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ABSTRACT

The possible influence of temperature changes on the distribution and abundance
of marine species is examined. Mackerel catches show a relation to air temperature
fluctuations in data extending over a period of 130 years, the catches having declined
to about one-third their former level since 1900 and also having decreased in the ampli-
tude of their fluctuations. Decreased landings of both lobsters and whiting (Merluc-
cius bilinearis) south of Cape Cod may be due to a warming of inshore waters, while
north of Cape Cod the warming has produced optimal conditions resulting in greatly
increased catches of both species since 1940 and also in late fall and winter catches
of whiting. Menhaden, which had not been fished in Maine waters since the end of
the 19th century, reappeared there in 1945 and have become commercially exploited.

The abundance of the yellowtail flounder (Limanda ferruginea) has declined on the
southern New England fishing grounds while showing an increase on Georges Bank.
The decline in the yellowtail flounder and the growth of a thriving fishery for ‘‘trash”
species on the grounds where the yellowtail was formerly abundant suggests a major
ecological change. New northern records of southern species have been published
with increasing frequency since about 1930 with- no corresponding inerease in records
of extensions of the southern ranges of northern species, thus indicating these in-
creases are real and not the result merely of an increased number of observers.

The changes in distribution and abundance of marine animals produced by the up-
swing in temperature fall in several categories and these are discussed. These changes
do not appear to have produced any obvious alteration of the general faunal charac-
teristies of the Gulf of Maine region.
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CLIMATIC TRENDS AND THE DISTRIBUTION OF MARINE ANIMALS IN
NEW ENGLAND

By CLYDE C. TAYLOR, Fishery Research Biologist, HENRY B. BIGELOW, Oceanographer, and HERBERT W. GRAHAM,
Fishery Rescarch Biologist

For many years Americans have commented on
an apparent warming of their climate; older people
have referred to the ‘““‘old-fashioned winters’’ they
once knew. Climatologists long shrugged off the
idea as unfounded, but a melioration in climate is
no longer confined to the popular mind: a decided
trend toward warmer winters during the past 50
years is now well-documented. Air temperatures
in winter, particularly since 1910, aré definitely
higher in higher latitudes of the Northern Hemi-
sphere and probably throughout the world gen-
erally. Glaciers have been receding and in far
northern latitudes, plants and land animals fol-
lowing the retreating ice have extended their
ranges northward and to higher altitudes. For a
bibliography dealing with responses of plants and
animals to climatic changes, the reader is referred
to Rapports et Procés-Verbaux des Reunions,
vol. 125, pp. 42-52, Conseil Permanent Inter-
national I'Exploration de la Mer, Part 1, 1949.

‘Warming of the oceans during periods of higher
air temperatures is difficult to demonstrate
because of the paucity of observations of sea-water
teraperatures. Evidence shows, however, as Smed
(1949, 1953b) points out, that the Arctic Ocean
has warmed appreciably since 1921. This author
also presents evidence of increased water temper-
atures beginning in the 1920’s in the North Sea
and in the North Atlantic from the British Isles
to the west coast of Greenland.

The warming of northern waters has been ac-
companied by the northward extension of many
marine vertebrates to the region of Iceland
(Fridriksson 1949) and by profound changes in the
fish populations around Greenland (Taning 1949).
The development of the cod fishery on the west
coast of Greenland has been spectacular. As the
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waters warmed in this area, an offshoot from the
Icelandic stock of cod became established and
now supports a substantial fishery (Jensen and
Hansen, 1931). In the years 1911 to 1921, the
West Greenland cod fishery produced less than
500 tons a year. In 1925, the catch doubled and
thereafter continued to increase. .In 1952, some
252,758 metric tons of cod were landed from the
West Greenland area (International Commission
for the Northwest Atlantic Fisheries, 1954,
table 2, p. 28). The fishery now reaches 300
nautical miles farther north than formerly. The
Eskimos in some areas who had never seen a cod
in 1924 are now busily oceupied in the cod fishery,
whereas they formerly were seal hunters.

. Although temperature is only one factor in the
ecological complex determining the presence or
abundance of a species, in high latitudes temper-
ature may in some instances be the sole limiting
factor and have a direct effect on distribution.
Thus, cod show a definite response to low tempera-
tures and their northward extension is probably
determined by temperature alone. The abundance
of cod in the Greenland area may be related to
temperature in a somewhat less-direct manner.
Hermann (1953) has shown that the strength of
cod year-classes in Greenland waters has a very
high correlation with bottom temperatures in
June. Thus, temperature in some way affects
survival of whole populations of young fish, per-
haps through affecting their food supply or rate of
growth and, consequently, their resistance to
adverse environmental conditions.

The warming of arctic areas and the accompany-
ing ecological changes have been so marked and
so well-documented that it seems reasonable to
suppose that similar changes have taken place,
although perhaps on a smaller scale, in more
southern latitudes. It is the purpose of this paper
to examine temperature fluctuations in recent
vears, and to explore the relations which may
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exist between these fluctuations and the abundance
and distribution of marine animals “along the
eastern coast of the United States and in the New
England area, in particular.

