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Sound scattering by marine organisms was studied off the

Oregon coast and between Hawaii and Adak, Alaska. Variations in

scattering were observed over a period of several hours, over did

(24-hour) periods, from month to month, from inshore to offshore,

in relation to biomass of midwater animals, and temperature and

salinity.

Usually one or two scattering layers migrated vertically, as-

cending or descending at dusk and dawn respectively. At times

reflectors migrated between surface waters and upper scattering
layers during twilight periods. No statistical difference was found

between rates of ascent and descent because of the variability in

rates of migration that was observed.

The amount or thickness of scattering in the water column

was found to vary from day to night and with seasons. There was a
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general trend for more scattering during night than day, yet it was
not statistically significant. Seasonally, more scattering appeared
to be present during the summer in some years but not in others.
Surface scattering varied not in amount but in the type present during
different seasons and between day and night.

Geographically, scattering was found in smaller amounts in
offshore than inshore waters of Oregon. Variations in scattering
were noted among the water masses between Hawaii and Adak,
Alaska. Geographic changes in scattering and biomass showed a
positive correlation between euphausiid catches and the amount of
scattering. However, euphausiids are not considered the only group
scattering sound.

The great amount of variability in scattering is discussed. It
may be due to differences in the species causing scattering and
variability in the behavior of individual species, possibly resulting
from changes in light and temperature.
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SOUND SCATTERING BY MARINE ORGANISMS IN THE
NORTHEASTERN PACIFIC OCEAN

INTRODUCTION

With the improvement of echosounders during World War II,

sound scattering or scattering layers were discovered in midwater
regions of most of the world's oceans. However, little was done to
study sound scattering intensively in a limited area. This paper will

attempt to describe scattering layers found in the ocean off Oregon.

The echos ounder measured the time required for a high-fre-
quency impulse to be reflected from the ocean floor. Not all the

sound reaches the ocean floor, however, and small amounts maybe
reflected from objects in the water column. This reflection of sound
from other than the ocean floor is known as scattering. The agents

that scatter sound are often found in layers giving rise to the term
'scattering layer". A scattering layer then is a region of the ocean,

other than the surface or bottom, from which sound is reflected.
Sound used to detect these layers may either be of a single frequency,
such as produced by an ordinary depth sounder, or a broad range of
frequencies, such as produced by a small underwater explosion. In

tropical seas scattering layers are often found during daylight hours

from 370-640m and in temperate seas from 270-370 m; they occur

only sporadically in polar seas (Dietz, 1948).
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Scattering layers have several characteristics which make

them unique. First, they may undergo a diel (24-hour) vertical

migration which occurs near dawn and dusk. The usual pattern of

migration is an ascent at dusk and a descent at dawn, (see Bainbridge

1961 for review), but the opposite of this has been observed (Moore,

1950). Secondly, a layer may split into two or more parts, or

several layers may join together during migration (Bary, 1967;

Blaxter and Currie, 1967; Clarke and Backus, 1956; Dietz, 1948;

Kampa and Boden, 1954). Since migration occurs during dawn and

dusk, a change in light intensity is considered the controlling stimu-

lus. This has been substantiated by placing submarine photometers

in the layers and monitoring their position and the position of cer-

tam isolumes (Boden and Kampa, 1967; Clarke and Backus, 1956,

1964; and Kampa and Boden, 1954).

The region of sound scattering is thought to result from a den-

sity change at the thermocline, an accumulation of biological or-

ganisms at the thermocline, or the occurrence of animals in layers

(Cushing, Lee, and Richardson, 1956). Because sound scattering in

the area of the thermocline is usually associated with an accumula-

tion of organisms (Gushing, Lee, and Richardson, 1956; Herdman,

1953; and Weston, 1958) and because layers migrate vertically as

do some oceanic animals, scattering layers are considered abiolog-

ical phenomenon (Duvall and Christensen, 1964; Erying, Christensen
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and Raitt, 1945; Johns on, 1948; and Raitt, 1948).

Once scattering was believed to be biological in origin, an

effort was made to identify the organisms involved. Because squid

were known to migrate and possibly occur in great abundance, they

were suggested as the cause of sonic scattering (Lyman, 1948).

Moore (1950) correlated the behavior and distribution of euphausiids

with sound scattering. Marshall (1951) gave criteria which a group

of organisms must have if they are to be considered responsible for

scattering. Theses criteria are: (1) they must have well defined

properties of sound reflection with some degree of concentration into

definite strata; (2) they must have a continuous and nearly oceanwide

distribution; (3) they must be found during the day between 274-82 3m;

and (4) they must show well-marked powers of diel vertical migra-

tion. Marshall suggested that fishes fit the criteria better than any

other group of suspected scatters. Other workers using a broad

spectrum of frequencies or underwater television and cameras also

found indications that fishes are correlated with scattering (Backus

and Barnes, 1957; Hersey and Backus, 1954; Johnson etal. , 1956).

Fishes are often considered a source of scattering because many

possess an air-filled swim bladder which gives them good sound

reflecting properties. Another group of organisms possessing an

air-filled swimming organ are the physonected siphonophores.

From dives in a bathyscaphe Barham (1963) was able to correlate
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the occurrence of scattering with these organisms.
Other workers believe that various groups or species of

animals are responsible for scattering layers. By sampling layers
with a net, Tucker (1951) associated scattering with both euphausiids
and fishes. Using a similar technique Barham (1956) found large
numbers of euphausiids, fishes., and a species of prawn in the region
of scattering. Later, in 1966, Barham observed from a diving

saucer that myctophid fishes and siphonophores were associated with
the layer. The use of a broad-frequency spectrum by Her sey,

Backus, and Heliwig (1960) gave an indication that some scattering

layers were from animals possessing gas inclusions and others from
animals without gas inclusions. In discussing the cause of scattering
it must be remembered that the occurrence of an animal in the area

of scattering does not mean that it is the one that is scattering sound,
even if it is abundant.

