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and 1927 when several samples were secured by dip net early in summerY Their
lengths (table 21) agree closely with the terminal position of the growth curves de
scribed by the chosen homologies, and are far below a growth curve predicated on
the alternatives. Hence it may be concluded that the chosen series consist of truly
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homologous modes, and that the straight lines fitted to the respective series correctly
describe the larval and post-larval growth in 1932.

II Schools of very small mackerel wander Into pound·nets from which they can be removed by dip net If the pound-nets are
visited before hauling. Once hauling commences they are frightened and usually escape through the meshes. In addition to
samples so collected. [one was taken from a sehool which wandered into the boat basin at the U. S. Fisheries Biological Station,
Woods Hole.
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Inasmuch as the S series had its origin in the area and near the time of maximum
spawning and formed the most distinct mode in· the deviation curves, it may be taken
as most nearly typical of the growth of larvae in the season of 1932. In the lower part
of figure 8, the growth of this series has been plotted on an arithmetic scale from which
it is readily seen that mackerel hatching in early May attain a length of 4 mm. by
about May 20, 7 rom. by June 1, 12 rom. by June 15, and 22 mm. by July 1. This
rate projected to the 22nd of July reaches 48 mm. (nearly 2 inches), which closely
agrees with the largest larva of the final cruise and also with the length of individuals
in the dip net sample of July 22, 1926, which ranged from 35 to 65 mm. (1.4 to 2.5
inches). . . '

From the above relationship of sizes and ages, and from Worley's (loc. cit.)
data on rates of incubation, it is possible to comp~te the duration and average age of
each of the egg stages and of each size-class of larvae. Apart from its v8J.ue per se,
this is of use in further computations of mortality rate~

This was calculated as follows: ;the weighted mean temperature in which the
stage A eggs were found during the.cruises of 1932wa.a 10.9° C. At this temperature
the incubation period occupies 7.23 days (Worley 1933, fig.·5):. Stage A, representing
the development from fertilization to complete epiboly-constitutes 35 percent of the
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iricubation period, stage B, from complete epiboly to embryo ~ around the yolk mass
constitutes 32 percent, and stage C from embryo ~ around the yolk mass to hatching
constitutes 33 percent (Worley 1933, fig. 5). The average time occupied by these
three egg stages was therefore 2.53, 2.31, and 2.39 days, respectively, and the average
age of each stage was derived by simple arithmetic.

The duration of each larval length-class was computed from the formula:

d . (. d log 12-log 11
uratlOn mays) 0.01591

where II is the lower boundary of the length class interval in mm., Is the upper
boundary of the length class interval in mm. The constant 0.01591 is the increase
per day of the logarithm of lengths computed from the straight line fitted to the
points of the S series (fig. 8).

The average age of each length-class was computed by the formula:

. d _log b-Iog 11
age (m ays)- 0.01591 +7.23

where II is the length of newly hatched larvae (2.8 mm.) and h the midvalue of the
length class interval. The constant 7.23 is the average age of newly hatched larvae.

The boundaries of class intervals were as follows: for 3-rom. larvae, 2.9 to 3.5
rom.; for 4- to 25-mm. larvae, the designated length ±0.5 rom.; for 30- to 50-mm.
larvae, the designated length ± 5.0 mm. The mid values of class intervals were:
for 3-rom.larvae, 3.2 mm.; for all others, the designated lengths.

Accuracy oj determination.-The resulting values for duration of egg stages and
of larval-length classes are given in table 7 to hundredths of days, thus expressing a
smooth curve that gives the most probable relationship for the body of data from
which they are derived. Purely from the standpoint of instrumental and sampling
accuracy, they have no such high degree of precision. The durations may be accu
rate to the nearest tenth of a day for the egg stages, and of lesser accuracy for the lar
val-length classes. The duration of the 3-mm. class, derived by extrapolation, is
especially in doubt, and may be in error by as much as a day. The other classes
probably are within several tenths of a day of true values.

From the standpoint of variability in growth itself, the values are even more
approximate. While growth obviously follows a curve of percental increase, there
must be fluctuations about this curve due to local variations in environment affecting
accessibility of food and rates of metabolism. Furthermore, the particular curve of
growth given pertains only to the S group, which developed under a particular set of
environmental conditions. From figure 8 it appears that the earlier hatching R
group, developing, on the whole, in cooler water, grew more slowly than the S group,
while the later hatching T group grew faster in the generally warmer water in which it
developed. Thus the R group took 56 days, the S group 50 days, and the T group 47
days in growing from a length of 4 to a length of 25 rom., a divergence from the S
group of 12 percent in one instance, and 6 percent in the other. This is by no means
the extreme variation to be anticipated, for it is conceivable that temperature or other
influences might vary more widely than happened in these three instances, and corre
spondingly greater differences of growth would follow. On the other hand, the S
group developed from eggs spawned somewhat early in a season that was slightly
warmer than average (Bigelow, 1933, p. 46) and thus in temperatures that would
likely be reproduced in the middle portion of less unusual seasons, and therefore

525293-44-3
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the rates computed from the Sgroup must be near the usual rate, probably within
10 percent.

Discussion oj growth.-Having determined the rate of growth of the mackerel
through its early life, it would be interesting to have comparisons of the early growth
of other fishes, particularly to see if logarithmic growth is the general rule. Unfor
tunately, there is a paucity of data on this subject, most of the material on growth of
fishes being confined to the portion of life following the larval or post-larval stages.
From various sources, however, it has been possible to assemble material on the early
growth of three other species: the herring (Olupea harengus) in the Clyde Sea area,
the haddock (Melanogrammus aeglifinus) in the waters off the northeast coast of the
United States, and the northern pike (Esox lucius) of North American fresh waters.
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FIGURE D.-Growth of pre-metllIIlorphosls herring on the Clyde Sea area, after Marshall, Nicholls, and Orr, plotted logarithmically
(upper part) and arithmetically (lower part).

Since the data on these need to be formalized for comparison with the mackerel, each
will be presented in turn.

For pre-metamorphosis herring caught by tow net and sprat trawl in the Clyde
Sea area in 1934 and 1935, Marshall, Nicholls, and Orr (1937, pp. 248-51) determined (
the median lengths at successive intervals of time. Plotting the median values
against age, they concluded that "The points do not lie on a straight line but it is
obvious that, apart from four points, a straight line expresses the relationship best."
Their curve is reproduced in the lower part of figure 9, and the four exceptional points
thought by them not to have represented the main shoals are indicated by question
marks. When the same data are plotted logarithmically, as in the upper part of figure
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9, it is seen that logarithmic curves with a change in slope at 30 days of age, or length,
of 19.5 mm., fit the points as well or better than does the straight line in the lower part
of figure 9.

The observations on haddock (Walford, 1938, p. 68-69) were taken in a manner
similar to those on mackerel. In fact, the material consisted mainly of haddock larvae
caught on our mackerel cruises. Walford summarized these by months, giving
frequency distributions for each of the four months: April, May, June, and July.
From these polymodal frequency distributions, he selected modes that he considered
to be homologous, recognizing three such series. Taking his middle series as perhaps
the most typical, the modal values, as nearly as can be read from his figure 50, were
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FIGUBIII0.-Growth of haddock during early life. Data from Walford, 1938.

3, 3.5, 18, and 43 mm. on the mid-dates, April 11, May 15, June 17, and July 17,
respectively. According to Walford, the 3 mm. mode of the first cruise consisted
of recently hatched individuals. Assuming this size to be zero days old, the logarithms
of the modal sizes were plotted against age in figure 10, whence it is apparent that the
growth of the haddock was logarithmic as in the mackerel.12

, Data on the northern pike' (Embody, 1910) consisted of the average length in
samples of two or more specimens drawn from a population reared in the laboratory
at water temperatures of 65° to 72° F. Since the data are not readily accessible, they
are:repeated below: 13

Agein days after hatching: I T~'tM:::ft~1n0________________________________ 7
~________________________________ a 25
3 . lQ 5
4 . lL 5

'sac absorbed.

lJ .Another of the ·serles of modes selected by Walford also becomes logarithmic with slight re-Interpretatlon of his fig. (9. The
neW:interpretatlon Involves the assumption that the group In question was under-represented In the April sample, an assumption
tbat:tat~asonablein ·vlC"l! of the fact that his samples for this month were from a more easterly area than that SUbsequently sampled.
(Thltls:true also of the central mode, above discussed. but the group forming thi, mode could have drifted into the area subsequently
~ed,whereas the time sequences were such that the group here.under consideration In all probability coqld not have so drifted).
It futther involves taking the mode for May at 12 Instead of 17 mm. and for June at 30 instead 0133 mm' These selections are ot.
profilnences on the curve, which are equal to those selected by Walford, and by reason of parallelism with the middle gronp, see~
more reasonable than the .points given In Walford's figures (9 and 6IJ. Walford's third series obviously consists of a younger group
not present enough months to repay study•

•'1 am grateful to the late Professor EmbOdy for communicating these data to me by letter.
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Plotted on a logarithmic scale, these values describe the curve<given in figure 11. It
is interesting to note that the change in slope approximately coincides with yolk sac
absorption. . .

