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SCHOOLING ACCORDING TO SIZE

A further feature of schooling, significant to the
study of age composition, is the tendency of indi-
viduals of the same size to school together. Fish
of the year, as far as we know, always school sep-
arately from the rest. Yearlings usually do, but,
judging from samples, may sometimes join schools
of adults, especially when the latter are predomi-
nately in their third year. The adults—third-year
fish and upwards—seem not to separate themselves
according to age or size in any sharply defined
manner. Nevertheless there is often enough differ-
ence in the size distribution among samples from
different catches to suggest some tendency of
mackerel in a given size range to band together in
schools distinct from those of another but overlapping
range.

A physical explanation of the tendency for
mackerel of different sizes to form separate schools
is suggested by the activities of fish whose swimming
was timed as they circled around the live car in
which they were enclosed. Among several dozen
mackerel thus observed together, there were two
yearlings, while the remainder were of juvenile size.
The juvenile mackerel schooled together traveling
in circuits around the enclosure at the rate of 10
feet per second and keeping in the middle or upper
levels. The two yearling mackerel traveled in com-
pany with each other around the enclosure at the
rate of 19 feet per second, i. e., distinctly faster than
the small ones, always keeping below the small ones,
sometimes circling in the same direction, sometimes
in the opposite.

There is a simple explanation for this difference in
speed if the work performed by the mackerel is pro-
portional to its weight and if it serves mainly to
overcome friction between water and the surface of
the fish.® Then large fish should move faster
through the water because the weight of musculature
increases as a cube of length and the area of the
surface only as the square. So, with less surface
friction to overcome per gram of muscle in large fish
than in small the “cruising” speed of the former
should exceed the latter for a given output of energy
per unit weight of muscle.

8 The work done in displacing water as the mackerel moves should increase in
proportion with the weight, if stream-lining is equally efficient in all sizes. But
since musculature is also proportional to the weight, the expenditure of the same
amount of energy per unit weight at a given speed should accomplish the dis-
placement of water for small as well as large fishes. Therefore, the work of
displacing water should not differentially affect the speed of small as compare
with large fishes.

Moreover, there probably are lower and upper
limits on swimming speed imposed by the inherent
capacity of the mackerel’s physiological processes
and these are reinforced or perhaps even narrowed
by special features of the physiological and physical
systems involved in the mackerel’s swimming.

For instance, a lower limit on swimming speed is
imposed by the mackerel’s respiratory requirements.
F. G. Hall (1930) found that the mackerel depends
on swimming to produce sufficient flow of water past
its gills for its respiration. This no doubt accounts
for the generally observed facts (1) that mackerel
are always swimming and never at rest and (2) that
when the scope of swimming movements is restricted
by putting them into small aquaria they soon die.
Thus there must be a certain limit below which the
swimming may not fall without disequilibrium be-
tween respiration and metabolic requirements. Al
though the existence of such a lower limit was
established by Hall’s experimental demonstration
that respiration of the mackerel depended on
swimming, he neither located this limit nor deter-
mined whether or not it varied as a function of size,

An upper limit would be imposed by the amount
of energy the mackerel may expend in swimming
without causing disequilibrium in its metabolic
system. If resistance to passage of a mackerel
through the water depends not only on its surface-
volume ratio but also is a function of speed such that
the resistance increases more than proportionally
with speed, then the upper limit would tend to be
sharpened. An inordinate amount of energy would
be required to swim even moderately faster than
that point at which the energy expended on swim-
ming is currently replenished and exhaustion would
quickly ensue.

Obviously the swimming rate is dependent on a
number of physical and physiological interactions
and my single set of observations on the swimming
rates of the two sizes of mackerel is hardly sufficient
to prove that the rate is dependent primarily on
size. Indeed the considerable range in sizes of indi-
vidual fish found in a single school argues against it.

With speed directly dependent on size one might
expect the sorting, by sizes, to be fairly precise, for
each size of fish would have a particular speed dif-
fering from that of other sizes, and only fish of one
size could stay together. Actually, rather diverse
sizes are found in the same school. This can occur
if the smaller fish put forth relatively more exertion
than the larger ones. This probably takes place
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within a moderate size range. The size composition
in a school perhaps is in a state of dynamic equi-
librium where the tropistic tendency for aggregation
causing uniform speed is opposed to the physical
tendency toward different swimming speeds. Within
certain size ranges the former tends to keep the
individuals together, while the latter tends to sep-
arate them. 'This would produce the effect observed:
that mackerel school together according to size but
that schools contain individuals of enough diversity
in sizes to provide extensive overlapping in the size
range.