At the present time the general distribution and migration of
scattering is fairly well known. However, the agents which cause

scattering and how the light mechanism controls them are still
speculative. Also only a few seasonal studies have been made

(Barham, 1956; Hunkins, 1965). In the northeastern Pacific the

distribution of scattering was examined from Hawaii to Adak,

Alaska (Dietz, 1948), and the vertical migration of scattering was
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studied at one location in the Gulf of Alaska (Bary, 1967). The most

extensive study in this area has been done in Saanich Inlet, a fjord

in British Columbia (Barraclough and Herlinveaux, 1965; Bary 1966a,

1966b; Bary, Barraclough and Herlinveaux, 1962, and McCartney

and Bary, 1965). To my knowledge no study of scattering has been

made off the Oregon coast.

In this thesis an attempt will be made to examine (1) the

migration of scattering layers, (2) how scattering changes from day

to night, with seasons, from inshore to offshore, and with changes

in temperature and light; and (3) how scattering relates to the bio-

mass of various groups of animals collected in nets off the Oregon

coast and between Hawaii. and Adak, Alaska.
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METHODS AND MATERIALS

A model 510-5 Simrad Echosounder was used to detect sonic

scattering. This echos ounder operates at a frequency of 38. 5kc/s

with pulse lengths of 0.6, 1.2, 2.4, and4.8 milliseconds.

The eleven gain settings vary from 1x103 to 1. SxlO6 or about 6db

per step. A blocking switch with four positions allows sounding with

or without gain reduction in the upper part of the water column. The

outgoing pulse is produced and received at the transducer whose

directivity pattern is shown in Figure 1. The sound intensity of the

transducer at a distance of one meter is 0. 25 watts/cm2.

From January 1963 to September 1964, the traces were taken

aboard the R/V ACONA. The transducer on this ship was located

one-third the distance from the bow. After September 1964 data was

collected aboard the R/V YAQUINA which has a transducer located

in the bow.

To compare scattering from different areas and at different

times standard settings were chosen which produced the best res-

olution of the scattering layers. Aboard the R/V ACONA the most

frequently used setting gave a pulse of 2. 4 msec, a gain amplifica-

tion of 850xl03 or about 54db, and a gain reduction in the surface

waters. After September 1964, echotraces were taken aboard the

R/V YAQUINA, Except for a gain reduction of 6db the setting used



Figure 1. Directional characteristics of the 38. 5 kc/s
transducer.

ti on



on this ship was the same as that used previously.

In order to examine possible relationships of scattering to

various groups of organisms, animals were collected with a 6 ft

Isaacs-Kidd trawl (5mm square measure mesh) and a one-meter

diameter (0. 75mm mesh aperture) plankton net. The trawl was

streamed at 50m of wire per minute and retreived at 30m of wire per

minute while the ship cruised at 4-5 knots. The trawl did not sample

specific layers but was towed obliquely. The meter net was towed

vertically while the ship was stationary. All sample3 were from

0-200 meters, except at the stations 15 and 25 miles from shore

where trawls were taken to 40 and 1 30 meters respectively and

meter net tows were taken from 10 meters off the bottom to the

surface.

Studies of scattering layers were made off the Oregon coast

(Figure 2) and from the Hawaiian Islands to the Aleutian Islands

(Figure 3). Off Oregon the stations most frequently studied were

25 and 50 nautical miles offshore of Newport, Oregon. The 25 mile

station is over the outer continental shelf, and the 50 mile station is

at the outer edge of the continental slope in oceanic water.

Various terms were used to describe the echograrn.

Scattering: any recorded pulse
regardless of its
shape, depth, or size.

Reverberation: broad bands of diffuse
scattering.



Figure Station locations of collections made off Newport, Oregon.
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Single Reverberation
Layer:

Multiple Reverberation
Layer:

11

only one layer of
reverberation present
(Figure 4A).

layer within which in-
tensity varies with depth,
i. e. a light band of
scattering separating an
intense upper and lower
layer (Figure 4B and C).

Reflectors: discretely resolved echoes
which may occur sporadi-
cally.

Reflecting Layer:

Surface Scattering:

Upper and Lower
Layers:

Upper Mid-depth and
Lower Layer:

a series of reflectors
which appear in a layer.

any scattering found in
the upper ZOm.

describes the relative
positions of the layers
when only two are present
(excludes surface scattering).

describes the relative
positions of the layers
when three are present
(excluding surface
scattering).

Amount of Scattering: the total thickness of
scattering in the water
column. It does not take
into consideration the in-
tensity of the scattering.



Figure 4. (A) A single reverberation layer. (B) A multiple re-
verberation layer with a surface reflecting layer.
(C) A multiple reverberation layer.
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DETECTION OF PARTICLES BY SOUND

To interpret sonic scattering from marine organisms, it is

necessary to have an understanding of sound transmission and how

sound is scattered by particles in the sea.

The transmission of sound energy in water is influenced by

several factors. First, sound transmission follows the inverse

square law in that the intensity at a point is inversely proportional

to the square of the distance from the source (Eckart, 1946). Sound

is also attenuated from the conversion of energy into heat by friction

and the production of secondary wavelets which travel in directions
other than that of the primary wave. Higher frequencies are atten-
uated more rapidly than lower ones. This reduction of sound inten-

sity with distance or depth means that an object that is readily

detectable in shallow water may not be detected at all in deeper parts
of the water column.

Sound waves are also refracted or bent when passing obliquely

from an area of one velocity to another velocity. If a thermocline is

present the velocity of sound is greater above than below the ther-

mocline. Thus a thermocline refracts an oblique sound beam toward

the vertical.

The detection of an object in the sea by echos ounding is de-

pendent upon the target area or effective cross section of the
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midwater particles. For solid or liquid particles the effective cross

section is a function of the wavelength or frequency of the sound, the

diameter of the particle, and its compressibility. A sphere with a

diameter much smaller than the wavelength of sound has an effective

cross section which is quite small. If the diameter increases or the

wavelength decreases, the effective cross section of the scatterer

increases by a factor proportional to the fourth power of the ratio of

diameter to wavelength. This is known as Rayleigh's Law and may

be expressed mathematically (Eckart, 1946).