For ready comparison the growth curves of mackerel and of these other species
are assembled in figure 12. In all of them, length was used as an index of size. Mass
or volume would be a more nearly true index. However, if there is no change in
form, length would serve well to test for logarithmic growth since a certain power of
iength would be proportional to the mass or volume, and in logarithmic plots the
only difference between the two would be a difference in vertical scale. Since the
mackerel and haddock undergo little change in form during early life history,a simple
logarithmic curve well fits their growth as indicated by length. The herring larva, on
the other hand, is slender and almost eel· like when young, growing stouter as de·
velopment proceeds. This being true, length overestimates size early and under-
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FIGURB 11.-Growth of northern pike during early life. Data from Embody, 1910.

estimates it later. This may be the reason for the nearly linear arrangem~ntof point~
when lengths are plotted directly against age. Further, the change in slope when the
logarithms of lengths are plotted against age suggests that the change. iIi form is
greatest at about 30 days of age when the herring is about 18 mm. long. The growth
of the northern pike, too, shows a change in slope. In this instance it approximately
coincides with yolk sac absoption, hence this might as easily be a real change in growth
rate due to difference in food availability or assimilation rather than an appar.ent
change due to altered .form. Evidence from the information available on thesesevel'81
species supports the'view that growth in the early life of other,fishes, as well as the
mackerel, is logarithmic in character and at a uniform percental rate throughout this
stage of life except when there is a change in mode of livi,ig ,(e. g., yolk sac absorp~

tion) and that the use of length as an index of size may complicate interpretation ,of
growth rates when there is consiQ-erable change in for:p1.
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DRIFT AND MICRATION

The current system in the waters overlying the continental shelf between Cape
'Cod and Cape Hatteras has yet to be studied. Evidences collected during this in
vestigation from releases of drift-bottles and computations of dynamic gradients, the
latter subject to large errors of interpolation, were not sufficiently conclusive to
deserve publication. They indicated slight tendency for movement in a south
westerly direction parallel to the coast, probably not strong enough to transport eggs
and larvae of the mackerel important distances.

On the other hand, evidence from the distribution of mackerel eggs and larvae
themselves leads to definite conclusions. From the growth curve of larvae, figure 8,
or from the position of homologous modes in the deviation curves, figure 7, it is possible
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FIGURE 12.-Growth or northern pike, herrklf. mackerel, and haddock.
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to ascertain the lengths attained by certain groups of larvae at each successive cruise.
By plotting the geographical distribution of larvae of these particular lengths in suc
cessive cruises, as in figure 13 based on the S series, their movements may be follow.ed.

In general, this series represents a population spawned over the contineJ1,~a.l
shelf off the New Jersey coast. Larvae hatched from these eggs remained in this
area until they reached a length of 8 rom. about a month later. Thereafter, there
was a. northeasterly shift which brought the population to the region just south of
Long Island at the end of their second month when they were about 20 mm. long.
¥ovementtoward the northeast ptobablypersisted still longer, for the only individuals
.lArgeenough to have been members of this series were taken at stations along the east
·coast of Massachusetts (Chatham II and Cape Anne II in table 20) during the cruise
pi July 14 to 28. Although:th~ejs local spawning in Massachusetts Bay, it is unlikely
ltha~ it was responsible for·these large individuals, because spawning usually is.later
in .Ma88achu~ttsBay, and the locally produced larvae could not have groWn to as
large a size as the 37- and 51-mm. post-larvae taken on July 22.
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Examining in greater detail the distribution in the successive cruises, two con
centrations were evident within the area over which the larvae of this series were dis
tributed. One may be called the northern center; the other, the southern center.
The northern center was off the northern part of New Jersey (New York II) 14 in the

CRUISE DATE STAGE CONTOUR
INTERVAL

I MAY ~~ll A&B 1000

n MAY 10-14 ~MM 750

m MAY 21-2~ 4-6101101 ~oo

nr MAY 24-26 5-6101101 150
-

Jt JUNE 2-5 6-6101101 100

III JUNE 5-8 8-10101101 50

lllI JUNEle'19 1~-15MM 2

llllI JUNE 25- 19-22101101 0.05JULY 1
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FIGURE 13.-Locatlon on successive cruises during 1932 of the population of mackerel comprising the 8 group. as Indicated by the
relative concentration of larvae of appropriate sizes. The Arable numerals at the ends of rows of stations give the day of month
on which each row was occupied.

early egg stages. In the successive cruises it may be traced to the north central coast
of New Jersey (Barnegat I), to the southern part of New Jersey (Cape May II, III,
Atlantic City II), back to the south central portion of the New Jersey coast (Atlantic
City I), to the north central portion (Barnegat I), to the northern portion (New York
II), to the offing of Long Island (Shinnecock II and Montauk III), to the Long Island
coast (Shinnecock I and II), and finally to the offing of eastern Massachusetts (Chat
ham II and Cape Anne II).

14 For location of this and below-mentioned stations see fig. U.
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The southern center shifted southward from off Delaware Bay (Cape May II)
half way to the Chesapeake Capes (Winterquarter I) where it remained dming the
following cruise and possibly the next one also, though these stations were not visited
on the fourth cruise. During the fifth cruise it was found farther north and seaward
in the offing of the southern New Jersey coast (Atlantic City III and Cape May IV).
Next it appeared to join the northern center and was apparent as a tongue extending
from this center to the offing of the middle of the New Jersey coast (Atlantic City II).
Thereafter its location apparently coincided with.. the northern center.

During the time that the two centers were separate they moved in essentially
identical directions (fig. 15). Both moved southward from May 3 to May 22 and then
northward until June 7, apparently under a common impulse. If the resultants of
wind direction and force during the cruises be plotted,t6 as in figure 15, it is seen that
the strong winds blew in essentially the same direction as the larvae moved, southerly
until May 22 and then northerly until June 7. Obviously the wind, by drifting the
surface water, was responsible for the transport of the larvae. After June 7, however,
the movements of larvae did not correspond so closely with the movements of the wind
(fig. 16) and must have been to some extent independent of them. Thus the move
ments of the population of mackerel larvae may be divided into two phases, an early
passive phase and a lateractive phase. The break between the two came, as might
be expected, when the larvae, at a length of 8-10 mm., developed fins (p. 171) and
graduated from the larval state to the post-larval stage. The movements in the two
stages will be considered in detail separately.

During the passive phase, although the movements of the two centers of larvae
are essentially similar and both correspond to that of the wind, there are minor differ
ences worthy of note. The southern center was found at the same place on cruises
II and III in spite of considerable sustained wind from the northeast and corresponding
movement of the northern center in the interim between the cruises. Later there was
the great shift of the southern center between cruises III and V without correspond
ingly great wind movement and without correspondingly great drift of the northern
center. To some extent these discrepancies may be due to failure precisely to locate
centers of distribution with the stations as far apart as of necessity they were.16

But it is more likely that the peculiarity in the relation of the drifts of the northern
and southern centers has a physical rather than statistical basis. The outstanding
peculiarity was that the northern center traced a course in a southerly direction almost
equal in distance to its return in a northerly direction (up to cruise VI) whereas the
southern center moved-southerly a much shorter distance and then returned northerly
a much greater distance. Considering now the topographical features, it is noticeable
that at the northern and middle portions of the area the continental shelf is broad and
the water relatively deep, while at its southern end the shelf narrows sharply and the
water is much shoaler. A water mass impelled by the wind could move in a southerly
direction freely until it reached the narrow, shoal southerly end where it must either:
(1) stream very rapidly through the "bottle neck" at the southern extremity; (2) turn
out to sea; or (3) pile up temporarily.

II Records of the Winterquarter Lightship, 8 a. m. and 4 p. m., including only those winds of force 3 (Beaufort Soale) or higher,
were plotted in vector diagrams to determine the result'lnts.

II The true position of the northern center at the time ofcruise III (fig. 13) was particularly uncertain. On the chart of movement
(fig. 15) it seemed logioal to plot It at the center of gravity between the three'northern stations with largest catches, that Is, Atlantic
City II, Cape May I, and Cape May III, but its troe position most likely was between stations, there or elsewhere, and hence missed.
This accounts also for the almost complete obliterlltion of mode S on this cmise, to which llttention was earlier oalled in discussing
progress of modes as Indicating growth.
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That it did not do (1) or (2) is proved by the relative scarcity of larvae of appro
priate sizes at stations of the Chesapeake section and the outer station of the Winter
quarter section; though the few caught at Chesapeake II, III, and Winterquarter III
indicate a slight tendency for southward and outward streaming. That (3) was the
major result is shown by the "snubbing" of the southern center in its southward travel
and by the increase in numbers of larvae in the southern center relative to the number
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in the northern center,17 as if indeed the water and its burden of larvae did pile up in
the vicinity of Winterquarter 1. This piling up very likely was in the nature of a
thickening of the surface stratum of light water offset by a depression of the lower
layers of heavier water rather than an outright raising of the water level. Of course,
the depressing of the subsurface stratum would set up a subsurface :Bow to restore
equilibrium. This :Bow would not transport the main body of larvae, since they were

lilt is not supposed that the entire increase in relative number at the southern center was due to the meehanlsm being diseullsed.
Part of it collld have been due to random f1uctuetions of sampllni.
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confined to the upper stratum (p. 172); it could and probably did carry a few that
happened to be near the interface as indicated by the light spread of larva.e southward
and outward to Chesapeake II and III and WinterquaJ;ter III.

While this accounts for the halting of southerly drift of the southern center and
its increase in relative numb~rs, there is still to be considered the apparently too rapid
drift of this center northward when the wind direction was reversed. Let it be sup.
posed that the aforesaid piling-up of surface waters took place more rapidly than could
be counterbalanced by subsurface flow. Then the sea surface would actually have
risen and remained at a higher level as long as the wind continued to transport surface
water to the area faster than the subsurface water could flow away. Then when the
wind reversed its direction, the energy so stored would be released and act in the same
direction as the wind. The two forces together would produce a faster drift than
could result from the wind force alone, and thus account for the high rate of move
ment of the southern center between May 22 and June 3.

Whether the interactions of the wind forces and water movements here postulated
were theoretically probable from dynamic considerations must be left to the physical
oceanographer. He can find here an example of biologically marked water probably
of considerable aid in the deciphering of the pattern of circulation in shallow water,
where difficulties of dynamic analysis are heightened by topographical features, and
where a better understanding would be of greatest practical use in dealing with fishery
problems.