In the followmg pages we present some of the
available data on trends in air and sea tempera-
tures and trends in the distribution of certain
species of marine fish and invertebrates. We are
aware that, in some instances, we may be mis-
interpreting the causes of observed changes, or
even may be misled in believing that some of the
changes have occurred. It is hopad that the pres-
entation of these relationships will stimulate
others, especially specialists in particular fields,
to examine more critically the data they may have
at hand. A great deal of the theory of fishery
science is based on the premise that the environ-
ment is unchanging and that the fluctuations which
do occur take place within certain limits on either
side of a stable norm. We find, therefore, that
changes in abundance of fishes are frequently
attributed to the effects of overexploitation. If
the premise of a stable environment is not valid,
it will be necessary, at least, to reexamine the
overfishing explanation of such fluctuations.

The observations on which this paper is based
end with the winter of 1953-54. The authors
emphasize that their purpose is to document the
events of a period of warming of air and sea tem-
peratures. No prediction of future temperature
trends is offered.

TRENDS IN AIR TEMPERATURES

Extensive evidence of an upward trend in air
temperaturcs over the United States and Canada
was presented by Kincer as early as 1933. In
addition to a general upward trend in annual
means, Kincer's (1933) analysis showed that
winters, springs, and falls were becoming milder,
while summer temperatures were remaining about
the same. Similarities in trends as well as in the
patterns of fluctuations are evident in Kincer’s
diagrams at representative stations throughout
the United States and Canada. Kincer also
showed similar trends for other stations through-
out the Northern Hemisphere and for a few in
the Southern Hemisphere. His data encourage
one to believe that air-temperature records at
any one point on the eastern seaboard will reflect
the general trend of air temperatures for latitudes

. peratures are available (Clayton,
- Clayton and Clayton,
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north and south, although, of course, not in level
or in magnitude of fluctuations.

It is now generally conceded that a significant
warming has occurred throughout the Northern
Hemisphere. As Mitchell (1953, p. 244) states—

It apparently has taken the relatively severe temperature
changes of more recent years, coupled with many kinds of
climatological, glaciological, oceanographical and biological
evidence, to establish the unmistakable reality of important
climatic trends in secular time.

The pattern of these changes is examined in the
following section to establish a background to
which changes in the abundance and distribution
of marine species may be related.

The longest series of air temperature records
for North America was taken at New Haven,
Conn., beginning in June 1778 (Loomis and
Newton, 1866). Monthly means of these tem-
1927, 1934;
1947; U. S. Weather
Bureau, 1941 to 1953). Many years ago, Loomis
and Newton made a comprehensive study of
the New Haven series. These authors not only
provide an account of the early observers and
circumstances of observation, but also reduce the
observations to a standard series corrected for
the time of day the observations were made.
After comparing the temperatures for the first
and second halves of the period of study, the
authors state (p. 246), “We conclude therefore,
finally, that during the past 86 years there has
been no permanent change at New Haven either
in the mean temperature of the year, or in that
of any of the separate months; * * *.” This
conclusion is the more striking because of the
subsequent upward trend in New Haven tem-
peratures.

Annual deviations from the mean computed
for the period 1780-1950 (49.3° F.) are presented in
figure 1 and a curve of 5-year moving averages
has been drawn through them to indicate the
trends. The data have several interesting aspects.
Considering deviations from the grand mean by
20-year periods beginning with 1781, the minimum
deviations occurred over the periods 182140 and
1841-60. Since 1900, 44 of the 51 annual means
show positive deviations, and over half of the
positive deviations are greater than 1° F. Equally
warm periods occurred prior to 1900. The out-
standing feature revealed by figure 1 is that
equally cold periods have not occurred. The
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trend in minima has been upward since about the
first third of the 19th century.

Annual means may not indicate all of the
significant changes that may be occurring in an
area. Mild winters and cool summers may, for
example, result in the same annual means as
severe winters and very warm summers—the
climate in the two situations being quite different.

In figures 2 and 3, curves-for January and July
deviations from their respective means are shown
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for New Haven for the period 1780-1953. The
curves are smoothed by 15-year moving averages.
The January temperature deviations show a pro-
nounced trend from a low in the 1810’s. The
mean for the period 1780-1900 is 26.72° F., while
that for the period 1901-53 is 29.66°, a difference
of nearly 3°. The mean since 1930 is 30.57°, an
increase of 3.85°, even though the trend was gen-
erally downward over the latter part of this period.

- It will be observed, on the other hand, that aside
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FicuRE 1.—Annual deviations from the mean air temperature, 1781 to 1950, at New Haven, Conn.

The solid line is

a H-year moving average.
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FiaURE 2.—January air temperature deviations from the mean, 1780 to 1953, at New Haven, Conn. (Curve smoothed by
15-year moving average.)
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Ficure 3.—July air temperature deviations from the mean, 1780 to 1953, at New Haven, Conn. (Curve smoothed by
15-year moving average.) . :
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Fraure 4.—January air temperature deviations at New Haven, Conn., 1780 to 1953 (solid line), compared with t,hose
for the winter months of December, January, and February, 1849-1950 (broken line), at the Bluehill Meteorologlcal
Observatory. (Curves smoothed by 5-year moving averages.)
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from showing roughly the same periodic fluctua-
tions, the July temperatures have remained very
nearly the same over the entire period.