0 -

1/4 r d2
(1) 4(C2 + 3/4 C12)

where:

= effective cross section

= wave length

d = diameter

C , C1 constants depending upon the density
and elasticity of the particle

Thus, when the diameter is about equal to the wavelength, Raleigh's

Law no longer holds and the effective cross section is variable about

a point equal to the actual cross section. If the diameter becomes

several times greater than the wavelength, the effective cross

section increases directly with the diameter. Because of this de-

pendency of scattered intensity on particle diameter and wavelength,
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sound of one frequency may not detect a particle that would be de-

tected by another frequency. Also the greater the compressibility

of a solid or liquid particle the greater the effective cross section

and hence the stronger the returned signal.

For a gas bubble, for example the gas bladder of a fish, the

effective cross section differs markedly from that of a solid or

liquid sphere. Because a gas bubble is much more compressible

than the surrounding water, an impinging sound wave will cause it

to pulsate with a relatively large amplitude. If sound of a proper

frequency strikes the bubble it will resonate. The frequency, F,

at which a bubble will resonate can be approximated by the formula

(Eckart, 1946).

3P 1/2
F =( 22)
0 'rrd

where:

P = hydrostatic pressure (feet of water)

F = resonance frequency (kc/s)

d = diameter (inches)

e = specific gravity of the medium

The effective cross section for sound near resonance frequency

becomes very large and may approach the square of the wavelength.

For a frequency more than an octave above resonance, it may equal

the actual cross section, and for a sound frequency more than an
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octave below resonance the effective cross section is considerably

less than the actual cross section. Because resonance depends on

incident frequency, bubbles or objects with gas inclusions may pro-

duce a stronger echo with one frequency than another. Likewise,

objects with gas inclusions will be better scatterers of sound than

solid or liquid objects.

The detection of particles in the sea is not only dependent on

frequency of sound and the physical properties of the particle but

also on the pulse length and width of the sound beam. The longer the

pulse length and the broader the beam, the greater the volume of

water insonified and hence the greater the number of particle from

which sound may be scattered. This ins onified volume may be

approximated by (Eckart, 1946).

V = r r2 c t(1-cos.)
where:

r = distance from the particle to the
receiver

= halfwidth of an ideal sound beam

c velocity of sound in water

t = pulse length

Thus an increase of pulse length and beam width ins onifies a greater

volume thereby producing a stronger return signal.

In summary, the detection of scattering particles depends upon
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the physical properties of sound transmission, the beam pattern of

the transducer, the pulse length of the echosounder, the frequency or

wavelength of the sound, as well as the size and physical nature of

the particle. By use of the same settings on the echos ounder it is

hoped that some of the variables concerning sound transmission will

remain constant and comparisons of scattering made possible.
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RESULTS

Vertical Migration of Scattering Layers

The vertical migration of scattering layers off Oregon con-

sisted of descent into deep water at dawn and ascent toward the sur-

face at dusk. Two patterns of ascent and descent were evident.

In the most frequently occurring pattern of descent, only one

layer migrated. This is illustrated in Figure 5A where a single

reverberation layer, present early in the morning (far left of trace),

split into two components, one descending into deeper water and the

other, a non-migratory layer, remaining stationary.

In the second pattern two layers descended either sirnultanta-

neously or one following the other. Figure 5B shows the simulta-

neous descent of two layers or a multiple layer. Figure 5C shows a

broad reverberation layer (far left) which split during migration into

a lower portion descending into deeper water followed several

minutes 1ter by an upper portion which descended to a shallower

depth. Several interesting features are apparent in this last trace.

First, one portion of the broad layer descended before the other,

and secondly the descent of the lower portion produced a more dis-

crete layer.

The most common pattern of ascent was the migration of a



Figure 5. (A) Descent of a single scattering layer 65 miles off
Newport, Oregon, on October 21, 1965. (B) Descent
of two scattering layers 50 miles off Newport, Oregon
on March 17, 1964. (C) Descent of two scattering
layers 50 miles off Newport, Oregon on September 20,
1963.
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single layer. In Figure 6A the layer divided and a portion ascended

while the remaining part of this layer stayed at depth. In Figure 6B

a single reverberation layer migrated upward as a unit.

The example showing the ascent of two layers was quite corn-

plicated (Figure 6C). Initially a multiple layer was present between

50 and 300m. The two dark bands of this layer ascended toward the

surface and fused at the completion of migration while a non-migra-

ting portion of the multiple layer remained at depth.

Another interesting aspect of migration was the diel change in

scattering taking place in the surface waters. In some instances re-

flectors descended from surface scattering into the upper reverbera-

tion layer. These reflectors appeared to descend from either sur-

face reflecting layers (Figure 5A) or from surface reverberation

layers (Figure 5B). Ascent of reflectors into surface waters oc-

curred after ascending layers reached their night depth. When

migration of reflectors was observed, these reflectors either joined

reflecting layers already at the surface (Figure SB) or appeared to

be the source for the entire surface layer (Figure SA).

Rates of Migration

The rates of descent and ascent of various layers are listed in

Tables 1 and 2. The method of determining the rates was accurate

to about 0. im/min. The average rates and standard deviations for



Figure 6. (A) Ascent of one scattering layer 50 miles off Newport,
Oregon on February 8, 1964. (B) Ascent of one
scattering layer 50 miles off Newport, Oregon on
April Z6, 1964. (C) Ascent of two scattering layers 50
miles off Newport, Oregon on August 30, 1963.
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Table 1. Rate at which various layers were found to descend.

Date Miles from shore Rate

Jan. 7, 1963

Oct. 20, 1963

Mar. 17, 1964

Mar. 19, 1964

Apr. 27, 1964

Apr. 29, 1964

Mar. 25, 1965

Aug. 21, 1965

Aug. 27, 1965

Oct. 21, 1965

Oct. 29, 1965

Average rate: 2. 4m/min.
Standard deviation: ±0. 8

50

50

50

50

50

50

45

50

65

50

25

2. 7m/min.

2. 7m/min.

0. 6m/min.