VERTICAL DISTRIBUTION

The American mackerel is generally regarded as a
surface fish because practically all of the catch is
taken at or near the sea surface. But at times some
of them are on bottom for they are occasionally
taken by trawlers in autumn and winter, and it
cannot be assumed a priori that they may not also
inhabit intermediate depths. It has already been
indicated (p. 261) that in winter most of the mackerel
probably inhabit mid-depths. What their lowermost
limit is in summer must be determined by indirect
means, for gear that is effective in mid-depths has yet
to be developed.

Bigelow and Welsh (1925: 195) were of the opinion
that *‘there is no reason to suppose that they ever
descend more than a few fathoms during their
[summer] stay, the supply of small crustaceans on
which they feed being invariably richer above than
below 50 fathoms depth in the Gulf of Maine.”
The vertical gradient of temperature in the sum-
mertime, in my opinion, affords additional reason
to suppose that they stay in the upper levels and
that the temperature influence would tend to keep
them even nearer the surface than 50 fathoms, which,
after all, is a considerable depth from the standpoint
of fishermen using surface gear such as the purse
seine.

Temperatures in the western part of the Gulf of
Maine during July 1932 (fig. 4) prove the existence
of a very pronounced thermocline in the region
where mackerel were being caught at the time. At
a typical station (A) the temperature was 16° C.
(60° F.) at the surface and at 10 meters, but fell to
8° C. (46° F.) at 20 meters, and to 6° C. (42° I".) at
30 meters. Although other stations varied from this
in detail, all had temperatures above 13° C. (55° F.)
at the surface and all had temperatures below 7° C.
(45° F.) at the 30-meter level. At most of them
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the temperature gradient crossed the 7° C. line near
the 20-meter level.

While mackerel have been found in temperatures
as low as 4° or 5° C., it is not likely that they would
voluntarily enter or stay in water of temperatures
lower than 7° or 8° C., for they are rarely found in
surface waters as cold as this and only in the winter-
time have they been found at any level in lower
temperatures. Hence it is likely that the thermo-
cline in the summertime forms a barrier or floor,
constituting a lower limit of depth-range.

This floor may move up and down during the
season; and its depth varies from place to place. It
is formed by the warming of surface layers in the
spring and summer and destroyed by their chilling
in autumn. During the season when it is in exist-
ence, stormy periods lower it and calm warm periods
raise it. It tends to be higher in inshore areas and
lower in offshore areas; but vertical turbulence,
which may attend currents or be induced by storms,
modifies this rule. Judging from such few of the
temperatures given by Bigelow (1926: 978-997)
as are pertinent,’ the 20-meter level shown in figure
4 is fairly typical for the western part of the Gulf of
Maine in early summer. Later in the season and
farther offshore the thermocline tends to be deeper,
perhaps with 40 or 50 meters as the lower limit.
The probability that the mackerel are located at
levels too deep to show at the surface in offshore
waters where the thermocline lies deeper may explain
the dearth of catches (p. 297) from over the central
deeps of the Gulf of Maine. However, it is also
possible that they seldom occur at any depth in
that area.

In summary, it appears that the vertical range of
the mackerel is limited by temperature. During
the height of the fishing season and throughout the
major portion of the fishing area, they must be kept
within 15 to 20 meters (8 to 11 fathoms) of the
surface. At certain times and places they are free
to descend to greater depths, but probably not much
below 40 or 50 meters (22 to 27 fathoms) and usually
not that deep.

From the standpoint of studying fluctuations in
abundance and age composition, the additional
question arises: Does their vertical distribution
render all of the mackerel accessible to fishermen at
all times during the summer, or only part of them

¢ Unfortunately, most of the serial temperatures did not include observations
between the surface and 40-50 meters, hence, do not fix the position of the
thermocline except to indicate that it was above rather than below 50 meters
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Ficure 4—Temperature gradients (vertical) in mackerel fishing waters. At the left are shown the areas where many catches were
made (heavy shading), the areas where few were made (lighter shading), and the places where the temperatures were taken (lettered
dots). On the right are the temperature gradient curves for each of the lettered positions. The catch data refer to the period,
July 16-31, 1932, and the temperatures were taken July 22 and 23, 1932.

part of the time! Purse seines of ordinary size
reach down to 20 fathoms, but their effectiveness
depends not only on how deep they reach but also
on how deep the schools can be seen and thus located
before the seine is set.