The imperfections of the New Haven tempera-

ture record have been pointed out by Mitchell

(1953). He considers the most serious of these
to be the effect of urban development which may
have contributed as much as 1° F. to the average
temperature during the winter months. He cites
the temperature records at the Bluehill Meteoro-
logical Observatory of Harvard University, lo-
cated 10 miles south of Boston, as being quite
free from urban effects. Conover (1951) has pub-
lished mean winter temperatures (December,
January, and February) for the Bluehill Observa-
tory covering the period 1849-50 to 1949-50. In
figure’ 4, we have compared the January devia-
tions at New Haven with those at Bluehill for the
winter months.

The difference between the January means at
New Haven for the periods 1780-1900 and 1901-
53 is 2.94° F. The standard error of this differ-
ence is 0.6873. The difference is then highly
significant ({=4.28, 172 d. f.). If the difference
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were only 1.8°, it would still be highly significant,
and if only 1.35° it would be significant. The
reality of the increase can hardly be denied even
if one allows a maximum value for the effect of
urban development. With regard to tempera-
tures at the Bluehill Observatory over the period
1849-1950, Conover (1951, p. 9) states, ‘“The
amount of warming up in general winter temper-
ature over the last 100-year period has been
about 3%° Fahrenheit.”

To analyze further the pattern of temperature
changes, mean temperatures for each month have
been averaged for the 20-year period 1780-1800
and by 25-year periods thereafter to 1950 for
New Haven, Conn., and for comparison, from
1876 to 1950 for Eastport, Maine (fig. 5). The
New Haven temperatures were adjusted to the
level of Eastport temperatures by subtracting
from them the mean difference between tempera-
tures at New Haven and at Eastport by months
for the period 1874-1923. The means for this
period for Eastport and New Haven are given
hy Clayton (1927).

Upward trends in temperature are noted fo
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l"l(‘URE 5 —A comparison of trends in monthly temperatures averaged over 21 vear (1780-1800) and 25—year periods;
New Haven, Conn., 1780-1950 (solid line), Eastport, Maine, 1876 1950 (broken line). .
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the months of January, February, October, No-
vember, and December. March and September
also show rather pronounced upward trends for
the latter part of the period. It will be noted
that temperatures at New Haven were; in general,
relatively cooler than at Eastport for the period
1875-1900 and relatively warmer for the periods
1901-25 and 1926-50. These differences in the
later years may reflect urban development at
New Haven. Figure 5 shows clearly that the
important changes in temperature occurred during
the fall and winter months.

SEA SURFACE TEMPERATURES

Trends in sea temperatures in the North
Atlantic north of latitude 55° have been reported
by Smed (1949, 1953b). Some records covering
periods of time sufficient to indicate significant
trends are available for rthe Atlantic coast.
Hachey and MeLellan (1948) have published data
for St. Andrews, New Brunswick, for the period
1921-47. Annual means, with 12-month moving
averages of temperatures, are shown by Lauzier
(1952) for St. Andrews and for Sambro Lightship,
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ations of the fish hatchery there during that
period. The monthly means are presented in
appendix table 1, p. 344. Examination of the
original records indicates that these temperatures
(recorded to the nearest degree) were carefully
taken for the most part; however, some tempera-
tures below the freezing point of sea water were
recorded. The trends and fluctuations in these
temperatures are in good agreement with those
appearing in the St. Andrews data (cf. figs. 6
and 7).

Annual deviations from the 43-year mean at
Boothbay Harbor (1906-48) are shown in figure
6. There is only a slight increase in the annual
means over the period. For the 25 years, 1906-30,
the annual means average 45.9° F.; for the 18
years, 193148, the average is 46.4°.

A striking melioration of winter conditions in
recent years is shown when the January—July
difference in water temperature at Boothbay
Harbor is plotted as a deviation from the mean
difference for the period of record (fig. 8). The
average January and July temperatures for various
periods are as follows:

o : . R)
Nova,_ Scotia, f01 the period 1936-51. Period Jamuary | July
Daily readings of surface temperature were
made at Boothbay Harbor, Maine, for the period  ¢#................. RS IEEERER 5.3 a1
. r aadi . g , 1981-an_ L1 I 34.6 | 60.7
1905-49. These 1ead'mgs were pmde. at 8 a. m., A oo .8 o7
12 noon, and 4 p. m., in conjunction with the oper-
a
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Ficvre 6.—Annual deviations from the mean surface temperatures, 1906 to

1948, at Boothbay Harbor, Maine.

(The solid line ix a 5-year moving average.)
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Since 1930, January temperatures have increased
about 2° while July temperatures have -deéreased
about 1°. These opposite trends account, of
course, for the magnitude of the phenomenon to
be observed in figure 8.

Records of surface water temperatures, smoothed

by 5-year moving averages, for each month over .

the period 1905—49 (fig. 9) show significant upward
trends for the months of January, February, No-
vember, and December. To establish the degree
and significance of these trends, we have divided
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FiGurRe 7.—Annual deviations from the mean surface
water temperatures, 1921 to 1951, at St. Andrews,
New Brunswick. (The solid line is a 5-year moving
average.)
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Ficure 8.—January-July differences in surface water
temperatures as deviations from the mean difference,
1906 to 1949, at Boothbay Harbor, Maine. (The curve
is a 5-year moving average.)
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the records into two approximately equal periods
of 22 and 23 years, calculated the mean for each
month for each period, the standard error of the
difference between these means, and Student’s
t (table 1). January, February, and December
show highly significant increases in mean tem-
perature, while a statistically significant increase
has occurred for the November period. March,
July, August, and September show slight down-
ward trends, but these trends are not statistically

-significant.