2. Om/min.

1. Sm/mm.

2. Urn/mm.

3. 3m/mm.

2. 3m/mm.

4. 4rn/min.

2. 8m/rnin.

2. Irn/min.

2. 6m/rnin.

2. 6m/min.
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Table 2. Rate at which various layers were found to ascend.

Date Miles from shore Rate

Jan. 7, 1963 50 4.6m/rnin.
Jan. 8, 1963 50 2.3m/min.
Aug. 30, 1963 50 2. 9m/min.

3. 6m/min.
Sept. 19, 1963 105 2.6m/min.
Feb. 2, 1964 50 l.8m/min.
Feb. 18, 1964 50 2.5m/min.
Feb. 27, 1964 50 3.Qm/min.
Mar. 16, 1964 50 3.3m/min.
Apr. 26, 1964 50 3.5m/min.
Apr. 28, 1964 50 3.7m/min.
Mar. 27, 1965 50 4. Urn/mm.

Apr. 27, 1965 50 4.3m/min.
Apr. 28, 1965 45 2.4rn/rnin.
July 28, 1965 65 2.4m/rnin.
Oct. 2, 1965 60 3. 2rn/min.

Oct. 21, 1965 168 3.7m/min.
Nov. 29, 1965 53 2.Sm/min.

X = 3. 1 average rate
S = ± 0. 8 standard deviation
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descent were 2.4±0 8m/min. and for ascent were 3. 1±0. 8m/min.
These rates of ascent and descent were not statistically different
(5% level). No seasonal variations in rates were detected.

The initiation of migration with respect to sunrise and sunset
also varied. During the descent of two layers ,the lower layers
sometimes started to descend before the upper layer (Figure 7) while
during ascent, the upper layer moved toward the surface before the
lower layer (Figure 8). When only one layer migrated, migration
was often found to occur both before and after sunset (Figures 9 and
10) and was usually confined to an hour period which included the
time of sunset or sunrise. The migration during April 27, 1964,
differs from this in that most of the migration took place about an

hour after sunrise or sunset (Figures 9 and 10). The reason for this
time difference is unknown.

In most instances the rates at which a layer migrated appeared
to remain fairly constant. However, the lower layer sometimes
ascended at an increased rate after migration began and in one case
slowed as the night depth was reached (Figure 8). Bary (1967) dis-

tinguished four stages in the migration of scattering layers based on

speeds of migration and the appearance of layers.

The ascent of scattering layers 25 miles from shore differed
in some respects from those previously discussed from oceanic
water. In the two cases examined only one layer was found to
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migrate (Figure 11). Although the rates of ascent remained constant

they were slightly slower than those for oceanic water (1. 7m/min

and 2. 4m/min compared with an average offshore of 3. im/min).

Also 25 miles from shore ascent began following sunset and the

layers migrated a shorter vertical distance yet came closer to the

surface than those 50 miles from shore (Figures 11 and 12).

Day Versus Night Scattering

Scattering was studied during both day and night periods to

observe differences in the vertical position of the layers, changes in

the amount of scattering in the water column, and changes in the

surface layers.

In most instances the main reverberation layers were deeper

during the day than the night (Figure 1 3 A-H). Excluding surface

scattering, the average night depths and standard deviations of the

upper reverberation layer (measured from the surface to the upper

edge of scattering) were 4014m while the day depth of the upper

edge of scattering varied from 50-245m. The maximum depth of a

recorded scattering layer (measured to the lower edge) was 450m

(Figure 13A).

Generally the amount of scattering present in the water column

was greater during night than day. During the day, narrow, high-

intensity layers were present which appeared to spread out during



Figure 11. Migration of a scattering layer 25 miles from Newport,
Oregon.
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Section Period Time Date

A Day 1235 Aug. 30, 1963
Night 2230 Aug. 30, 1963

B Day 1240 Dec. 11, 1963
Night 0015 Dec. 12, 1963
Day 1240 Dec. 12, 1963

C Night 0010 Feb. 8, 1964
Day 1235 Feb. 8, 1964
Night 0120 Feb. 9, 1964

D Day 1445 Mar. 17, 1964
Night 0300 Mar. 18, 1964
Day 1120 Mar. 18, 1964
Night 0330 Mar. 19, 1964
Day 1205 Mar. 19, 1964

E Night 2230 Apr. 25, 1964
Day 1100 Apr. 26, 1964
Night 0355 Apr. 27, 1964
Day 1135 Apr. 27, 1964

F Day 1210 June 9, 1964
Night 2300 June 9, 1964

G Night 0049 July 29, 1964
Day 1100 July 29, 1964

H Day 1200 Dec. 11, 1964
Night 2315 Dec. 11, 1964
Day 1200 Dec. 12, 1964
Night 2125 Dec. 12, 1964

(A-H) Day versus night differences in scattering 50
miles from Newport, Ore gon.
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the night (Figure 1 3, Band F). At other times when more scattering

was present during the night,the intensity during the day was the

same or less than that at night (Figure 13 C, G, and H). In still

other examples the relationship between day-night intensity and

amounts of scattering were difficult to determine (Figure 13 A, D,

and F).

The amount of scattering in the water column without regard

to intensity is graphed in Figure 14. April 27, 1964, was the only

24-hour period when more day than night scattering was observed.

Over periods of several days more scattering during the day than

night was only observed twice. The average amounts and standard

deviations of scattering were 14O57m at night and 109±66m during

the day. These amounts were not statistically significant (5% level).

Surface scattering also showed diel variations (Table 3). Dur-

ing the day surface scattering was either present as a reflecting or

reverberation layer, or absent. On the other hand, surface scat-

tering of some type was always present at night.

Seasonal Variations in Scaterin

Seasonal variations in the amount and intensity of both surface

and sub-surface scattering were examined from night traces taken

at the station 50 miles offshore. In 1963 the amount of scattering

was moderate in the winter, decreased in the spring, increased to a
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Table 3. Type of scattering present in surface waters 50 miles
from Newport, Oregon.

Date
Type of surface scattering.