In the daytime the schools are betrayed by a
rippling of the water if they are at the surface, or
by dark, shadowy, and sometimes reddish patches

in the water if they are somewhat below the surface.
How deep they may be detected depends on the
height of the observer above the water, the quality
of illumination, the roughness of the sea surface, the
turbidity of the water, the keenness of vision and
the alertness of the observer. Thus the depth at
which they can be located is highly variable and not
readily ascertained. It is reasonable to believe that
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it seldom exceeds 10 fathoms and is usually less
than that in the daytime.

On moonless nights, when the schools are visible
as a luminescent patch in the water, it is probable
that they can be seen at greater depths, because
there is no interference from surface reflection.
One instance illustrating the depth to which such
luminescence is visible was reported by F. E. Firth
in a letter written April 16, 1935, as follows: “Sev-
eral, about 7, vessels went out Friday noon and
returned Saturday P. M. without success.” Captain
Firth stated, “Saw a school firing deep in the water,
made a set, pursed seine, got nothing, and the fish
were still visible under the seine.” He said, “the
fish must have been down 25 fathoms, for his seine
reaches down 22 fathoms. Water firing exception-
ally well.” This was, undoubtedly, an instance of
remarkably good visibility. There is considerable
variation in how well “the water fires”—to use
fishermen’s parlance—hence it cannot be expected
that schools would always be seen at such great
depths. It seems reasonable, however, to suppose
that they can usually be seen down to a depth of
10 fathoms during night fishing.

Taking these considerations together, it is probable
that the fishery is effective throughout the vertical
range of the species only when favorable visibility
coincides with a shoal thermocline. At other times,
which must be frequent, a substantial portion of the
mackerel population is inaccessible to the fishery on
account of poor visibility, or because the fish are
too deep, or combinations of these two impediments
to the sighting of schools.

Although it is not possible to express the effect of
vertical distribution quantitatively, it is obvious
that the variations in the success of fishing may be
modified considerably by the shifting up and down
of the thermocline. When it is close to the surface,
say within 10 fathoms, fishing should be good because
nearly all of the population should be within vertical
range of the fishing method. Unfortunately, serial
temperature records are inadequate for determining
the correlation between position of the thermocline
and success of the fishery, but perhaps it is sig-
nificant that fishing is less uniformly successful in
spring and fall (when the thermocline is less well-
defined) than in summer, and that even when fisher-
men sight mackerel in offshore waters where the
thermocline is deeper it is only rarely that good
catches are made there regularly over extended
periods of time. The bathythermograph, developed
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after the close of this investigation, offers a new
instrument for examining vertical temperature
gradients speedily and in detail. Its application to
this problem might demonstrate relationships that
would be of high practical value in actual fishing
operations as well as serviceable in biological
research on population abundance and related
subjects.

According to direct observations on mackerel in
captivity during the present investigation and
judging from fishermen’s reports, the larger mackerel
tend to swim deeper than the smaller ones. This is
particularly true in mid and late summer. At such
times fishermen often report that the schools of large
individuals are deep and “hard to stop,” meaning
difficult to encompass with the seine. Accordingly,
there may be a tendency toward catching a larger
proportion of small mackerel than of large ones
whenever and wherever the thermocline is relatively
deep. This probably is the explanation of the
“disappearance” of the large mackerel in the late
summer of many seasons (p. 268). For these reasons
it is probable that the fishermen’s catch in the
aggregate undersamples the larger mackerel and
oversamples the smaller ones within the range of
commercially desirable sizes.

This is one aspect of mackerel behavior among
many others which may be grouped together under
the heading of “‘availability.” By this is meant all
of the various elements in the behavior of the fish
and of the fishermen which cause the catch to be out
of proportion to the stock of fish. With pelagic
fishes such as the mackerel, where the vertical as
well as the horizontal extent of distribution affects
the quantity caught, there is opportunity for avail-
ability to have a much more pronounced effect on
the quantity caught than with nonpelagic fishes;
and there is evidence that effects of availability
extend also to the size categories caught.

It has become standard procedure in studying
marine fish populations to use the commercial catch
per unit of fishing effort as an estimate of abundance
and the size composition or age composition of the
commercial catch as an approximation of the size or
age composition of the stock. This has worked well,
notably with demersal fishes. With pelagic fishes
the element of availability is so strong that it is
safer to assume that the catch per unit of effort
only indicates apparent abundance—not abundance
itself, also that the distribution of sizes or ages in
the catch registers something other than the size or
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age distribution of the general stock in the sea.
When these more limited assumptions are adopted,
most of the established techniques for studying
the dynamics of recruitment, natural mortality,
and catch mortality of fish populations are no longer
applicable. If they are applied, nonetheless, they
are likely to lead to anomalous results.