TaBrLE 1.—Comparison of mean monthly surface tempera-
tures at Boothbay Harbor, Maine, for the first and second
halves of the pertod 18905-49

[Temperatures in °F.]

Mean
Month Difference f
Period A ! | Period B!

.................... 33.00 34. 89 +1. 80 9. 27**
................ 31.26 33.33 +2.07 3. 5R**

.................. 35. 40 34.95 —0.45 0.70

............. 39. 50 39.98 +40. 48 0.93

............. 47.04 47. 44 -+0. 40 0. 49

£4.83 55.01 +0.138 0.2%7

61, 21 60. 54 —0.67 1.12

61. 25 60. 95 —0.30 0.61

5€. 98 56,90 —0.08 0.1

Octoher..... - 50.10 50,73 —+0.63 1.02

November.___ - 43.38 44, 7 +1.32 2.14*

December._____............ 37.00 38.15 +1.15 5.08**

| Periods A and B for January and Fehruary are 1906 to 1927 and 1928 to
1949; for March to July, 1905 to 1827 and 1928 to 1949; for August to December,
1905 to 1926 and 1927 to 1948, respectively. See also appendix table 1, p. 344.

*5-percent level of significance.

**1-percent level of significance.

Water-temperature records for Woods Hole,
Mass., for the period 1881-1914, 1932-42, and
1945-52 are given in appendix table 2. The
means for various periods are as follows:

Period January | July Annual
| . mean
34.2 69. 2 50.9
32.9 68.3 50.7
33.8 59,6 51.1
340 - 87.6 50.3
1045-51. . 35.2 70.3 52.3

The trend in. surface water temperatures for
January at Woods Hole is similar to that for
Boothbay Harbor for comparable periods. Except
for the period 1933-41, however, there does not
appear to be any trend at Woods Hole toward
declining July tenmperatures comparable to that
for Boothbay Harbor. The annual mean for the
period since 1945 is considerably higher than the
annual means for the earlier periods. This in-
crease is statistically significant. The data show
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Ficure 9.—Trends in surface water temperatures at Boothbay Harbor, Maine, for each month of the year,
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that the winters have been generally milder since
1932 and that a significant warming has occurred
since 1945.

RELATION BETWEEN AIR AND SEA
TEMPERATURES

Many sources of evidence indicate that the
warming of the air began perhaps as early as 1850
and that air temperatures have been at a generally
high level since 1900. Data on sea temperatures
cover, for the most part, periods since 1900.
Thus, we may be observing fluctuations in sea
temperatures at a higher level than occurred in
the earlier period. By examining the correlation
hetween air and sea temperatures, the likelihood
of this possibility may be determined.

The relation between Eastport air temperatures
and Boothbay Harbor water temperatures for the
month of January during the period 1906—49 is
illustrated in figure 10. The correlation coeffi-
cient is 0.658, which is highly significant. The
same relation using New Haven air temperatures

isshown in figure 11. The correlation coefficient is
0.610, also highly significant. The relationships
are not quite good enough to predict with accuracy
the surface temperature from a given air tempera-
ture; however, the correlation is sufficiently high
to conclude that these air temperatures are a rough
index of the general level of surface water tem-
peratures. On this basis we can assume that win-
ter surface water temperatures prior to 1900 were
generally lower than after that date.

Further confirmation of our conclusion that
changes in air temperatures for the period prior to
1900 are generally indicative of changes in sur-
face water temperatures is to be found in a series
of water temperature records for Eastport, Maine,
for the period 1878-87 (Moore 1898). These data
are compared with air temperatures for the same
period and with air and water temperatures at
Eastport for the period 1941-50 (table 2). The
gener al increase in air tempelatul es for each
month between the two periods is faithfully :re-
flected in a corresponding increase in water tem-
peratures.
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F1aURE 10—The relation between Eastport, Maine, air temperatures and Boothbay Harbor, Maine, water

temperatures for the month of January, 1906-49.
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Fiaure 11.—The relation between New Haven, Conn., air temperatures and Boothbay Harbor, Maine, surface water
temperatures for the month of January, 1906-49.

TaBLE 2.—Comparison of mean monthly water and air
temperatures at Eastport, Maine, for the periods 1878-87
and 1941-50

[Temperatures in °F.]