Night Day

40

Jan. 7, 1963 RV 0
Aug. 30, 1963 RV RL

Dec. 11, 1963 -- RL

Dec. 12, 1963 RV RL

Feb. 8, 1964 RV 0
Feb. 9, 1964 RV RL

March 17, 1964 RV RV

March18, 1964 RV

March 19, 1964 RV RV

April 26, 1964 RV RV

April27, 1964 RL RV

April 28, 1964 -- RV

June 9, 1964 RV 0
June 11, 1964 RV 0
July 29, 1964 RL RV

Dec. 11, 1964 RL RL

Dec. 12, 1964 RL RL

Dec. 17, 1964 RL RL

O = No surface scattering
RV = Surface reverberation layer
RL = Surface reflecting layer
-- = No data available
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sharp maximum in the summer and decreased again in the fall

(Figure 15).

The amount of scattering present in the water colunm was

directly related to the number of reverberation layers. For exam-

pie, the highest scattering occurred in the summer when four rever-

beration layers were present (including the surface), but the lowest

occurred when only one layer was present in the spring.

In the summer when the amount of scattering was large, an

intense surface reverberation layer was present, but at other times

of the year a surface reflecting layer occurred. Surface scattering

in the spring fused with the main reverberation layer (Figure 15).

In 1964 scattering was quite variable. High amounts were

present in spring, early summer, and early winter (Figure 15B).

However when scattering was low it was often very intense. A high

intensity layer may indicate a density of scattering agents equal to

that of low intensity scattering which is spread throughout the water

column. This makes it difficult to evaluate seasonal variations.

The data for 1965 were limited. Low amounts of scattering

were found in the spring and high amounts in the summer (Figure

15C).

Geographic Variations in Scattering and Biomass of Midwater Animals

Relationships between variations in scattering and biomass



Figure 15. (A-C) Seasonal variations in scattering 50 miles from
Newport, Oregon in 1963, 1964, and 1965.
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were examined for two geographic areas. These were inshore areas

over the continental shelf and slope and the abyssal plain off Oregon.

On the continental shelf (15 and 25 mile stations) scattering was

often present during the night from the surface to the bottom (Figure

16 A, C, and D). Over the slope (45 miles offshore where the water

was deeper than SOOm) scattering did not contact the bottom (Figure

1 6A and B). The proximity of scattering to the bottom and the more

dense and concentrated appearance of scattering at the 15 than the

25 mile station (Figure 16 A, C and D), suggest that the bottom in-

fluences scattering in shallow water.

Further evidence for the influence of bottom topography on

scattering was found by examining scattering around submerged

banks. Occasionally a scattering layer appeared in direct contact

with the bank (Figure 17 A and B). In other instances dense clouds

of reverberation were found on top of these banks (Figure 17 C and

D). In Figure 17C this dense cloud on the bank corresponded with a

gap or horizontal discontinuity in the midwater scattering layer.

Isaacs and Schwartzlose (1965) suggest that this gap is caused by

the grazing of predators of the bank on organisms in the midwater

scattering layer.

The maximum amount of scattering in the water column was

often found within 65 miles of shore and decreased in an offshore

direction (Figure 16 A, B, and D). In one instance scattering was



SectiQn Miles from shore Date Time

A 15 Dec. 19, 1966 0255
25 Dec. 19, 1966 0045
45 Dec. 18, 1966 2155
65 Dec. 18, 1966 1900

B 25 Jan. 13, 1967 2116
45 Jan. 13, 1967 2335
65 Jan. 14, 1967 0400

125 Jan. 14, 1967 2258
165 jan. 15, 1967 2138

C 15 Nov. 17, 1966 2110
25 Nov. 17, 1966 2252
65 Nov. 18, 1966 0550

D 15 Dec. 15, 1966 1855
25 Dec. 15, 1966 2101
65 Dec. 16, 1966 0515

E 25 Feb. 22, 1965 2125
145 Feb. 23, 1965 2057
185 Feb. 24, 1965 0655

F Geographic variation in scattering between Hawaii and Adak, Alaska.

Trace Position Time

1 23°-46.2 N June 1, 1966 0140
160°-i 7. 3' W

2 26°-01.5' N June 2, 1966 0150
W

3 28°-i.1" N June 3, 1966 0100
16i°-3i' W

4 30°-57.7' N June ii, 196& 0130

5 33°-30 N June 12, 1966 0045
164°-21.6' N

6 37°-08.5' N June 13, 1966 2340
160°-58.8' N

7 42°-35.5' N June 16, 1966 2248
171°-02.8' W

8 47°-44.2' W June 21, 1966 0030
175°-lU. 0' W

9 50°-32.3'W June 22, 1962 0115
176°-04.5 W

Figure 16. (A-E) Geographic variation in scattering off Newport, Oregon. (F, 1-9) Geographic
variation in scattering between Hawaii and Adak, Alaska.



oo

500

46

MIL5 FROM SHORE
A

1601 TOM

BOTTOM

11!

25 65

MILES FROM SHORE
C n

BOTTOM
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virtually absent at 185 miles (Figure 16E).

In conjunction with these scattering records, oblique 6-ft

Isaac s-Kidd midwater trawis and vertical meter nets were examined

for relationships of scattering to biomass of various groups of

animals. This is summarized in Table 4.

The relationship of scattering to biomass varied with the organ-

isms examined. Often when small amounts of scattering were present

the total plankton biomass from the 6 ft. trawl was high, as on April

13, 1966 and December 18, 1966 (25 mile station). When this was

true, the plankton was composed largely of gelatinous forms (salps,

ctenophores, and medusae) which are poor sound scatterers. In

contrast, the high amounts of scattering occurred when the euphau-

siid biomass from the meter net was nigh. For example, on Decem-

ber 18 between the 15 and 25 mile stations scattering decreased by

70% and the euphausiid biomass decreased by 3. 1 grn dry weight/
33 .10 rn . The relationship of fishes, shrimps, squids, and copepods

to scattering varied. Table 5 summarizes the gross correlations of

biomass and scattering between stations. An increase in both

scattering and biomass or a decrease in both scattering and biomass

was considered a positive correlation. The percent occurrence of

positive correlations is as follows: euphausiids, 100%; copepods,

69%; shrimps, 58%; fishes, 50% and squids, 41%. These data in-

dicate that euphausiids may be important scatterers but by no
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Table 4. Relationship of scattering to the biomass of various groups off Newport, Oregon.