Whatever the outcome of any future examination of the dynamics of this situa
tion, the outstanding resemblance of the main features of wind movement to larval
drift, together with the fact that deviations from the parallelism between the two
have a plausible though not proved explanation, leaves no doubt that the larvae
(and the water with which they were surrounded) were drifted from place to place
by the wind's action on the water, and that this alone accounted for their movements
until they reached the end of the larval stage at a length of about 8 to 10 mm. and
entered upon the post-larval stage.

Subsequently the movement of larval concentrations corresponded less perfectly
wjth that of the wind (fig. 16). Between cruises VI and VII, when there was a gentle
easterly wind movement, the post-larvae also moved eastward, but proportionately
father than might have been anticipated from the moderate wind movement. Between
cruises VII and VIII, when there was a northeasterly wind movement, they moved
northwesterly. After cruise VIII it is difficult to be sure of the homology of the
group under consideraffion, but the only post-larvae (lengths 37 and 51 mm.) of
cruise IX identifiable as belonging to this group were caught at Chatham II and Cape
Ann II,off eastern Massachusetts. The indicated movement was in the same general
direction as the prevalent strong winds, but again sufficiently divergent to indicat~

some independence. Since the drift of water under impulse from the wind accounts
for only a portion of their movement and since such evidence as is available on
residual surface flo~ in this region 18 indicates water movement westerly, hence in a
direction contrary to the movement of the post-larvae, the evidence doesnot favor the
transport of the post-larvae as purely passive organisms, and it must be concluded
that they moved to an important extent by their own efforts. .

This is in complete harmony with their developmental history. As larvae,
without swimming organs other than the rather flaccid finfold, they drifted with the

J' Drift-bottles set out by Wm. C. Herrington (unpublished data)' in connection with his haddock investigations in the spring
00931 and 1932 drifted westward past Nantucket shoals, fetching UP on beaches of southern New England and Long Island.
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current; as post-larvae, with capable fins, they were able to swim and exercised this
faculty. The change in locomotive ability coincided with change in method of
transport.

Thus far, attention has been focused on the main centers of larval concentration.
It will have been noted in figure 13 that there were indications of a smaller body of
larvae not included in the groups whose centers were followed. This body probably
became separated from the southern center about May 23, when the center was
at its extreme southerly position, and, as previously pointed out (p. 187), there wns a
spread to Chesapeake II and III and Winterquarter III, probably consisting of only
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FIGUBlI: 16.-Drift of post-larvae of the S group compared with wind movement, as recorded at Nantucket Shoals Lightship.

those larvae that were at the interface between the accumulating surface water and the
outward streaming subsurface layer (p. 187). Having been caught in this outward
and perhaps somewhat northerly flow, their northward drift could start sooner and
would take place farther offshore than the drift of the southern center itself. With
this in mind, it is easy to account for the catches at Atlantic City IV on cruise IV
and at Montauk II and No Man's Land II on cruise VI. That they did not appear
on other cruises is not surprising, for their numbers were few (1, 1, and 2 were caught
at the respective stations above mentioned) and as the result of chance fluctuations
in random sampling they could easily fail to appear in our hauls.
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The average rate of movement of the S group larvae during the period from May 4
to June 6, while they were dependent for transport on wind-impelled drift, was 6
nautical miles per day. As nearly as may be estimated from data recorded on the
Beaufort Scale, the net wind movement in the direction of the resultant (neglecting
forces under Beaufort 3), was about 60 nautical miles per day. Themovementofthe
center of post-larval abundance between June 6 and July 1, accomplished in part by
sWimming, averaged 3~ nautical miles per day. If the movement6f post-larvae
bet'weeilJune 27 and July 24 ma.ybe taken as from off Shimiecock to off Chatham; the
average rate during this period was 6 nautical miles per day.

The movements of the Rand T groups of larvae can be traced in the same manner
as were those of the S group. The R group, beginning with cruise I, as 3 to 5 rom.
larvae, moved southward from the Winterquarter section to the Chesapeake section.
Like the S group, they remained at this southern extremity of the range through
cruise III and also probably through cruise IV, though during the latter cruise there
were not sufficient stations occupied in this area to prove this. On cruise V, however,
they were found to have moved northward to Cape May, and on cruise VII were
discovered off Shinnecock. At the beginning of this northerly movement, they were
already 8 to 10 rom. long, and thus capable of swimming. With favoring winds
during all but the last portion of this northerly trip, their movement was rapid,
averaging 11 nautical miles per day.

The T group could not be so readily followed, but in general its movements
were with the wind in the larval stage and indifferent to the wind in post-larval stages.
Between cruises III and VI, when the winds were from the southwest, it shifted
in an easterly direction from the Shinnecock section to the Martha's Vineyard section.
The correspondence between wind direction and this movement was not as perfect
as that of the S group, formerly described. From cruise III to cruise IV, there
appeared to be a spread in both easterly and westerly directions, and between IV
and V, there was a contraction toward the center of the group off Montauk Point.
These changes in distribution may be indicative of spurts of spawning rather than
movements of the egg population, for they occurred during periods of egg develop
ment, and the stages chosen may not have been exactly the continuation of the original
stage A eggs of cruise III. It probably suffices to note that when first seen as stage
A, they were off Shinnecock, and by attainment of lengths of 4 to 5 rom. at cruise VI,
they were off Martha's Vineyard. Then between cruises VI and VII, with only
a slight wind movement from the west, the zone of densest larval population remained
at Martha's Vineyard, though fair numbers were as far west as Shinnecock. Between
cruises VII and VIII, while the winds were from the southwest, the members of this
group spread over the waters abreast of Long Island, extending from the New York
to the Shinnecock section. During this interval they had grown into the post-larval
stage, 10 to 12 rom., when swimming activity made their movements fairly independent
of the wind.

It may be concluded therefore, that the movement of eggs and larvae (upto 10
mm. in length) in the southern spawning area between Cape Cod and Cape Hatteras
was governed by the drift of surface wateIs, and this, in turn, by the direction of the
.stronger winds during the 40 days while the mackerel were passing through these
phases of development and growth. These drifts may be as fast as 6 nautical miles
per day and may convey the mackerel several hundred miles. After reaching the
post-larval stage (10 mm. and upward) the movements are less dependent on drift,
and probably are considerably aided by the tiny fishes' own swimming efforts. ··The
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average rate of movement is sometimes about 3~ nautical miles per day and may at
times, on the part of the largest individuals, attain eleven nautical miles per day.
In 1932, the combined drift and swimming movements brought the larvae to t4e
shores of Long Island and southern New England.

MORTALITY

Outstanding in the early life history of marine fishes is the high mortality in
early stages. At sea, this is evident from the low numbers of larvae compared to
the high number of eggs taken in plankton tows. In marine fish hatcheries, it has
been evident from the high loss of larvae in all attempts to keep them beyond absorp
tion of the yolk sac. It is probable that the fish cultural experience led to the gen
erally accepted theory that the time of yolk sac absorption is the most critical period,
and that it is so because the fish at that time must find proper food or die as soon as
all the yolk is gone. Moreover, Hjort (see p. 207) believed that annual variation in
the times and places of plankton increase during spawning might be such that an
abundance of the right kind of food might coincide with this critical stage in one
year and not in another. The coincidence of the two would produce a successful
year class; the non-coincidence, a failure.

However elaborate the theory, it has yet to be proved at sea that the yolk sac
stage is critical or that the. annual variation of mortality in this sta,ge is responsible
for the variation in year-class strength. Thus, a determination of mortality of the
young stages of mackerel in 1932 is not only of interest in itself, but has an important
bearing on the general theory of fluctuations in fish populations. Inasmuch as the
year class of 1932 has subsequently failed to appear in the commercial stock in impor
tant numbers (Sette, 1938), the present examination of mackerel mortality in the
season of 1932 deals with the record of a failing year class and should bring to light
the stages that were critical in its failure.

Determination of mortality.-There is at hand a simple way of determining the
mortality rate of that year if it may be assumed that all the various egg and larval
stages were sampled in proportion to their abundance in all parts of the spawning
grounds, and during the entire period of planktonic existence. Then a frequency
distribution of the summed numbers at each stage through the season would express
their average relative numbers and constitute a. survival curve. Although the
sampling in 1932 approached a stage of perfection warranting treatment based on this
general plan, there were nevertheless imperfections requiring secondary modifications,
as will be explained. .

The actual draWing of hauls appears to have been qualitatively and quantitatively
adequate. At each station,all levels at which eggs or larvae might be expected to
occur were sampled uniformly, and the subsequent adjustment for volume of water
strained per meter of depth provided totals at each station which may bf.'l taken as
the summation of individuals below '17.07 square meters of sea surface, irrespective
of their level in the water. Comparison of I-meter and 2-meter net hauls indicated
that there was relatively little selective escapement from the nets (p. 215). Also, the
towing stations formed a patternreasonably well covering all parts of the important
spaWPiPg grounds off the United States coast.

On the other hand, in some respects the samples did not adequately cover the
entire season. At the time of the first cruise, spawning had already begun and
larvae were taken for which there were no corresponding eggs. Similarly, force of
circumstances prevented cruises from being takeJl. as frequently in July as earlier in
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the season, and also prevented their continuation into August. Thus, there was less
opportunity for taking large larvae corresponding to the eggs and small larvae of the
earlier cruises. However, the cruises did thoroughly cover the major portion of the
season of maximal spawning and subsequent larval development; so there need be
only a treatment which excludes from comparison the large larvae early in the season
and the eggs and young larvae late in the season which were not proportionately
represented in the other stages of their planktonic existence.

