the sum of a mean
component plus a random component. The random compo-
nent was an isotropic and normally distributed displacement
function, designed to approximate the movement of the ani-
mals. The mean component was a uniform translation that
was designed to approximate the effect of current. The rela-
tive angles between the beam and current were chosen so
that the beam corresponded to the most downward pointing
one. This beam would induce the maximum amount of nar-
rowing of the displacement distribution function, as com-
pared with the other beams, since the targets spend the least
amount of time in it. The mean component was chosen to
simulate a current of 7 cm·s–1 (the maximum current ob-
served in the first year) and the random component was
drawn from a normally distributed probability density func-
tion for velocity that was isotropic in angle with standard
deviations of 0.25, 0.5, 1, 2, and 3 cm·s–1. The total dis-
placements were chosen to correspond to a tracking time of
2 s, identical to the tracking time for the experiments per-
formed in the first year. The simulations indicated that a
10% narrowing of the displacement distribution functions
should be expected. Since this beam is a worst case, we con-
clude that the bias introduced by the finite residence time of
the particles in a single beam, with the faster moving parti-
cles “jumping” out, is of only minor significance.

The simulations also explain why, in Fig. 4, the displace-
ment distribution functions from beam set 8 are somewhat
wider than those of beam set 1, with an increasing discrep-
ancy with increasing delay time. The targets in beam set 8
have a longer residence time because the current flow is
mainly horizontal and this beam is more horizontally ori-
ented than the rest. The longer residence time leads to a
somewhat wider distribution function, as evidenced in the
computer simulations, as the particles that are more active
do not jump out of the beam with the same frequency as the
particles that are in the beams that are pointing more verti-
cally.

Studies of the in situ behavior of zooplankton have been
constrained by the limited number of tools available (see
Sprules et al. 1992). Many approaches introduce observer
effects through intrusive lighting or hydrodynamic distur-
bances. Although direct SCUBA observations (e.g., Hamner
1984) have been invaluable, they are limited to a very shal-
low sector of the water column. The present results illustrate
the utility of tracking sonar systems, especially when com-
bined with optical verification of the identity of targets (Jaffe
et al. 1998), for investigating the behavior of zooplankton in
their natural environment. This permitted us to measure, for
the first time, the quiescent swimming behavior of euphau-
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siids in daytime strata. Reduced motility confers simultaneous
advantages of reduced metabolic costs and minimization of
encounter rates with predators.
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Appendix

An animal displacement of ∆ r in a single sonar beam is
illustrated in Fig. A1. It is necessary to show that the “pro-
jection” of this vector onto the axis of the beam ∆ rb is what
is measured by the sonar. Existing methods to reconstruct
functions from their projections can then be invoked (Kak
and Slaney 1987). The animal’s initial position is d

�

1, and af-
ter a short time, the animal is at position d

�

2, where d
�

1 and
d
�

2 are vectors and the transducer is located at the origin of
the coordinate system. Since in this analysis, we measure
only range, the displacement measured by the sonar is
|d

� �

2| – |d1|. However, since the vector ∆rb = d
�

2 cos Θ – d
�

1,
this is approximately equal to |d

� �

2| – |d1|, since these vectors
are colinear and cos Θ is approximately equal to 1 (0.9998)
for a maximum angle of 1°, which is the half-angle that the
beam subtends. Thus, at a range of 10 m, the maximum dis-
crepancy that is possible with this approximation is 2 mm,
far below the range resolution of the system.

As an example, consider a set of animal displacements
that are normally distributed in three dimensions with mean
zero and variance σ. The three-dimensional probability den-
sity function of the displacements can be represented as

(A1) f x y z
x y z

( , , ) .∆ ∆ ∆
∆ ∆ ∆

=
−

+ +1
2 2

2

2 2 2

2

πσ
σe
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Fig. A1. Geometric projection of the true three-dimensional
displacement onto the range axis of the sonar beam.
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In this case, the projection of this function onto a one-di-
mensional axis (here taken to be the y-axis with no loss of
generality, since this function is isotropic) is the marginal
probability distribution function

(A2) f y x z
x y z

( )∆
∆ ∆ ∆

= ∫∫ −
+ +1

2 2
2

2 2 2

2

πσ
σe d d

which is equivalent to

Fig. A2. Illustration of a set of displacement distribution functions before and after processing that allow the computation of
ddf3(∆x,∆T) from ddf1(∆x,∆T).
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(A3) f y
y

( ) .∆
∆

=
−1

2 2
2

2

2

πσ
σe

Evidently, since the projection of this normally distributed
function onto a single axis results in a normally distributed
function with equal variance, there is no need to invert for
the “true” three-dimensional function.

Now, since the displacement distribution function is a sum
of projected functions, via the linearity of the projection op-
erator, it can be shown that the measured one-dimensional
displacement distribution is a projection of the true three-
dimensional displacement distribution function. Thus, inver-
sion of the measured one-dimensional displacement distribu-
tion is what is desired. We present without proof here the
necessary algorithm and refer the interested reader to the to-
mography literature (Kak and Slaney 1987) for details.

Given the one-dimensional displacement distribution
function ddf1(∆y,∆T), the inversion can be accomplished via
a one-dimensional Fourier transform � followed by a three-
dimensional inverse Hankel transform �−1:

(A4) ddf ddf-1
3 3( , ) { [ ( , )]}∆ ∆ ∆ ∆y T y T= � �

In order to implement this scheme, a computer algorithm
was written in Mathematica (Wolfram, Ill.). The performance
of the algorithm was verified for several sets of test data
(normally distributed functions). Figure A2 demonstrates a
set of displacement distribution functions before and after
transformation. Some narrowing of the functions can be
noted after transformation, which indicates that the functions
are approximately but not strictly normal distributions.
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