Sampling device: Midwater trawl Meter net
% of the water Plankton total % of the water
column sampled
by the trawl and

(gms wet Wt/
1Om3 Ratio of euphausiids Shrimp biomass Squid biomass

column sampled
by the meter net Euaiisiid bioA1ass Copepod biomass

Date
Miles from
shore

occupied by
scattering

taken in the
6' trawl

to the other abundant
plankters indicated

Fish biomass gms
dry wtjlO3m3

gms dry wt/
iOm3

gms dry Wt/
103m3

and occupied by
scattering

gms dry wt/
10 m

gins dry wt/
10 m

Feb. 22, 1965 25 0 72 0.43 6.33 trace

Feb. 23. 1965 145 20 20 3.49 0.32 0 .46 .27

June 8, 1965 45 15 10 1:1 Jellies* 2.97 0.64 0.35 15 0.3 3.39

65 50 16 1:1. jellies* 1.99 0.19 0.42 50 2.6 0.9

April 13, 1966 65 29 404, 2:3 Jellies* 0.77 0.14 0.11 29 2.13 195.5

April 12, 1966 15 50 139 2:3 Copepods 0.30 0,0 0.0 70

Nov. 17, 1966 15 80 310 1:9 Jellies* 0 0 0.0 80 21.00 1.4

25 43 --- 35 0.80 0.4

Nov. 18. 1966 65 95 37 2:3 jellies* 0.94 1.3 0.03 95 1.20 0.8

Dec. 15, 1966 15 37 46 1:9 Jellies* 3. 20 0 0 40 0. 25 2. 6

25 93 40 4:1 Jellies* 1.1 1,3 0 93 3.2 1.3

65 50 27 2:3 Iellies* 0.9 1. 2 0.15 50 0.57 2. 1

Dec. 18, 1966 15 95 65 1:1 Jellies* 0.04 0.0 0.0 95 4.5 9.9

25 35 120 1:9 Jellies* 0.76 0. 48 0. 06 25 1. 4 7. 4

45 87 32 9:1 Jellies* 1.25 1.22 0.09 87 3.2 10.6

65 50 20 2:3 jellies* 0. 22 0. 36 0. 02 50 1. 4

Jan. 13, 1967 25 43 43 7:3 Jellies* 0. 21 0. 11 trace 62 10. 50

45 50 39 1:1 Jellies* 2.97 1.70 0.03 50 1.50 5.80

65 37 29 9:1 Jellies* 0. 90 0. 92 0. 32 37 0. 78 4. 40

125 25 46 2:3Jellies* 1.0 0.63 0.03 25 0.75 7.10

165 20 19 2:3 Jellies* 1.67 0.94 0.14 20 1.20

* Jellies includes: saips, ctenophores, and medusae
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Table 5. Change in biomass and percent scattering in the water
column between two stations off Oregon.

Miles fr'm
shore Fish Shrimp Squid Euhausiids Copepods

25-145 + - - no data no data
15-25 - - + +
25-45 + + + + +
45-65 + + + no data +

25-45 + + + no data +
45-65 + + - + +
65-125 - + + + -

125-165 - - no data +

15-25 - + 0 + -

25-65 + + - + -

15-25 no data no data no data + +
25-65 no data no data no data + +

45-65 - - + + -

15-65 - - + +

+ = decrease or increase in both scatteringand biomass (positive
correlation)

- = decrease or increase in scattering and increase or decrease in
biornas s respectively (negative correlation)

0 = no change in biomas s between stations
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means the only ones.

Hawaii to Adak, Alaska Cruise

On a cruise in the summer of 1966 from Hawaii to Adak,

Alaska, changes in scattering and biomass and their relationship to
water mass types and temperature changes were studied.

Using temperature-salinity diagrams to define water masses,
the Central Water Mass was found from Hawaii north to about 370

08. 5'N (Figure 18 curves 1 and 2). The scattering layers typical of
Central Water are shown in Figure l6 1-6. In the southern portion
of this water mass well-developed multiple reverberation layers
were present (Figure 16F, 1-3), but farther north scattering was

not as evident and occurred only as a single reverberation layer

(Figure 16F, 4-6) which decreased in intensity or amount of

scattering toward the northern edge of the water mass (Figure 16F,
5-6). Temperature profiles showed (Figure 19 profiles 5 and 6) that
low intensity layers occurred where temperature decreased. Where
multiple reverberation layers were present, plankton biomass was
low and euphausiids were the dominant species (Table 6). Fish,
shrimp and squid biomass was also low in Central Water. However,

where scattering changed from multiple to single reverberation

layers, plankton biornass increased notably and the dominant species

changed from euphausiids to copepods.



Figure 18. Temperature-salinity relationships between Hawaii
and Adak, Alaska. Curves 1 -2 are characteristic
of Central Water, curve 3 of the transition region
and curves 4-5 of Pacific Subarctic Water.
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Table 6. Relationship of scattering to biomass of various groups between Hawaii and Adak, Alaska.