This was done by taking the average numbers of eggs and larvae per cruise for
the several cruises that spanned the period of maximal numbers of each stage of egg
and larva.19 The selection of cruises for these averages was as follows: for egg stages
A to C, cruises I to IV; 3-rom.larvae, cruises II to V; 4- to 7-rom.larvae, cruises III
to VI; 8- to 9-rom. larvae, cruises IV to VII; 10- to 12-mm. larvae, cruises V to VIII;
13- to 15-rom. larvae, cruises VI to IX; 16- to 22-mm. larvae, cruises VII to IX; and
23- to 50-rom. larvae, cruise IX.

TABLE 7.-Survival of young 8tage8 of mackerel in 1992

Frequencies SurvIval per mlllIon newly spawned eggs

DuratIon Average
CategorIes I of cate· age of Average per LogarIthmic values ArIthmetic values

gory a category I Average cruise ad·
per cruise a justed for duo

Empir·:ation of cate- Com· Emplr· Com·
gory' icaP puted' lcal puted'

Egg stages: Day. Day. Number Number Log Log Number NumberA_________________• ____
2.53 1.3 16,900 6,680 5.866 5.915 735,000 822,000B______________________
2.32 3.7 12,600 5,430 5.776 4.759 597,000 574, 000C______________ •_______
2.38 6.0 12,600 5,250 5.761 5.609 576,000 406,000

Fish lengths (mlllImeters):3.2_____________ •• ______ 5.14 9.9 9,310 1,810 5.299 5.354 200,000 226,0004______________ ._._____ 6.86 16.0 4,270 622 4.835 4.957 68,400 90,6005__ •••_. _____ • _______ '_ 5.48 22.1 1,760 321 4.547 4.559 35,200 36,2006______ • _____ • _____ • _,_ 4.56 27.1 717 157 4.237 4. 233 17,300 17,1007_____ • __ • _____________ 3.91 31.3 403 103 4.054 3.959 11,300 9,1008. _____________________
3.41 34.9 192 56.3 3.791 3.724 6, 180 5,3009_____ •________________
3.04 38.1 73.5 24.2 3.425 3.516 2,660 3,28010. ____________________
2.73 41.0 18.4 6.74 2.870 2.950 741 89111. ____________________
2.48 43.6 7.70 3.10 2.532 2.483 340 30412_______________ • _____
2.28 46.0 4.95 2.17 2. 377 2. 372 238 23613_____________________ 2.10 48.2 2.98 1.42 2.193 2.271 156 18714__ •• __• ______________
1.95 50.2 3.38 1.73 2.279 2.179 190 15815____ ••_______ •_______ 1.82 52.1 1. 72 .945 ' 2.016 2.092 104 12416____ • ______________ ._ 1.71 53.8 1.10 .643 1.849 2;013 71 10317_____________________
1.60 55.5 1.10 .688 1.879 1:935 76 8618__________••_________
1.52 57.1 1. 70 1.118 2.090 1.861 123 7219______________•••____ 1.43 58.5 1.10 .769 1.927 1.. 797 85 63

20__ •••_•••_••••_••_. __ 1.37 59.9 .533 .389 1.631 1.733 43 54
21. __ •__._._••••_._ •• __ 1.27 . 61. 3 .600 .388 1. 630 1.668 43 47
22•••••_.__ •• __ ._•• ____ 1.24 62.5 .467 .377 1.617 1;613 41 41
23_ ••• ____._._••_._.__• 1.19 63.8 1.300 1.092 2.078 1~ 553 120 3624______._. __ •______• __ 1.14 64.9 .300 .263 1.461 1.502 29 .. 3225_______ •••• ___• ______ 1.09 66.0 •800 .734 1.907 1.452 81 2830_________________ ,_,_ 8.65 71.0 3.900 .451 1.695 1.222 50 1740______ ._.____________ 6.86 78.9 .300 .0437 .681 .858 5 750 __ • __ ._.______ ._.___ • 5.72 85.0 .100 .0175 .284 .577 2 4

I The categories of egg stages are defined on p. 178, the categorIes of larval lengths are the midpoints of the class Interval.
S See text p. 179.
I See text p. 192;
, Items In the third columr\ divided by the Items In the ftrst column•
• Logarithms of the items in the fourth column plus the constant 2.041•
• These are the;values represented by the heavy lines of fig. 17.

This selection provides a series that approximately follows the eggs of cruises I
to IV through their subsequent stages. Since by far the largest numbers of eggs were

II Before theaverages were drawn an adjustment was made In the numbers of larvae from cruise IV on whIch a group of stations,
Fenwick I. Wlnterquarter I, II, and Ill, and Chesapeake I and III had been omitted. These statIons were located In the area where'
only 2 days previously there had been found most of the 5- to l1-mm. larvae and the .0mi'l8lon of these statIons caused a marked.
deficiency of th_ sizes In the totals of cruise IV (note In table 5, column 4, the abrupt drop In numbers from the 3· to the 5-mm.
class). Since these partIcular stations were occupied at the very end of cruise III, growth and mortality In the few Intervening days'
before cru.Ise IV would have only slightly altered the catches at these stations by the time of tMlatter cru.Ise. Therefore, to restore
the deficiency. the catches of cruise III at these stations were added to the cruise IV totals, giving new values of 5381, 1998. 682, 150,
67,31,6, and 3 for the 4- to l1·mm. classes In the 4th colnmnoftabla 6.



BrOLOGYOFTHE ATLANTIC MACKEREL 193

taken'on the··first 4 cruises, the treatment includes the population resulting from the
major portion, perhaps 70 percent, of the season's spawIling. It of course ignores
the fate of the fewer eggs spawned prior to or later tha:nthefirst four cruises, but the
neglected portion is probably so small that it is unlikely that the survival of the whole
season's brood of young differs from that of the treated portion. It could do so only
if the lllortality of the neglected portion differed widely from the included portion.
There appears to be no reason for believing that there was any such wide difference.
On the contrary, examination of the relative numbers of the various stages and sizes
caught on those cruises which included a part of the history of the neglected portions
suggests that these had a survival rate similar to that of the included portion.

Having the average relative numbers of each category of egg and larva from this
selected series (table 7, column headed"Average per cruise") there remained the
necessity of adjusting the numbers to compensate for the differences in the duration of
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time represented by eaoh egg stage and each larval-length class. The stages or classes
representing a long period of development would be passed slowly and the catches of
such a category would represent a larger accumulation of individuals than a category
representing a shorter period of development. Since the accumulation would be
directly proportional to the duration of the category, the true relative values were
obtained by dividing the numbers of individuals in each category by the number of
days required to pass through that category, according to the schedule, given in the
column headed "Duration of category" of table 7. This, in effect, reduces the data
torepresent what the relative number.s would have been had it been possible to sub
divide the material into categories that occupied uniform time intervals-in this
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instance, one day. The resulting values are given in the fourth column, and the
logarithms of these (column 5) of table 7 are plotted in figure 17.

Reliability oj the 8'Urmval curve.-The determination of the survival curve was based
on plankton hauls generally considered to be only approximately quantitative, it
utilized only selected portions of the original material, and it involved extensive
computations. The reliability of the result therefore depends not only on quantitative
adequacy of the original material, but also on whether the subsequent procedure in
troduced any biasing influences. The following discussion will draw attention to
the facts which appear to have an obvious bearing on reliability. Unless some
pertinent features have escaped notice, the conclusion is inevitable that this survival
curve has surprisingly high reliability for all stages up to the length of 22 rom., or,
for the first 60 days of life.

Considering first the collection of material, attention may be confined to those
influences that might possibly cause large larvae to be caught in relatively greater or
lesser proportion than small larvae, for it is only by such "size selection" that the
slope of the survival curve, and hence the conclusions as to mortality rates, could be
affected. On this score there are two possibilities: the nets' catching ability might
differ for different sizes of larvae; or the distribution of the larvae might vary in such
a way as to cause a less complete sampling of one size than of another.

In the appendix (p. 215) there is given evidence which appears to be indicative, if
not conclusive proof, that the nets caught practically all the larvae in the paths of
their travel, at least up to the 22 rom. size; hence net selection was probably not a
biasing influence in this size range.

Since the nets were fished from surface to below the thermocline, and since the
larvae probably do not descend below that point (p. 173), and since straining was sub
stantially uniform for all levels fished, there is littlE' likelihood that differential vertical
distribution was a biasing factor. There remains, then, the possibility that larvae of
different sizes had different horizontal distributions, and that these distributions
differed in a manner which would have affected the relative adequacy of the sampling
of the various sizes.

For small larvae up to 10 or 12 rom. in length, the drift was determined (pp.
183 to 191) with sufficient precision to establish the fact that the population of these
sizes did not drift out of the area sampled. The majority of large larvae 22 to 53
moo. long, however, taken off eastern Massachusetts on the final (ninth) cruise, were
outside the area covered on earlier cruises. Could, then, a portion of the population
of medium sizes (12 to 22 moo.) have left the waters south and west of Nantucket
Shoals, that is, the area of survey, prior to the ninth cruise; and thus bav.e been under':
sampled? If so, they should have been found in the intervening area during the eighth
cruise, which, fortunately, included that area. This cruise took place shortly after
the main portion of the larva,l population was in the 12- to 22-0000. size range. It
included stations around Nantucket Shoals and on the portion of Georges Bank just
east of the Shoals; 20 hence, in the area through which larvae would have been drifting
or swimming if they had, by this time, begun their movement north and east past the
Shoals. Since no larvae of these sizes were taken there, it seems unlikely that these
sizes were undersampled as a consequence of emigration from the area south and west
of the Shoals. In other words, the intermediate, as well as small sizes of larvae, were
sampled in approximately their true proportions.