In view of this, it appears likely that progress in
understanding the dynamics of the mackerel popu-
lation will be impeded until more is learned about
the reactions of the mackerel to its environment and
the quantitative effects these have on commercial
catches as samples of the abundance and size compo-
sition of the mackerel stock. The discussions of
this and the preceding sections are intended to point
out some of the features which appear significant
and some of the lines of study which might prove
fruitful of results.

FOOD

According to Bigelow and Welsh (1925: 201), the
American mackerel feeds chiefly on plankton, of
which copepods form the dominant part, and among
the copepods Calanus finmarchicus is by far the most
important. In Europe the same is true in spring
and early summer but in late summer and autumn
the mackerel there turns its attention more to small
fishes of various species.

Present observations, admittedly limited in ex-
tent, agree with those of Bigelow and Welsh. It is
suggested, however, that the difference between the
feeding habits of the mackerel in American waters
and those in European waters in late summer may
be more apparent than real, for we have found that
the larger ones usually are not caught in quantity
in late summer in American waters, and it may be
that their search for larger food animals like euphau-
sids and young fish leads them away from surface
inshore waters at this time. Examination of stom-
ach contents of such large mackerel as are occa-
sionally caught offshore and in deeper water in late
summer should be instructive on this point.

Whatever mackerel eat they are more successful
in obtaining food after they have reached coastal
waters in the spring than during their winter stay
along the edge of the continental shelf. In April
when mackerel first appear on the fishing grounds
their fat content is very low and it increases mark-
edly during ensuing months, according to analysis
of the oil content of the flesh by Stansby and Lemon
(1941: 10-11). Their values, supplemented by
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additional information communicated to me by Dr.
Stansby, are summarized in table 2 'While the data
leave no doubt as to substantial fattening during
the spring and early summer months, with the oil in
the flesh increasing from about 4 percent in April
to nearly 20 percent in August, the course of events
during the remainder of the season is not clear.
The values seem to fluctuate from sample to sample
through a range from 6 to 19 percent. This, to-
gether with the wide variation between individuals
within samples indicated by the minimum and max-
imum values, suggests that there is considerable
difference in the success of individuals and groups of
individuals either in feeding sufficiently or upon
sufficiently nutritious food to provide an excess, over
metabolic requirements, for fat storage. With some
of the high oil content values attained as early as
August, it also appears that feeding, on the whole,
is usually better prior to August than after. How-
ever, the wide variation precludes any conclusion
as to whether there is an average gain or loss of fat
through the late summer and autumn months.

TasLe 2.—O01l content of mackerel

Oil content, percentage

Number
Date fish were caught of fish
analyzed | pporimum Minimum | Average

Apr. 18, 1935 3.9
Apr. 22, 1935 4.8
May 3, 1935__ 8.0
May 21, 1935_ 9.0
une 1, 1935 9.8
une 5, 1934 16.8
uly 23, 1934 10.6
Aug. 13, 1934 17.5
Aug. 15,1 19.2
Sept. 11, 1934 6.5
Oct. 1,1934___. 10.1
Oct. 20, 1934 | e 118.7
Nov. 17, 1933 12 15.2 2.2 8.2
Nov. 17, 1934 || ae 119.5

1 This value was derived from Stansby and Lemon’s (1941) table 4, by taking
the simple average of the percentage of oil content in the 31%%- to 3634-inch,
361%- to 38-inch, and 39- to 42-inch size categories. The number of fish in the
sample was not given,

MIGRATION OF ADULT MACKEREL

That mackerel migrate seasonally is generally
accepted, but concerning the direction and extent of
their travels there are two schools of thought—one
that they migrate great distances from north to
south when they leave the coast in the fall and
back again in the spring; the other, that they sink
and move directly out to deeper water in the fall
and merely rise and move inshore in the spring.
The controversy between the schools was lively in
the latter part of the nineteenth century in connec-
tion with the dispute between the United States and
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Canadian Governments concerning the right of
United States fishermen to participate in the
mackere] fisheries in Canadian waters (Goode, Geo.
B., et al., 1884: 95). With both sides basing their
argument on fragmentary data largely from testimony
of unscientific observers, the question was in the
realm of conjecture and remained there at least
until 1908 (Kendall 1910: 293). Latterly, with more
facts at hand, with respect to European as well as
American mackerel, there was a decided leaning
toward the school favoring the on-and-off-shore as
against the north-and-south migration (Bigelow
and Welsh 1925: 191).