Sampling device: 6 ft midwater trawl

Ratio of
% of the water Plankton euphausiids
column sam- total (gms to the other Shrimp SquidCorresponding pled by the trawl we,t wt/103 abundant Fish biomass biomass biomasstrace in and occupied by m taken in plankters gms dry gms dry gms dryFigure 16F Date Position scattering the 6' trawl indicated wt/103m3 wt/iO3m wt/103m3

1 June 1, 1966 25°-46. 2' N 50 4. 32 4:1 Jellies* 0. 43 0. 11 0. 05
160°-17.3' W

2 June 2, 1966 26°0. 15' N 50 8. 97 4:1 Jellies* 0. 69 Trace 0. 15161°-26' W
4 June 11, 1966 30°-57.7' N 25 9.82 4:1 Jellies* 1.86 1.13 0.21162°-40' W
5 June 12, 1966 33°-33' N 25 28.70 1:4 copepods 2.56 0.70 0.64164°-21.6' W
6 June 13, 1966 37°-08.5' N 30 16.16 1:4copepods 0.86 0.69 0.43166°-58.8' W
7 June 16, 1966 42°-35.5' N 75 35.55 2:3 Jellies* 16.63 3.08 1.85171°-02.8' W
8 June 21, 1966 47°-35.5' N 0 67.97 4:1 Jellies* 3.61 0.86 0.16175°-10.0' W
9 June 22, 1966 50°-29.0' N 0.5 64.40 4:1 Jellies* 3.32 0.50 1.15176°-04' W

* Jellies includes: saips, ctenophores and medusae

Ui
0'
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North of the Central Water Mass in the transition region ,where

temperature and salinity are lower (Figure 18, curve 3),was a region

characterized by an increase in scattering (Figure 16F, 7) and bio-

mass of all groups (Table 6) compared to that found in Central

Water. The biomass of shrimps, fishes, and squids was higher

than any encountered elsewhere in the cruise and plankton biomass

was twice as high as in Central Water.

North of the transition zone, the Pacific Subarctic Water Mass

(Figure 18 curves 4 and 5) was characterized by lower salinities and

temperatures and by the almost total absence of scattering (Figure
l6F, 8-9). Catches here consisted of a very high plankton biomass,

composed primarily of euphausiids (Table 6), a lower biomass of
fishes than that found in the transition region but higher than that in

Central Water, and a biomass of shrimps and squids comparable to
that found in Central Water.

In summary, the Central Water Mass had high amounts of

scattering but low biomass consisting predominantly of euphausiids

where multiple reverberation occurred and consisting of copepods

where a single reverberation layer occurred. The transition region

was characterized by both high biomass and scattering, and the Sub-

arctic Water Mass had almost no scattering but high biomass of most

groups including euphausiids.
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Correlations With Physical Data

Light energy at the sea surface, measured in Langleys/min.

and vertical temperature profiles were examined to see how they re-

late to the vertical position of the scattering layers.

A variable relationship between incident light and the depth of

scattering layers was found. For one station during one day (Figure

20A) a decrease in light energy corresponded with a decrease in
scattering layer depth. In Figure 20B a sharp increase in light later

in the day corresponded to little if any change in the depth of the

layers. Within a diel period at different stations (Figure 21) an in-

crease or decrease in light corresponded to an increase or decrease

in depth of only the lower layer. The middle layer responded in the

same manner as the lower layer only when a sharp change in light

intensity occurred, while the upper layer changed depth only when

light intensity decreased.

In summary, 69% of the time a change in light corresponded

with a similar change in layer depth and 31% of the time a change in

light corresponded with an opposite change in layer depth.

A shallow summer thermocline was present off Oregon where

temperature changed 10°C between 15 and 50m (Figure 22A). Re-

gardless of the temperature change scattering was found within the

thermocline during the day (Figure 22A). At night reflectors were
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Figure 22. (A-F) Influence of the thermocline on the day-night
position of scattering layers 50 miles from Newport,
Oregon.
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present above the thermocline and the main reverberation layer was

found below it (Figure 22A).

Figure ZZB, which corresponds with the ascent of two layers

in Figure 6A, shows the main reverberation layer well below the

thermocline during the day and the migration of reflectors through

the thermocline at night to form a surface scattering layer.

In the winter a well-developed thermocline was absent and an

isothermal layer was often present from the surface to 25-75m. At

the base of this isothermal layer temperature changes 1 to 2°C in

lO-20m (Figure 22 C-F). In Figure 22D and E scattering layers

are located well below the zone of temperature change during both

day and night, while in Figure ZZC and F scattering extends through

the temperature change.

Off Oregon a permanent halocline is present from about 100-

150m where salinity may change 0. 8°/oo. Although salinity was not

measured when echotraces were taken, the difference in the positions

of scattering layers from day to night indicates that the halocline

does not restrict vertical movement.
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DISCUSSION

This study indicates that both the behavior of scattering layers

and amount of scattering in the water column are quite variable off

Oregon. The major types of variability were in (1) the patterns and

rates of migration, (2) the amounts of scattering present between day

and night, (3) the amounts of scattering present during different

seasons, and (4) in the occurrence and types of surface scattering.

This variability may be caused by differences which occur within a

given species, by the presence of different species within the layers,

and by the reactions of scattering organisms to changes in light and

temperature.

The size of a species may vary with season of the year. From
a knowledge of sound scattering it is known that large animals with-

out gas inclusions can scatter more sound than smaller ones. A

length-frequency analysis of two of the most common species of

mesopelagic fishes off Oregon, Diaphus theta and Lampanyctus

leucopsaurus, revealed an abundance of large individuals inshore

and small individuals offshore during the winter (Pearcy, 1967). The

occurrence of small fishes may be related to the low amounts of

scattering observed offshore during the winter.

If differences in sizes of species do not affect scattering during

various seasons, perhaps an increase in population density does.
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Other workers have reported seasonal variation in catches of

pelagic animals off Oregon. Hebard (1966) found Euphausia pacifica

more abundant through the summer and fall of 1963 than in the winter

of 1964 at a station 45 miles from shore. At the station 50 miles

from shore, the same location at which seasonal variations of scat-

tering were studied, higher numbers of fishes per unit volume were

caught during June-October than during the remainder of the year

(Pearcy and Laurs, 1966). Therefore the large amounts of scatter-

ing and increase in the number of layers observed during some sum-

mers could result from an increase in population density within a

layer which was not detected previously because of low numbers.

Differences in sizes of migratory patterns of species may also

account for differences in surface scattering. It is known that dif-

ferent age-groups of some species occur at different depth. Fraser
(1936) found the young stages of Euphausia superba in the upper 50

meters and the adult stages much deeper and undergoing a vertical

migration. Adult euphausiids Of a different species have been found

swarming at the surface during particular seasons (Barham, 1956).