It These stations of crulse VIII have Dot been Included In any of the tables because the hauls there lacked pertinent material.
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For the larvae over 22 mm. long there is no evidence to d~terminewhether or not
they were caught by the nets in their true proporti()lls. On general grounds, one would
expect that they could elude the nets, though the taking of a specimen as long as 51
mm. shows that the gear could catch at least some large-sized larvae. Offsetting the
probability of undersampling the larger sizes, there is th~ opposite probability of over
sampling them, because the stations were somewhat more closely spaced (see fig. 14)
in the area north and east of Nantucket Shoals, where they were found, than south
and west of the Shoals, where the smaller sizes were most abundant. Whether or
not the loss of large larvae by eluding the nets and the gain by possible oversamplin!!
as the result of closer station spacing offset each other perfectly is indet~rminahle

from the available data. Hence, the mortality determination is of uncertain reliability
for sizes over 22 mm. For those smaller than22 mm., the determination is reliable as
far as collecting methods are concerned.

Having found little reason to suspect size-connected biases in collecting, excepting
possibly for sizes over 22 rom. long, two questions remain: were the hauls themselves
sufficiently quantitative to give reliable indices of abundance for each station; and
were the stations spaced properly to give a reliable summation of abundance for the
entire area? To answer the first question separately would require a study of the
variation in series of duplicate hauls, and is precluded for lack of material, but both
questions may be answered simultaneously by a study of the relative numbers caught
at the various stations in relation to the probable nature of distribution of numbers
of individuals in the sea.

Inspection of charts of egg or larval distribution (fig. 13) suggests that the
pattern of concentration has a form closely related toa normal frequency surface.
Near the middle of the area in which eggs or larvae occur are one or several stations
with very high concentrations corresponding to the mode; surrounding these are
more stations with decidedly lower concentrations corresponding to the slopes; and
at the periphery are many stations with very low concentrations corresponding to
the "tails" of the normal frequency surface. Let us assume, for the moment, that
the concentrations of eggs really do form a normal frequency surface. Then the
number of a particular stage caught during a particular cruise is a reliable ind~x of
the abundanc~ of that stage at that time, provided that: the stations where the
catches were made were so located as to give proper relative representation of the
various parts of this normal frequency surface, such as the mode, slopes, and tails;
and that the catches also were sufficiently reliable to provide the true relative numberS
to be found at the various parts of this surface. Therefore, a test as to the conformity
of catches to the normal frequency surface would at once indicate whether the above'
assumption is correct; whether the catch stations were arranged so as to sample
adequately the various parts of the distribution; and whether the hauls themselves
were quantitatively reliabl@.

To translate the normal frequency distribution into a convenient form for making'
the tests, table 8 has been prepared.21 It was derived from the curve of the normal
frequency distribution where, for unit standard deviation and unit N

:rJ

y=O.398ge-2

'1 Buchanon-Wollaston (1935. p. 85) has given a table purporting to give the same statistlc." but It appears to represent the
results of sampling only along aline passing through the mode of a normal frequency SurfllCO, not the ro:mlts 01 sampling over the
entire surface. For the latter, account must be taken of the fac~ that In such a surface, so sampled, the areas of classes of eql1ll1
range In ordinate height Increase as the square of the distance from the mode.

525293-44--4
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by calculating for values of y (catch magnitudes) the corresponding values of xJ
(relative number of catches) over a range of y from 10,000 to 5 and at intervals of 500
for the first 19 classes, of 25 for the next 19 classes, and of 5 for the next 4 classes.
For convenience the z2 .series was converted to values giving a cumulative total of
approPmately 1,000 (actually 999.96). This table can be used for any range of catch
sizE*! in which the maximum is not more than 2,000 times as large as the minimum,
by first multiplying the empirical values by 10,000 times the reciprocal of the maxi
mum catch. Linear interpolation is fairly accurate in the table ranges of 10,000 to
5,000 and of 500 to 250; but the work is facilitated and is more accurate for all parts
of the range when the tabular values are graphed.

TABLE 8.~Relative number oj catches oj given magnitudes to be expected jrom a population oj organ
isms distributed in the jorm of a normal frequency surface

. Magnitude of catch
Number of Number of

catches, catches,
cumulative by classes

Magnitude of catch
Number of Number of

catches. catches.
Cuniulatlve by classes

10.000..,.-••••_••••••• _" •••••••••_ __••••••••••••

9.1iOO.-••••••••••••••••_••••••_... 6. 71

9.000_••••••••••••••••••••••••_._ 13.82

8.500_ _.. 21.32

8.000_............................ 29.28

1.1iOO.-••••••••••••••••••••••••••- 31.17

1.000_ ••••••••••' •••• '.'." ••••• 

8.1iOO_••••••••••••••••••••••••• __

8.000_•• _••••·••••••••••••••_.····

1I,liOO_••••••••_•.•••••••• -••- ••- --

6,OOO~.."'-- ... _•.- ..~ ..- ..-- ...~ ..._~-- __ -_--

(.500_••••••••••••••••••••••••••

(.000_••-•.••••••••••••••••••.••••

8.1iOO_•••••••••••••--••••-•••••••_

8.ooo_.••••c••••••••••••••••••• __

2.1iOO_•••••••••••••••••••••••••--

~-7·······-················
~.IiOO-•••_-••_••••-••-•••---•••• -

1.000-•••-••,.-••-.-.-••••-.----

lillO-·-777--' "7-'-'-7"''''-'''-''
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4JiO_.--.-•••••-.-•••••••••-••••

.~

(6.85

118.59

61.12

18.57

91.H

105.02

120,115

138.12

158.38

182.40

211.1(

249.57

302.93

394.12

(00.83

'07.94

(211•• _••••••___._•••• __ • __ •••_._ •• (15.44
8.71 '1.98

(00••••••• __••_._............__••• 423.'0
1.11 8.(9

375. __• __ •_••••_••"'......_•••• __ (31.89
1.50 9.08

350••_••_••••• , ___ •___ ._._•••___ •• ((0.97
7.98 9.1(

325._._ •__._•••_._. _._ •• _. __ ._.___ (50.71
8.(9 10.58

300•••_•••_._., ••••••_._ ._._•__• _. (61;24
9.08 11.411

275•••_••••_. _••__ ._••••••_•• _••_. (72.69
9.74 12.117

250 __ ._._..._______•••___•••••••__ 485.28
10.53 13.88

225 _•• ,._•••_.,______••••••_••____ (oo.l(
11.45 111.58

200_ •••__••_••••_____ ._._._•••••__ 1114.87
12.57 17.111

175. _••••• _. __......_. __ • _.,•• ____ 582.24
13.88 20.28

150_•••__• __ •__••__ ._•••_••••••••_ 1152.50
111.58 24.02

125__ ._._••_••_..._••_______...... 576.52
17.57 29.34

100.__•••_•••••_._ ._.__••••••••••• 605.86
20.28 37.83

75. _' __"" ____•••___ •••__••_'_.'. 6(3.69
24.02 58.38

50__ •___ • _•• _••••••••••_.._••••• __ 697.05
29.34

25••••••_. __• _. _•• , .~_._ •• __ ._•••_
91.19

788.24
37.83 29.34

20 _•••_••__ ._._____ ._._..______". 817.58
113.36 37.83

15•••_•••••__._._._••• _••_._. _•• _. 855.(1
58.$891.19

10•••__._••••••• __ ._••_._•••_•••__ 908.77
6.71 91.19

5•••_._ ••_••••••_._._._._._._._.,. 999.96
'1.11

'1.50

In table 9 there are given, as an example, the computations involved in determin,.;
mg'the class limitsfordiV'tding the catch magnitudes into 5 categories, using the data
for stage A eggs from cruise I. Since the sampling of the plankton usually was ·of a
portion that permitted detection of eggs down to 20 per station, 20 was taken as
the minimum, giving a range of 5806 to 20 for catch magnit,udes (first and last items

in column 4 of the example). Multiplying these by 15~~0~60 gives 10,000 to 34 as the

corresponding tabular range (first and last items. of column 3 of the example). Enter
ing tabie 8 with catch magnitude 34, by interpolation, it is found equivalent to a
cumulative catch number of 755, and this figure is entered as the last item in column
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TABLE 9.-Example of the computation of limits for 5 classes within each of which an equal number'of

catches would be expected if the distribution of stage A eggs during cruise I conformed to a normal
frequency surface; and the actual and theoretical number of catches for these claBs limits

1 2 3 4 Il 6

Tabular Tabular Actual classnumber of class limits limits for Actualnum· Theoretical
Equal fifths, cumulative catches ex· for catch catch magni· ber of number of

pected, cum· catches catches
ulative magnitudes tudes

1.8

1.8

1.8

1.8

1.8

2

1

4

2

o

10,000 1l,806

3,190 1,853

1,010 686

321 186

102 Il9

34 20

o. 0•••••••••••_••_.__••_._••••_•••••_._ ••_••••_••• ~.-.-••..•..•_••••••.

0.2••_••••• _. •••••• ••_.__ • . ._.• ._._... 151

0.4••••__ ._._••••••• • • .. ••.• __• __ .. 302

0.6•••_._. ._. • •• ._••••. •• •• • 453

0.8_••• ._._•__ ••• .. ••••" •• _•._••__ ._•. • 604

1. 0•••_._. _. __._. • _•••. ••_••••_._ ••••__ •_••••__••.. 755

Total. ._._. • •._.•••__.. ••• •••.• I-__-__-_.-_.-.-__-._-.1 -••-•.-_.-_.-••-.•-..+_-,...-_.-..-_.-..-_.-.,I-..,....---g-I----9-.0

2 of the example. It indicates that 755/1000 of the frequency surface is to be taken
into account. Then 755 is multiplied by the items in column 1 of the example, giving
the series of items in column 2. Successive differences in this series would represent
equal :fifths of the frequency surface out to 755, but it is, of course, not necessary to
compute these differences. The corresponding catch magnitudes are secured by
entering table 8 in the column of "Number of catches, cumulative," and reading, by
graphical interpolation, from the column of "Magnitude of catch." This gives the
series of column 3 in the example. These represent the class limits within each of
which one-fifth of the catches would fall if the maximum and minimum had been
10,000 and 34, respectivc1y, and the distribution of catch magnitudes conformed
perfectly to the distribution expected from a normal frequency surface. Since they
were, instead, 5,806 and 20, respectively, the factor 5,806/10,000 is used to convert
them from the tabular to the actual basis, giving the values in column 4 in the ex...
ample. Between each pair of successive figures there should be found, theoretically,
an equal number of catches of stage A eggs from cruise 1. In the first column of
table 19, cruise I, the adjusted totals of individuals of stage A are given, and a count
of those lying between each pair of specified class limits gives the numbers in column
5 of the example. Since the total number of catches was 9, neglecting those below
20, the theoretical number for each class is 9/5, or 1.8, as given in column 6 of the
example. .