Air tempera- Water tempera-
tures Differ- tures Differ:
Month ence ence
187887 | 1941-50 1878-87 [ 1941-50
January.._.._...... 20,30 | 21.62 +1.32 | 3691} 37.73 —+0.82
February .. _...... 22.26 | 2248 +0.22 | 34.08 | 34.68 +0. 60
March. .. .| 28081 31.20 +3.12 | 33.82 | 34.54 +0.72
April_ 38. 51 39.42 +0.91 36.58 | 36.77 +0.19
May.. 47.44 | 48,28 +0.84 | 39.99 | 40.06 +40.07
June.. 54,78 | 55.35 +0.57 | 44.02 | 44.16 +0.14
July____. --.-| 60.67 | 61,13 40,97 | 47.98 | 48.32 +0, 34
August_____________ 60.50 | 61.64 +1.14 | 50.53 | 51.33 +0.80
September_.__._____ 55.80 | 56.80 0. 91 51.23 { 52.25 +1.02
October. __ | 47.34 | 48.87 +1.83 | 49.98 | 51.03 +1.05
November.... ... f 39. 40 +2.39 | 46.33 | 47.82 +1.49
December___._____. 3 29.3% +3.57 | 41.48 | 43.02 +1. 54
Mean...._.__... 42,96 +1.41 | 42.74 | 43.48 +0.74
‘TEMPERATURE TRENDS IN OFFSHORE.

WATERS OF GULF OF MAINE

Except for an initial pelagic period common to
most marine fish, the more-important commercial
species spend the larger part of their existence on

the sea bottom, and most pelagic species are found
at some time or other throughout the water
column. If the trends shown in air temperatures
and sea surface temperatures are superficial
phenomena producing no important changes in
the depths where the various species are found,
any changes in distribution and abundance of
species inhabiting these depths must be ascribed
to causes other than temperature changes. In
the following sections, hydrographic data collected
at various Gulf of Maine stations between 1912
and 1954 are examined.

GULF OF MAINE TEMPERATURES, 1912-26

The observations recorded during the cruises
of 1912 to 1926 (Bigelow 1927, pp. 522-701 and
tables, pp. 978-1014) provide the only detailed
information that has yet been published on the
temperature of the offshore parts of the Gulf of
Maine at different seasons and depths. These
observations, therefore, must serve as the basis
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for a comparison between the temperatures of the
water of the Gulf in recent years and during the
period 1912-26. It seems appropriate, then, to
commence this survey with a brief summary of
the temperatures of the Gulf for the earlier period.

Depths to 150 meters

Late winter minimum.—The chief cause for the
winter chilling that is so conspicuous a phase of
the seasonal temperature cycle in the Gulf—reach-
ing its climax some time in February—is the loss
of heat by radiation from the surface of the sea
during the part of the year when the overlaying
air is colder than the water. Since the coldest
winds in winter blow out over the Gulf from the
quarter between west and north, surface tempera-
tures fall as much as 4° to 5° lower along the
western and northern margins of the Gulf than
over the central basin or Georges Bank offshore
(Bigelow 1927, p. 523, fig. 1). This is equally true
whether the season is severe or mild. A few days
of near-zero weather, with high west-to-north
winds, at any time in late December, January, or
February are enough to chill the water in enclosed
situations all around the coastline of the Gulf to
the freezing point of salt water, i. e., to about
28.9° F. at a salinity of 32°/,,. This is about the
lowest temperature to be expected around the
shoreline of the Gulf, except close to the mouths
of rivers. How much ice actually forms under
these conditions varies greatly from place to place,
depending on local topography, on strength of
tidal currents, on rapidity of interchange with the
waters outside, and on the thoroughness with
which the channels are kept open by passing
vessels. For details in this respect concerning
harbors, bays, and rivermouths along the coast
from Provincetown, Mass., at the tip of Cape
Cod, to the mouth of Passamaquoddy Bay, the
reader is referred to the Coast Pilot, Atlantic
Coast, section A (U. S. Coast and Geodetic Survey,
1918).

Ice has never been known to mass in any
amount outside the outer islands and headlands
north of Boston. But cases are on record of ice
from neighboring harbors and from the shallower
parts of Cape Cod Bay massing in heavy fields or
windrows, sometimes as much as 10 feet thick,
out in Cape Cod Bay (U. S. Coast and Geodetic
Survey, 1918; p. 277). It was not unusual in
February for the surface to chill below 30° F.
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“there, and along the coast as far north as the

offing of Boston.

Two such areas with negative temperatures
developed in February 1925: one area off the
Scituate-Marshfield shore (31°-32° F.), the other
in the central part of Cape Cod Bay (30.9° at the
surface on the 9th, and 29.2° at 17 meters) doubt-
less resulted from the ice that had extended a mile
or more offshore south of Wellfleet on December
29, 1924 (Bigelow 1927; p. 655). The area occu-
pied by water colder than 32° may have been
more extensive still in Massachusetts Bay in 1934.
That year the mean water temperature in Boston
Harbor was only 29.8° for February, and a photo-
graph taken from the open Cohasset coast on
February 10 shows the pack ice reaching at least
1% miles seaward. The severe winter of 1920 was
of this same general type in the Gulf—to judge
from readings of 33.4° at the surface and 32.6° at
50 meters off Boston as late as March 5—also the
winter of 1923, when a mean water temperature
of only about 30.2° in Boston Harbor for February
was followed by vernal warming so tardy that the
water off the Scituate shore was still only about
37° at the surface and 32.6° at 80 meters on the
18th of April

In short, winters of the general order of severity
represented by 1925 were not exceptional during
the 2d to 4th decades of the 20th century, though
they did not recur regularly. But the available
record meakes it most unlikely that the surface
temperature ever falls below 32° to 33° F. for more
than a few hundred yards out from tide line off
the open coast of the Gulf anywhere to the north
of Boston, even during the most severe winters.
On February 7, 1925, for example, when the sur-
face temperature was 31° inside Gloucester Har-
bor, it was 35° only 1 mile outside.