Marshall and Orr (1955) found female Calanus finmarchicus during

the day living deep in the water in late winter but living closer to the

surface in April and May. The larvae of many fishes also may

occur in surface waters, and Burd and Lee (1951) found evidence

that larval fishes with newly acquired swim bladders may cause



surface scattering layers. Concentrations of larval forms or adult
euphausiids and copepods swarming near the surface may thus

account for the changes in surface scattering.

The different ages or sizes that occur within a species during

different times of the year may also influence rates of migration. It

is quite possible that a large animal would migrate faster and a
greater distance than a smaller one of the same species.

Even for animals of the same size, differences in scattering
may occur if their depth distribution changes. During the day,

animals may be undetected at depth because the sound intensity

striking them has been reduced by attenuation. However at night,

when these organisms are closer to the surface, sound attenuation

is reduced and enough sound may be scattered to be detected. A
mechanism such as this may help explain the presence of more night
than day scattering.

An examination of the literature indicates that no one animal

canbe considered the sole cause of all scattering (Barham, 1956;

Kampa and Boden, 1954; Tucker, 1951). Therefore, some of the

observed scattering variability could be related to the presence of

different organisms. Some of the best evidence for this is the corn-
plexity of the migrating scattering layers. The occurrence of two

different layers which migrated separately, and other layers which
did not migrate at all suggests the presence of at least three groups
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of organisms with different types of behavior, probably different

species. The migration of reflectors between surface waters and

the upper reverberation layers indicates the presence of a fourth

group of animals. This migration of reflectors may also account for

much of the day-night difference in surface scattering.

Scattering may also be influenced by the influx of different

species of animals into the study area. This could account for some

of the seasonal changes that were observed, i. e. an increase in the

number of scattering layers and the amount of scattering. Barham

(1956) found seasonal changes in scattering in Monterey Bay,

California which he attributed to redistribution of layers, not to an

influx of different species. Moreover, the observation that no

marked seasonal change in species composition of midwater animals

occurs off Oregon (Pearcy, 1967) suggests that an influx of species

may not be important in causing variability in scattering off Oregon.

Light may affect the behavior of the organisms that scatter

sound. Vertical migration is considered to result from an organism

responding to an optimum light intensity (Kampa and Boden, 1954) to

a rate of change in light intensity (Ringelberg, 1961), or to an initial

change in light intensity (Clarke and Backus, 1956). McAllister

(1961) compares the movement of an isolume during a day in

December and a day in June. His comparison is used to illustrate

how rates of isolume movement may influence rates of migration but



not to suggest a seasonal difference in light or scattering migration.

During both months the isolume is at the same depth (350m) at ap-

proximately 1500. In December this isolume reached the surface by

1800 but in June it did not reach the surface until 2130, 3 i/z hours

later than in December. The affect of this is that the isolume mi-

grates much faster and the rate of change in light intensity is greater
in December than in June. A similar situation would be present
during descent. If an initial change in light intensity controls mi-

gration this change would occur more quickly during the observation

in December than June perhaps causing variability in the time with

respect to sunrise and sunset at which migration begins.

The relatively large standard deviations for the average rates

of ascent and descent (3. 1±0. 8m/min. and 2. 4c0. 8m/min. ) may be

related to these differences occurring in the movements of an

isolurne. Change in cloud cover may also affect migration. For

example, a cloud passing across the sun during sunset could in-

crease the rate at which an isolume was ascending perhaps speeding

up migration. These factors may contribute to the large variability

in rates of migration found off Oregon.

Light may not only affect vertical migration but also the

amounts of scattering present between day and night. If light causes

a bathymetric concentration of organisms during the day, reduced

light levels at night may result in the spreading of layers. This is



suggested by the presence of more scattering in the water column

during some night than day periods.

A temperature change in the water column, both seasonally

and with depth, was frequently observed. Although temperature

changes did not limit migration of a layer they could have some
affect on scattering. It is generally known that warm temperatures
increase metabolic rates and therefore may increase the rate at
which an animal migrates, either as the temperature changes with

seasons or the layer ascends into warmer water. However, no

evidence is available to support this idea.

The possible mechanisms causing variability may be sum-
marized as follows: (1) The patterns of migration support the con-

cept that scattering may be caused by more than one organism,

while variations in rates of migration may be caused by differences
in light, temperature or the size of the organisms. (2) More night

than day scattering may be a result of lower light intensities or the
closer proximity of a species to the echosounder during the night
than day. (3) An increase in scattering during the summer may re-
suit from the presence of larger organisms or an increased popula-

tion density of some layers but probably not from an influx of dif-

ferent species. (4) The differences in surface scattering may result
from migration of reflectors into the surface waters or the presence
of different life-stages of an organism in the surface waters.
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CONCLUSIONS

1. Either one or two layers were found to migrate vertically.

In some instances the descent was preceded by or the ascent followed

by the migration of reflectors between the upper reverberation layer
and surface waters.

2. There was a trend for higher amounts of scattering during

the night than day although the difference was not statistically signi-
ficant (5% level).

3. In some years there was an indication of higher amounts of

scattering and more layers in the summer.

4. Surface scattering was often present, during both day and

night, but the type of scattering varied over a diel period and from
month to month.

5. More scattering was often observed over the continental

shelf and slope (less than 50 miles offshore) than in open oceanic

water (at and beyond 50 miles offshore).

6. Bottom topography appeared to restrict the vertical dis-

tribution of some inshore layers, while submerged banks appeared

to form a preferred habitat for some scattering organisms.

7. Correlations between scattering and the biomass of various

animals groups collected in nets indicated that euphausiids may be a

source of scattering but by no means the only one.
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8. Temperature and salinity gradients had no notable affect

on scattering migration. Changes in incident light energy during the

day did not result in a consistent depth change in the scattering

layers.

9. Scattering between Hawaii and Alaska was well-developed

in the Central Water Mass even though biomass was low. In the

transition region both biomass and scattering were high, and in the

Pacific Subarctic Water Mass scattering was almost absent even

though biornass was high.
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