When the same computations are performed for the stage A eggs of cruises II,
III, and IV, and the actual number of catches are added together, by classes,
there results the series of values given under the appropriate heading in the first line
of table 10. There are now enough items in each class to apply the x,2 test; and the
probahility P, that random variation would exceed the actual variation, is found to
be 0.85. This value would appear to be rather high; but when the work is done for
the remaining stages up to 22 mm. with due regard to the necessity of hav-ing fewer
classes for the later stages in order to keep the numbers per class high enough to use
the x,2 test, it is found that the values of P are distributed almost exactly as would
be expected, for there are 7 of them below and 8 above 0.5, and the mean is 0.53.
Hence it must be concluded that the catch magnitudes of stages up to 22 mm. larvae
are related to each other quite as would be expected had these stages been distributed
in the sea inconformity with the normal frequency surface.
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TABLE lO.-Summary oftesl to determine whether the magnitudes of catches of eggs and larvae con
formed to the distribution expected from sampling a normal frequency surface

Stage Cruises in
cluded

Lower limit
of catch

magnitude
ActuB! number of catches by

classes

Expected
number of
catches in
each class

x· p

-------
Eggs:

I-IV 20 10 6 7.6 1.4 0.815
A_________________________ . ______

8 8 6B ____ •___________________________
I-IV 20 8 13 9 9 9 9.6 1.6 .80C______ •___ . __ ..• ________________ I-IV 20 13 9 6 9 12 9.8 2.1 .70

Larvae (millimeters):
II-V 20 7 8 13 6 7 8.2 3.7 .443_____ . ___________________________

4_________ • _. _____________________ III-VI 20 9 7 9 4 5 6.8 3.0 ;555_______ • _. _____ •___ • _________ • ___ III-VI 10 6 6 8 9 4 6.6 2.4 .676_____ • ___________ •___ •___ •_______ III-VI 5 10 4 8 3 4 5.8 6.3 .187_______ • _________________ •_____ •. III-VI 1 7 8 6 9 5 7.0 1.4 .8158____ ._.__________________________ IV-VII 1 6 5 4 4 10 5.8 4.3 .869_ • __ • ____________ •_______________ IV-VII 1 (Il 4 4 3 9 5.0 4.4 .2210___ •____________________________ V-VIII HO.10 (3 (3) 8 6 7 7.0 .3 ,8211 _______________________________ •
V-VIII 1- '.10 (3l (3) 7 2 10 6.3 5.2 .0712___________________________ •• __ . V-VIII 1- '.10 (.) 7 5 2 4.7 2.7 .2713-15. ____________________ •• _. ____ VI-IX 1- 2.10 g) (3) 6 5 7 6.0 .3 .82

16-22_____________________________ VII-IX 1- '.10 (.) (.) (.) 7 4 5.5 .8 .36

I The catches were divided into four clBSSes, leaving this cll\!S vacant.
• Lower limit for cruL·es VIII and IX where 2-meter nets were used.
• The catches were divided into 3 clB!>ses, leaving this class VBCBnt.
• The catches were divided into 2 classes, leaving this c1l1SS vBCBnt.

This result may seem one in which the empirical data are closer to theoretical
expectation than they should be, for it will be recalled that the frequency surfaces,
as exemplified by the charts of figure 13, were not normal, but were skewed in one
direction or another, and were elongated rather than circular in form. The skewing
might not necessarily be detectable in the test, for the loss on one side may be ap
proximately offset by the gain on the other, but the elongation should have its effect,
as is readily apparent if one imagines such elongation carried to its logical extreme.
Then the distribution would be in a band so that constant values would be found
when sampling longitudinally to the band, and values distributed in accordance with
the normal frequency curve, rather than the normal frequency surface, when sampling
8cross the band. At -this extreme the catch magnitudes should be relat~d to each
other as if drawn from the normal frequency curve instead of the normal frequency
surface. With intermediate elongation, such as indicated by" the isometric lines of
figure 13, it is uncertain whether the distribution of catch magnitudes might be inter
mediate between the type expected from the frequency curve and that from the
frequency surface, and hence fit neither; or whether it might still closely conform
to the type expected from the frequency surface as would easily be true if, in the
elongated surface, the form of the normal frequency curve were retained in the section
along its major axis.

In any event, it is probably significant that the elongation of isometric shapes of
figure 13 is gf\nerally parallel to the coast, and also that the station grid is rectangular
rather than square, so that the mean spacing between stations in a direction longitud
inal to the coast is greater than that in a direction perpendicular to the coast, the ratio
of the latter to the forro'er averaging 0.44. Furthermore, by measurement it may be
found that the mean ratio of the minor to the major axis in the isometric shapes of
figure 13 is 0.47. Thus the sampling pattern was warped about the same amount
and in about the same direction as the egg and larval distribution patterns. One
compensates almost exactly for the other, and it is therefore less surprising that the
empirical data should fit the theoretical distribution, even though the latter did not
specifically take into account the elongation of the egg and larval distributions.

Since it is impossible that hauls of indifferent quantitative accuracy, or that
sampling at a pattern .()f stations that did not adequately explore the area could,
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by chance, produce a series of catch magnitudes conforming so well to hypothesis,
it has been proved not only that the hauls were quantitative, but also that the samp
ling provided adequate representation of all parts of the distribution of each of the
various stages of eggs and larvae up to 22 mm. long. Nothing is yet proved as to
the extent of random variability, either of the quantities caught per haul or per cruise.
This would control the scatter of points in figure 17 and will receive consideration
in the final paragraphs of this section.

The foregoing has dealt with the collection of material. Turning now to the
mathematical treatment, the initial step was to total the catches of a given stage for
each cruise and then average these totals for certain groups of cruises. This use of
total per cruise is equivalent to a direct arithmetic integration of the frequency surface
and could introduce no errors if the same stations were occupied on each cruise, and if
all stations represented equal unit areas. These requirements were approximately
met because the same station plan (fig. 14) was used for each cruise, and the stations
were distributed uniformly enough to represent approximately equal unit areas.
The principal change from cruise to cruise was the omission of some stations. As
earlier mentioned, stations north and east of Nantucket Shoals were omitted from the
first seven cruises, and it already has been pointed out that this probably had no
effect on the computation because these northeasterly stations could have contributed
nothing to the totals of the group of mackerel that is followed in the survival curve.
Besides this the stations at Martha's Vineyard IV, Montauk IV, New York V and
VI, and Cape May I were usually omitted. Since they proved always to be at the
periphery of the egg and larval concentrations, their exclusion or inclusion could make
little difference. However, on four of the first seven cruises, there were additional
omissions which could possibly have had important effects.

On cruise I the station at New York I and all of those on the Montauk and
Shinnecock sections were omitted. Judging from the catches at adjacent stations,
and also from the distribution of appropriate stages on the f')llowing cruise, three of
these omitted stations might have added low to medium catches to the totals for
stage A and B eggs, but this could not have increased their totals for that cruise by
more than 5 percent, and could have modified the average per cruise of the four
cruises used for these stages by less than 2 percent, so the effect of this omission is
inappreciable.

On cruise IV all stations on the Winterquarter section, and those at Chesapeake I
and III were omitted. This omission would have a serious effect on the tOtal for that
cruise, for these stations could have been expected to yield nearly maximal numbers of
4- to 8-mm. larvae, but the effect of this omission was rectified by substituting the
cruise III values for these stations in calculating the average per cruise. (See foot
note p. 192.) This substitution could have introduced error only to the extent of 2 days'
growth and mortality-an effect that would not be perceptible after inclusion of the
data for the three other cruises in the group average.

On cruise V the stations on the Martha's Vineyard section, at Montauk III, and
at Shinnecock I and II were omitted. This probably reduced the totals of 3-mm.
larvae appreciably, and 1-mm. larvae slightly. If the effect on the 3-mm. larvae is
estimated by examining the result of substituting numbers interpolated from the
previous and subsequent sampling at these statiom, the total for this size of larvae is
increased from 5,215 to 12,549 for cruise V and the average per cruise for cruises II
to V is increased from 9,310 to 11,144. Substituting the latter in table 7 and carrying
the work through to the logarithm of the empirical number surviving per million, it is
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found that the value increases from 5.299 to 5.378, indicating that the point for 3-mm.
in figure 17 should probably be raised by an amount nearly equal to the diameter of
the dot representing it. Similar examination of catches of 4-mm. larvae indicates
that the total for cruise V might be raised from 8,236 to 9,945, a change that becomes
imperceptible when worked through to the values on the graph of survival.

On cruise VIII the stations at Fenwick, Winterquarter, and Chesapeake were
omitted. At the very most these could have contributed nothing to any of the
ftv-erages involving this cruise, excepting possibly a very few individuals in the 7-,
8-, and 9-mm. classes. These would not cause a perceptible change in the survival
curve.

By the time of cruise IX, only one larva was found along the New York section,
f!.nd it was so probable that none at all remained south of that locality that the omisson
of aU stations from there southward could not have had any effect on the survival
curve.