Readings of 32.9° to 34.8° F. taken in March
1920 (a tardy spring) at the 40-meter level—to
which vernal warming had not yet penetrated—
in the trough between Jeffrey’s Ledge and the New
Hampshire coast, and near Wocd Island, Seguin
Island, Great Duck Island, and Petit Manan Is-
land off the Maine coast, point to a seasonal mini-
mum of 32° to 35° all around the periphery of
the Gulf northward and eastward from Cape Ann.
In the more severe winters, this minimum includes
the outer part of the open Bay of Fundy to judge
from Mavor’s (1923, p. 375) record.of 34.6° at the
surface and 34.2° at 10 meters, on February 7,
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1917. A 40-meter reading by the Albatross of 34.8°
some 12 miles off Yarmouth, Nova Scotia, on
March 23, 1920, suggests similar temperatures
along the west coast of Nova Scotia outside the
headlands, except for a brief period in the spring
when the cold drift from the east passing Cape
Sable may temporarily chill the surface there to
32° (p. 311).

At the coldest time of the year, the water in the
Gulf not only is nearly uniform in temperature
vertically to a depth of 100 meters or so, but the
underlying strata at equal depths (like the surface)
out over the deep east-central basin and over
Georges Bank offshore are some 3° to 6° warmer
than the water closer in around the periphery of
the Gulf—a contrast illustrated by the 40-meter
and 100-meter charts for 1920 (Bigelow 1927, figs.
12 and 13). Consequently, the temperature of the
bottom water is progressively higher passing off-
shore along any line normal to the general trend
of the coast as the depth increases, reversing the
situation characteristic of summer and autumn.
Thus, any bottom-dwelling animals capable of
active motion need only move a short distance
down the slope into deeper water to escape the
rigors of winter; and many do just this,

While any animal at tide line may be in water
soupy with ice crystals and at freezing point, as
at Sandy Neck, Barnstable, on February 7, 1901,
the minimum temperatures on hottom farther out
characteristic of winters as severe as those of 1920
and 1925 were about 32° F. in Cape Cod Bay and
32° to 33° northward and eastward from Boston
along the 20-meter zone; about 33° to 36° along
the 40- to 50-meter zone; and about 35.4° to 39.7°
along the 100-meter zone all around the periphery
of the Gulf. The only important exception is the
sink off Cape Ann, where interchange with' the
warmer water of the open basin is barred by the
surrounding sill, as evidenced by a 100-meter
reading there of 34.7° on March 1, 1920, con-
trasted with 37.5° at this same depth on the slope
offshore on February 23, and 38.6° a few miles to
the southward on March 24. At 150 meters, the
usual winter temperature was between 35° and 39°
in the Cape Ann sink and between 42° and 43° in
the open basin of the Gulf. '

Readings of 36.6° to 37° F. at 70 to 90 meters

on the eastern part of Georges Bank, March 11-13,
1920, show that the bottom water chills to about
as low a value there as at equal depths around the
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basin to the northward. But it is doubtful whether
bottom temperatures lower than about 40° ever
spread to the southwestern part of the Bank, for
the Albatross recorded a bottom reading of 46.5°
there at 70 meters on February 22, 1920,

During the milder winters included in the period
1913-25, the surface probably did not chill below
35° anywhere along the open coast to the north
of Boston, unless close in to tide line, to judge from
water temperatures of 35° to 39° F., March 4-5,
1921, at stations scattered between the offings of
Seguin Island and of Boston; and perhaps the
temperature did not fall below 32° to 33° even in
Cape Cod Bay. Readings of 35.1° to 35.4° from
the 40-meter level downward in the 180-meter sink
15 miles off Gloucester on March 1, 1920, when
contrasted with readings of 38.8° to 39° taken there
on March 5, 1921, illustrate the temperature differ-
ence that is to be expected at comparable localities
from winter to winter in the western side of the
Gulf. '

Yearly maximum.—The surface water is at its
warmest sometime in August generally throughout
the southern and western parts of the Gulf of
Maine (as early as July in some years, particularly
in enclosed situations, such as Bostou Harbor), but
not until sometime in September, or even early
October in the northeastern part and in the Bay
of Fundy region, where vertical mixing by tidal
currents is more active. The regional differences
in temperature, also, are much wider in the warm
season than in the cold, often within short dis-
tances, for reasons the discussion of which would
lead us too far afield.!