With the more extensive, systematic, and detailed
information available from the present studies, it
now appears that neither school was wholly wrong or
wholly right, for a critical comparison of all evidence
points definitely toward the existence of a complex
combination of the two (or three, if we include the
vertical) sorts of movement. The general course
of the migrations is diagrammatically charted in
figures 5 and 6. Proof of the essential correctness
of the routes shown requires consideration of their
winter habitat, the existence of two migrating
populations, a northern and a southern contingent,
and various other relations which will be taken up
in detail. But for the convenience of those who
may not be interested in proofs and details, a sum-
mary of the migration will be given here.

SUMMARY DESCRIPTION OF MIGRATION

Although both the northern and the southern
contingents are supposed to spend the winter in the
zone of warm water, some thirty to one hundred
miles out to sea along the continental edge from
Virginia to Nova Scotia, it is probable that the
members of the southern contingent tend to be at
the southerly end of this zone, and those of the
northerly contingent at the northerly end.

The southern contingent first appears in the sur-
face waters overlying the continental shelf somewhere
between Cape Hatteras and the offing of Delaware
Bay, and usually in the early days of April. Though
at first some thirty to fifty miles offshore, they
soon come closer inshore occupying the inner third
or half of the continental shelf which is about fifty
miles broad at Delaware Bay. From here they move
northward and eastward at a rate not faster than
the progressive northerly warming of the surface
water and reach the offing of southern New England
during the month of May, During the northerly
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journey they are joined by additional schools
moving in from the edge of the continental shelf
in wavelike incursions. Although the southern
contingent always tarries a month or more in the
vicinity of southern New England, toward the end
of June or early in July its members make their way
around Nantucket Shoals and reach the Gulf of
Maine where they make their summer sojourn.

The northern contingent makes its appearance
during the latter half of May forming a wave
advancing toward the coast along a broad front,
perhaps from Hudsonian Channel eastward. The
western end of this wave strikes the southern coast
of New England, the middle portion, southern
Nova Scotia and the eastern, the more easterly
portions of Nova Scotia. Once inshore, the mem-
bers of this contingent migrate along shore. Those
that strike the coast of southern New England mix
temporarily with the southern contingent among
which they are detectable by their different (usually
larger) sizes. But after staying only a week or two
they separate from the southern contingent and
toward the end of May some filter into Massachusetts
Bay, but the major portion are next to be found on
the Nova Scotian coast reaching there during the
early days of June about the same time as those that
approached that coast directly. During June, the
run is heavy along the entire length of the Nova
Scotian coast, Cape Breton, and eastern portions
of the Gulf of St. Lawrence. During this June
run there are perhaps additional minor waves of
mackerel coming shoreward from the outer edge of
the Nova Scotian shelf if any have wintered in the
more chilly waters of this region (p. 261). Most of
the northern contingent probably summers in the
Gulf of St. Lawrence though part may remain along
the coasts of Maine, Nova Scotia, and Capte Breton
Island.

In withdrawing from the coastal areas in the fall,
the movements of the two contingents, for the most
part, are simply the reverse of their approach in the
spring. 'The southern contingent in retiring from the
Gulf of Maine goes southeastward past Cape Cod
and in some years then trends westerly off No Man’s
Land and Block Island. This usually take place in
September or October. About the same time, though
sometimes earlier and sometimes later, the northern
contingent begins retiring from Canadian waters.
In doing so, a large portion, if not all, passes through
the Gulf of Maine providing the basis for the late
fall fishery off Cape Anne in October, November,
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and December. They, too, leave the Gulf of Maine
by going toward the offing of Cape Cod, but have
never been observed southerly or westerly of that
area. During the fall migration, as during the spring
migration, there is a brief period when the two con-
tingents are mixed. The fall withdrawal differs
from the spring approach mainly by the mixing of
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the two contingents north rather than south of
Nantucket Shoals; the disappearance of each con-
tingent while still well north of the points at which
they first appeared in the spring; and the occupation
by the northern contingent of the western portion
of the Gulf of Maine to a greater extent and for a
longer period in the fall than in the spring.
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Ficure 5.—Diagrammatic representation of the spring migration.
number of mackerel believed to traverse the several localities.
amount of commercial catch taken in the several areas.

The number of arrowshafts is roughly proportional to the relative
The number of arrowheads is roughly proportional to the relative

Lines of dashes indicate weak evidence as to the origin or route of migration,