Hence it may be concluded that the use of cruise totals introduced no errors other
than a slight lowering of the 3-mm. point on the survival curve.

Turning now to the possibility that errors were introduced by the selection of
certain cruises, it will be recalled that the successive points on the survival curve con
sist of averages of the catches in groups of cruises, using successively later cruises for
the successively older larvae so as to follow the main population through the season
from egg stages to late post-larvae. Owing, however, to exigencies of boat operation,
the cruises toward the end of the season were separated by wider intervals of time, so
that the average numbers of older larvae were calculated from samples more widely
spaced in time. This would tend to include relatively more submaximal values for
the older larvae than were included for the eggs and younger larvae. Although the
effect of this cannot be directly measured, it is possible to deduce the extreme amount
of distortion to be expected from the inclusion of submaximal values.

This can be done by restoring submaximal values to the computation of the
average number of young larvae. For instance, for 5-mm. larvae, the average of the
catches for cruises III to VII, which were the ones used in the mortality determina
tion, was 1,760. Inclusion of cruises I, II, and VII would restore submaximal values
and produce an average of 1,220. Substituting the latter figure in column 3 of table
7 and carrying the computation over to column 5 gives a figure of 4.387 instead of
4.547 for the 5-mm.class. This would lower the point for 5 mm. in figure 17 by
about 1}2 times the diameter of the dot representing that point in the graph. This
is a very small alteration brought about by a relativelylarge .increase in submaximal
values. Therefore the inclusion of what was probably a relatively small number of
submaximal. values for the older larvae by the method used in averaging cruises to
obtain the mortality curve could have lowered the points representing the older
larvae very little indeed, and therefore have altered the curve by only the slightest
amount.

, Next may be examined the distortion that could be connected with the growth
rate data employed in computing the mortality curve. Evidences of the reliability
of the growth-rate determinatiol} were given in the section on that subject, and it
was concluded that the general course of the growth curves must be essentially
correct. It remains to be considered here whether there might nonetheless actually
have been irregularities in growth, and because they \\'ere not reflected in the growth
statistics used in computing mortality rates, they could have produced the observed
peculiarities in the survival curve.
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The outstanding peculiarity in the survival curve is, of course, the abrupt
change of level and slope at the age of 40 days, or length of 10 mm. To investigate
the possibility that this might have been due to the mathematical effect of a fluetua
tion in growth rate, rather than a fluctuation in mortality rate, let it be assumed that
the mortality rate through and beyond this period was constant, ~nd comRutetll~

changes in growth rate required to fit this hypothesis. The resulting pew va)ues fOJ;
growth rate, in terms of days required to grow one rom. in length, are AS foUows:
Millimeters: Da7/' Millimeters-Continued. Da,.

9~_______________________________ 3. 04 13~ ~____ '. ~,p

10_______________________________ .80 14_______________________________.18
11_______________________________ .38 15_______________ .09
12__ __ ____ _ ___ ___ __ ___ ____ _ • 24

Thus, this hypothesis would require growth at an ever-accelerating rate from 10
mm. on, such that less than a day would be occupied in growing from a length of 10
to a length of 15 rom., and by that time growth would be at the rate of 10 rom. per
day. Clearly this hypothesis is untenable, for such high growth rates are not only
absurd per se, but also inconsistent with the distributions of lengths of larvae taken
on successive cruises; and it may be concluded that the outstanding peculiarity in
the mortality curve cannot have resulted from a fluctuation in growth rate. This
demonstration, having prove<l that it requires striking ehanges in growth rate to
produce material effects on the survival curve, indicates also that errors of the order
of magnitude which likely exist in the determination of growth would not materially
affect the determination of mortality rates.

Thus far attention bas been centered on the possible elements of selective error
or bias connected either with collection of the material or the subsequent mathemati~
cal treatment. There remains the question of the effect of random variability. This
could not alter the level or the trend of the survival curve, for random variability
would produce empirical values that tend to deviate equally above and below the
true values, so that the sole effect would be on the scatter of points, or, in other words,
the relative reliability of fit by any lines expressing their trends. This is readily
investigated by conventional statistical methods. .,

Because the points in the curve obviously lie along straight lines over consider~

~ble segments, such lines have been fitted, by the method of least squares;t6 various
combinations of segments. Since our interest lies principally in the mortality rates
eXpressed by the slopes of the lines,attention may be focussed ontheh value, or
regression coefficient, in the equation: 22

y a+bx

which describes these lines. The standard deviation s of the regression coefficient b
may be estimated by the formula

S(y_Y)2
8= '

~tnl-2

To investigate the reliability of the slopes of the lines for various segments of the
diagram, one may calculate

b- P..JS(X-X)2• I ,
and find, from published tables, the probability, P, that any other slope p might
result from sampling the same universe. Being interested in knowing the limits of

II The symbols given In this and foJlowlng equatlone are those used by Fleher (1982).
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accuracy of the slopes, values of t may be selected for P=O.05, and by substituting
these in the equation,