Because of regional differences in the rate of
vertical mixing of water by tidal currents, the sur-
face warms much more rapidly in the southwestern
part of the Gulf, where the cold of the preceding
winter is preserved in the underlying strata into
autumn, than in the northeastern part, where the
heat taken in at the surface is distributed more
evenly downward as the season advances. As a
consequence of this widespread contrast, combined
with local differences caused by smaller-scale mix-
ings and upwellings, the surface water temperature
is some 3.5° to 7° higher in enclosed situations
along the western coast of the Gulf, over an iso-
lated pool in Cape Cod Bay, and over the western

| See. an earlier paper in the Geographical Review (Bigelow 1928), for a
general summary and a more extended account of the physical oceanography
of the Gulf based on the cruises of 1912-26 (Bigelow 1927).
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side of the general basin of the Gulf than it is close
in along the western coastline; 14° to 15° higher
than in the northeastern part of the Gulf in gen-
eral; and 7° to 11° higher than over the shoaler and
most tideswept parts of Georges Bank and of Nan-
tucket Shoals. In the western part of the Gulf
the 20- to 40-meter level is not at its warmest
until well into September, the 50- to 70-meter
level not until November, the 100-meter level
not until late November or early December, and
the 150-meter level not until December or even
later. On the other hand, in the northeastern
part of the Gulf the entire column of water warms
at an almost uniform rate, down to at least 100
meters.

In August, when the surface is at its warmest in
the western part of the Gulf, the 40-meter level is
5° to 6° colder and the 100-meter level about 4°
colder there than in the northeastern part of the
qlllf (Bigelow 1927, figs. 53 and 56), reversing the
temperature relationship at the surface that is
characteristic of that time of year. Since the
surface begins to cool in early September in
the western part of the Gulf, but not until a
month or more later in the eastern, the regional
differences in surface temperature decrease as the
season advances, until by midautumn the surface
is nearly uniform in temperature throughout the
Gulf (varying only a degree or two from place to
place); and so it continues until the following
spring.

-At the warmest scason during the summers cov-
ered by the cruises of 1912 to 1926, surface temper-
atures ranged from about 64° to 68° F. (occasion-
ally 1° to 2° higher) in Cape Cod Bay and over the
western part of the basin; from 61° to 64° close in
along the western coastline; from 50° to 53.5° in
the northeastern part of the open Gulf in general
and in the lower part of the Bay of Fundy; from
53° to 57° over the parts of Georges Bank where
tides run the strongest; and from 57° to 61° over
the shallower parts of Nantucket Shoals.

The seasonal maxima at deeper levels were as
follows in the western part of the Gulf in general
and in the lower Bay of Fundy, which cover the
regional extremes (table 3). '

Depths greater than 150 meters

In the 180-meter sink off Cape Ann, the sill
depth of which is about 75 meters, the alternate
processes of vernal warming and of autumnal

414171 0—57——3

* TaBLE 3.—Seasonal lemperature maxima in the western

Gulf of Maine, 1912-26, and in lower Bay of Fundy,
1916-17
[Temperatures in °F.]

Waestern Gulf of Maine Lower Bay of Fundy !
Depth
(meters) .
Month Tempera- Month Tenipera-

ture range ture rarige
20-40__.| Sept_ ... 50-55, 4 47-50
A0-70_. .| Oct.~Nov_._ oo 46.4-48.2 45.3-47.8
100. .| Nov.-Treeo... ... 42, 8-48. 4 44, 8-45.3
150. .. Pee.. ooaoonoeas 42, 8-45. 5 44-44.8

! Scaled from Mavor (1923, p. 375, table 8).
* No November data for 1917,

cooling affect the entire column of water from
surface to bottom, though in lessening degree at
increasing depths. During the winter of 1920-21,
for example, the temperature at 150 meters fell
from 44.6° F. on December 29, which could not
have been much below the maximum for the year,
to 39° on March 5, which certainly was close to
the minimum for that winter. In the same year,
almost as great a seasonal range (4.7°) was regis-
tered at 150 meters, between December 30 (44.5°)
and March 5 (39.8°) in the 180- to 190-meter
trench between Jeffreys Ledge and the coast,
where free interchange over the bottom is hindered
by an enclosing sill rising to within 120 to 125
meters of the surface. The seasonal difference
was about twice as great as this (8.8°) between
December 2, 1916 (43.9°) and April 9, 1917 (35°)
at 175 meters in the 180- to 208-meter bowl at
the mouth of the Bay of Fundy, where the depth
of the sill is about 128 to 140 meters (Mavor 1923,
p- 375, table 8).

The picture is not so clear for the deep bottom
water of the open basin of the Gulf. The changes
in temperature that take place there from time to
time at depths greater than 150 meters are the
combined result of such slight influence as the
climatic cycle may exert from above modified or
intensified, according to the season, by indrafts
of water from the continental slope that enter via
the deep channel between Georges and Browns
Banks. (For a discussion of this general matter,
see Bigelow 1927, p. 690.) High salinities, for
example, made it clear that the higher mean
temperatures recorded in late summer and autumn
than were recorded in late winter or spring near
the bottom in the eastern part of the basin during
our early cruises (table 4) were the direct result
of recent indrafts of this water from offshore.
Readings of 47.1° F. at 200 meters and of 46.3° at



306 FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

250 meters at a station in the southeastern part
of the basin in July 1914 and of 46.7° and 47° at
190 meters in the northeastern part in August
show that the temperature of the slope water
moving inward at some intermediate level via the
channel between Georges and Browns Banks is
often higher than the reading recorded near the
bottom. Readings near the bottom have ranged
from 42.9° to 45° (average, 44.2°) at 4 stations in
March and April 1920, July 1915, and July 1914.