st
b-13 ..jS(X-X)2·

values of b-13 may be calculated which, when added to b, or subtracted from it, will
~~~ the limits of a range of slope values. The chances will then be 19 out of 20
that the true slope lies within this range.

From these calculated ranges (table 11), it is clear that there was so little random
variability of the points' about the lines of best fit, that mortality values are accurate
to within one or 2 percent per day for all segments other than A to C.

There still remains the question: whICh of these combinations of straight lines
gives the most probably true series of survival rates? This may be investigated by
the formula for the significance of the difference of two slopes, again going through
the t tel:lt, using the formula

t== bl-b,

.J8 {S(X1~X1)2+S(X2~X,),J
where

, S(Yt- Yt)2+S(y,- Y 2)'

8 11,'-4

From the results given in table 11, where the subscripts of b represent the initial and
terminal points of the segments, it is apparent: (1) That bA- O differs from b,_, just
enough to indicate that the survival rate probably is significantly higher in the larval
stages than in the egg, and therefore the two lines A-C and 4-8 better describe this
segment than the one line A-9. However, the latter does not differ significantly
enough from each of the former to preclude the possibility that it fairly well repre
sents the general course of survival from the early egg s~age to the 9-mm. larva.
(2) That bU - 22 is certainly· significantly different from b...-'b though not from b,-s.
The interpretation of these findings will be discussed in the following section.

TABLE n.-Estimates of accuracy of slopes of lines in figure 17

Equivalent mortality rates In pereent per
day

Begment b b-fJ
Indicated

(b)
Lower limit

b-(b-fJ)
Upper limit

b+(b-j9)

A-Cl __________ : ____ -- -_-___ -- - - - - - __ - - - --- -0.02246 ,,' 0.0307 0.1170 5.0 -21.0 27.5
f iJ4-8_____•______________• ___________________

-.05465 \'V .0337 .00716 11.8 10.4 13.3.&-9______________________________________ .
-.06521 .0905 .00515 13.9 13.0 15.0

11-22.________________________ . ____________
-.07467 \'." .1165 .0128 10.1 7.4 12. 7

TABLE 12.-Significance of the differences of the slopes of the line8 fitted to variou8 8egments of the 8urvival
curve

Slopes eompared Di1Ierenee , S. E.b,-b. p

bA-C and b.-. _
bA_. and bll-u .. - . - _
bJ.-c and bA-I -- , • _
b4.-1 and bA-' •__ • _
bo-. and bu-u _

0.03219
.01901
.04275
.01056
.00845

0.03294
.10562
.08574
.07898
.01030

0.0102
.00S8
.0259
.0056
.0086

3. 169 O. 05-0. 02
3.276 <.01
1.651 .2-.1
1.875 .1-.05
.988 .4-.3
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Mortality rates.-When the logarithms of the fully adjusted survival numbers are
plotted, as in figure 17, the series describes nearly straight lines over certain portions
of its extent, indicating that in each of these straight-line segments, mortality must
have proceeded at a uniform percental rate. The major feature to be noted is the
break at about 35 days when the larvae are 10 mm. long. At this point there is a
change of level and of slope which may be considered as dividing the curve into three
portions: (1) egg, yolk-sac, and larval stages, (2) transition between larval and post
larval stages, and (3) post-larval stage. Each will be discussed separately.

The first portion representing stages up to 10 mm. in length is subject to alterna
tive interpretations due to the nearly, but not wholly, linear arrangement of points.
The simplest interpretation is that the mortality rate was uniform and that the devia
tions from linearity were due to defective sampling. If so, the single heavy straight
line drawn from A to 9 mm. in figure 17 expresses the mortality. Accordingly, this
mortality was at a constant rate, and amounted to 14 percent per day. On the other
hand, it has been shown in the previous section that there is little ground for sus
pecting serious defects in sampling, and also that the slope of the line A to C differs
significantly from that of the line 4 to 8 mm. This being true, the mortality rate
would be better described by the three fine lines of figure 17, the one extending from
A- to C-stage eggs; another from 4- to 8-mm. la,rvae; and still another joining their
ends across the 3-mm. (yolk-sac) stage. According to this interpretation, the initial
rate, i. e., the rate during the egg stage, was 5 percent per day. The next rate, i. e.,
during the yolk-sac stage, was 23 percent per day, and the third rate, i. e., during the
larval stage, was 12 percent per day.23 However, according to both interpretations,
mortality has reduced the population to about one-tenth of its original numbers by
the time the larvae reach 4 mm. long, and when they attain 9 mm. in length at 35
days of age, to one-thirtieth of the original number. .

If anyone period is to be singled out as the most critical, it must be the ensuing
period during the transition from larval to post-larval stages, when in passing from
9 to 11 mm., the numbers are reduced by 90 percent in the short space of about 3
days. The rate of mortality may be variously computed, depending on the choice
of straight lines in figure 17. The lowest is 30 percent, and the highest, 44 percent
per day. Either of these rates is distinctly higher than the highest alternative esti
mate (23 percent per day) in the yolk-sac stage. The high mortality during this short
period, coupled with the losses previous to this stage, reduced the survivors to only
one three-hundredth of their original numbers; thus the population was already
severely decimated on entering the post-larval stage.

During the post-larval stage, the rate of mortality apparently was more mod
erate than in earlier stages. The data on which the rates are based appear fairly
reliable up to the 22-mm. stage, or 62 days of age, and the fitted line for the segment
11 to 22 mm. in figure 17 represents a mortality of slightly over 10 percent per day.
Beyond 22 mm. the catches of larvae were few and were confined to only one cruise,
80 that the reliability of their relative numbers is in doubt; but the evidence, such
as it is, points towards the continuation of the same rate of mortality to the size of
50 mm., or age of 85 days.

Restating the history of mortality, it appears that there was a general basic
rate of 10 to 14 percent mOJj;ality per day throughout the period studied. The most
important deviation from this general rate was during the 9- to ll-mm. stage, when
the population suffered about 30 to 45 percent mortality per day. Other deviations

H Also, according to this interpretation, the data In the last column of table 7 should be taken as representing the number of
I1I1'Vlvors per 840,000 newly spawned eggs Instead of per million. as given In the column heading.
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of somewhat doubtful significance occurred during the egg stages, when a lower rate
of 5 percent per day was indicated, and during the yolk-sac stage, when a higher,
rate of about 23 percent may have intervened. The net survival to the 22-mm.
stage, or 62-day age, was 40 per million newly spawned eggs; and, assuming a con
tinuation of the 11 to 22-mm. rate of mortality to the 50-mm. stage, or 85-day age, it
was 4 per million newly spawned eggs.

Discussion.-Since it is probable that the success or failure of year classes is
determined during early life, and since it is known that the year class of 1932 was a
failure, it is natural to assume that the mortality curve just given represents the record
of that failure. That this is true appears from the following considerations. From
fecundity data (p. 156) it is estimated that a female spawns about 500,000 eggs per
year, and from the size composition of the adult stock (unpublished notes) it may be
estimated that each female spawns over an average period of about four years, produc
ing a total of 2,000,000 eggs. Therefore, to keep the population constant, from
2,000,000 eggs, one female on the average should reach average spawning age; Le.,
a survival of one fish per million. But in 1932 only four fish per million were left at
the early age of three months. At this age, the rate of mortality was about 10 percent
per day. Were this rate to continue only 35 days longer, the survivors would number
only 0.1 per million; i.e., only 0.1 the number required to reach average spawning age. 
Of course, it should not be assumed that the 10 percent mortality would continue
indefinitely. But even should itbe as low as 2 percent per day, the year class would
be reduced to the 0.1 per million level before the end of the first year of life; and
even then they are at least 2 years removed from average spawning age. To reach
that age with survival of one per million, mortality could not average more than 0.12
percent per day during the time intervening between 50 mm. and average spawning
age. It is unreasonable to suppose that the mortality, last observed at 10 percent
per day, could immediately drop to such a low rate and remain there. Hence it is
likely that a year class, to be successful, must have a survival well above four per
million at the 50-mm. size, and that the 1932 class was a failure because of the high
mortality during stages preceding the 50-mm. length.

The causes of this failure may be sought in the record of mortality during the
various stages. The outstanding feature in this record is t.hat no single period could
be considered crucial in the survival of the year class with which we are concerned.
Mortality in all phases of development contributed substantially to the decimation of
the population. This fact is most readily appreciated when the contribution to total
mortality by the periods of relatively high rate is compared with the contributions by
the periods of low rate. 'Ihe mortalities in the yolk-sa,c sta.ge and in the transition
between larval and post-larval stages (taking the highest alternatives in each case)
together represent the passage through 1.9 logarithmic phases. All the other stages
together represent 3.6 logarithmic phases. Hence, one may say that about one-third
of the mortality was suffered during the so-called "critical" stages, and the other
two-thirds during what might be called "non-critical" sta.ges.

The question naturally arises, which of these was in 1932 the determining factor
in the failure of the year class? To answer the question calls for comparable data on
mortality during the early life history of a successful year class. Lacking this, one
can only speculate. If in 1932 the so-called critical stages were to have been elim
inated, the survival to the 50-mm. point would have been 250 per million eggs spawned.
If the so-called noncritical stages were to have been eliminated, it would have been
12,500 per million eggs spawned. Of course, it is difficult to conceive of complete
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elimination of mortality from any of these stages, but if a year class is to be successful
there is obviously greatest opportunity for improved survival in the noncritical stages,
for they contributed most heavily to the failure of the year class. For this reason, one
must look with at least as much suspicion on the mortality during non-critical stages
as on the mortality during critical stages when in search for casual agencies that may
have been operative during 1932.

In looking for such agencies, there are two features of the 1932 season that ap
peared to be unusual and of the sort likely to have affected survival. One of these
was the relative paucity of zooplankton in the area of survey during the spring and
early summer (i.e., May and June). The zooplankton catches averaged only 280 cc.
per haul, as compared with 556 cc. in 1931 and 547 cc. in 1930 (Bigelow and Sears,
1939, p. 200). Both of the last named seasons produced good year classes, and there
is, therefore, an indication of correlation between zooplankton abundance and the
survival of a mackerel year class. If failure to survive in good numbers in 1932 was
in fact due to dearth of food, and the dearth was continuous throughout the season
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FlG~ lB.-Resultants of wind movement, as recorded at Wlnterquarter Lightship during May of each year 1930-1933.

of larval development, as the data indicate, it could easily affect the mortality through
virtually all stages, for the smaller fish larvae probably feed on the young stages, and
larger larvae on the adult stages of zooplankton forms.

The other distinctive feature was the prevalence of northeasterly winds during
the period of larval development in 1932. Figure 18, in which are plotted the result
ants of wind movement of force 3 Beaufort scale or higher, during May of each year,
1930-33, demonstrates how 1932 differed from the other years in having an excess
of northeasterly over southwesterly winds. That this may well be related to the
production of successful year classes is indicated by the fact that 3 years, 1930; 1931,'
and 1933, all with an excess of winds from the southwest, gave rise to successful year
classes, while 1932, the only one with an excess from the northeast, failed to produce
a successful year class 24 (Sette, 1938, p. 19).

Since the discovery of this relation between successful mackerel year classes and
wind movement, similar phenomena have been reported for other fishes. Carruthers

.. The wind directions In 1928 and 1929 were not ccnslstent with this rule of ccrrespondenoo of southwesterlles and successful
year clBSSeS, but there were other unusual features of the year classes from these seBSODS and therefore consideration of them will be
left to a subsequent paper of this series.
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and Hodgson (1937) reported correspondence of relative success of six herring year
classes and the strength of winds from certain quarters as inferred from pressure
gradients; and Carruthers (1938) amplified these findings, presenting the relation
for ll-year classes in the East Anglian herring fishery. He concluded: "It is reason
able to argue along these lines:-as from year to year, increased 'from-Channel' air
flow means increased 'from-Channel' water flow, and this in tum means:-(I) That
the passively drifting spawning products will be drifted farther afield-apparently
a good survival augury for the herring * * *." In the same paper, Carruthers
demonstrated the parallelism between changes in both certain pressure gradients
and east wind component, on the one hand, and relative strength in a series of 15
haddock year classes on the other hand. These illustrations support the theory that
local winds affect year-class survival. Though they demonstrate the importance of
transport, the remainder of the survival (or mortality) mechanism, pa:rticularly its
biological aspects, has yet to be elucidated.

For the mackerel of the American Atlantic seaboard, however, it is possible to
advance a reasonable explanation for the connection between wind direction and
survival. The center of spawning, it will be remembered, is southwest of Fire Island.
The juvenile nursery grounds, judging from relative quantities of young mackerel
usually found along various parts of the Atlantic seaboard, is along the coast of
southern New England from Cape Ann to about the eastern end of Long Island.
Therefore the prevalent southwest winds during May of 1930, 1931, and 1933 con
veyed the larvae toward the nursery grounds. Conversely, the prevalently north
easterly winds of May 1932, on the average, were of hindrance rather than help to
the larvae in reaching their nursery ground.

If this be true, there is the further probability that the significantly higher mor
tality in 1932 at the transition phase when fins were developing was a consequence of
the pattern of drift in that year. The formation of fins and their subsequent use
undoubtedly enlarged the expenditure of energy and hence increased the food re
quirement at the transition phase. At this time, on the average, the larvae were still
distant from their nursery ground and if feeding was poorer where they were than on
the nursery ground, the observed heightened mortality at this phase would thu-s be
explained. Shortly after, by directional swimming, and with some assistance from
favorable winds, some of the larvae did reach the presumedly more favorable location
and thereafter were subject to a distinctly lower mortality rate.

Thus, there are evident two influences that contributed to the failure of the 1932
class. One was the general paucity of plankton, which probably increased mortality
throughout the entire early life history; the other was the apparently unusual direc
tion of their drift, which probably heightened mortality mainly during the transition
from larval to post-larval stages. Though either one of these influences might con
ceivably have been the sole cause of the failure of the 1932 class, the shape of the
survival curve suggests that both contributed substantially. .Indeed, the two might
be related to each other as well as to the mortality of the mackerel. To be sure, these
are speculative conclusions. However, they furnish hypotheses that should be useful
in planning further observations, especially in seasons of successful survival.

Significance oj observed mortality in 1932.-.Although one season's observations on
one species of fish form a slender basis for generalizations, the fact that it is perhaps
the only determination of mortality of a marine species under natural conditions
gives special significance to the results, for it affords opportunity, for the first time, of
comparing actual observations with theory.