TABLE 4.—Mean temperatures recorded in Gulf of Maine at
depths of 160 lo 330 meters, by season

[Recorded in 1912-16, 1919-21, 1923, and 1926. Temperatures in °F.]

Western part of Eastern part of
basin basin
Month

Mcean | Number | Mean | Number

tempera- of tempera- of
ture readings ture readings
Feb.-Mar.__._ 41,2 11 41.0 9
Apr.-May__. 41.8 9 41.4 [}
June-July. 2.0 3 45.9 7
Aug.~Sept... - 43.1 10 43.7 11
Nov.-Jan. ... ... 41. 4 4 4.5 1

Since it is the actual temperature with which we
are primarily concerned in the present discussion,
it is sufficient to add that the 71 readings taken at
160 to 330 meters in various parts of the_ basin,
summarized in the preceding table, ranged be-
tween 38.4° and 47° F., with 54 of the 64 readings
falling between about 40° and 44°. There is
nothing in the record to suggest that the tempera-
ture of the deep bottom water within the basin of
our Gulf has fallen appreciably below these limits,
or risen above them, in any year since Gulf tem-
peratures have been recorded.

TREND IN WATER TEMPERATURES BETWEEN
1912-26 AND 1953-54

For the period 1926 to 1953, our most instrue-
tive sources of information as to ups and downs of
temperature around the shoreline of the Gulf of
Maine are the mean monthly temperatures that
have been reported by the United States Coast
and Geodetic Survey for Boston since 1922 and
for Eastport since 1930 (U. S. Coast and Geodetic

- Survey, 1951; with subsequent data contributed
in advance of publication}; the mean monthly
temperatures for St. Andrews, New Brunswick,
1921 to 1947, tabulated by Hachey and McLellan
(1948, p. 357); and. the mean annual temperatures
for that same port, 1921 to 1953, published by

Lauzier (1954, p. 8, fig. 1). Lauzier (1952, p. 6),
has already pomted out that “St. Andrews water
temperatures reflect general water conditions over
a large section of the Atlantic coast’” of Canada.
On geographic grounds, a shift in either direction
at Boston that persists through several years may
be expected to prove an equally reliable index to
any upward or downward shifts that may have
taken place in the western part of the Gulf in
general.

At Boston, the mean temperature for the coldest
month of the year did not show any long-term
trend, either upward or downward, from 1922
through 1936. While it was higher for the winters
of 1629 to 1933 (33°+) than for those of 1922
to 1926 (below 32°), it was again lower than 32°
in 1934, 1935, and 1936, with means as low as
29.8° for 1934 and 1936. But the mean for the
coldest month, which had averaged 31.7° for the
8-vear period 1922-29, averaged 33.1° for the
period 1930 to 1937, 32.6° for 1938 to 1945, 33.8°
for 1946 to 1948, 36.7° for 1949 to 1951, and 36.5°
for 1952 to 1954. Furthermore, there has not
been a winter since 1944 when the mean water
temperature for the coldest month has fallen helow
32° in Boston Harbor, though this happnned in 11
of the plecedmg 21 years.

Summer air temperatures, also, have clearly
tended upward in Boston Harbor during the past
30 vears (1922-53), whether expressed as the
departure from the mean for July—September or
as the mean for the warmest month for successive
4-year periods (table 5). Indeed there has not
been a summer during the 13-vear period 1941-53
when the mean temperature for the warmest
month was not higher than it was in 8 of the 18
vears from 1922 to 1940; while there has been only
one summer (1948) since 1941 when the mean
temperature was not at least as high as 66.6°, a
level equalled only 6 times during the 19-year
period 1922-40. Similarly, the mean tempera-
ture for the 2 ‘warmest months combined, which
was not above 65.3° for any 2 consecutive years
between 1922 and 1941 (average, 64.1°) has been
66.5° or higher (mean, 67.1°) in every subsequent
year, with the sole exception of 1948.

The mean water temperature for the year as a
whole also has tended upward at Boston and by
about the same amount (table 6). And while
mean annual temperature is of little ecological
significance in regions where water temperatures
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differ widely from season to season, it does have
the advantage, as an index to long-term fluctua-
tions, of smoothing out the short-period ups and
downs that loom large when individual months
are compared for different years.

TABLE 5.~—Mean air temperatures for warmest month of
year at Boston lo mearest degree, by periods, 1922-53

[Temperatures in °F.]

Mean alr Mean air
Period temper- Period temper-
ature ature
64 65
85 87
65 88
66 67

TaBLE 8.—Mean water temperalures in Boston Harbor to
nearest degree, by periods, 1922-453

[Temperatures in °F.]

Mean Mean
Period water Perlod water
temper- temper-

ature ature
1922-25 el 48 ([ 19384} .. 49
192629 . ... .. 49 (| 194245 ______.____. 150
1930-33. ... 50 || 194649 _______________. 52
193487 ... 49 || 1950-53. . .. 52

! Mean for period 1942-45 based on 3 years only, lacking data for 1944.

Water temperatures, similarly, have trended
upward unmistakably since a cold period in the
early 1940’s at Eastport, a short distance within
Passamaquoddy Bay (tributary to the lower Bay
of Fundy), both for the warmest season and for
the coldest (table 7), by about the same amount
as at Boston (3°—4°). A mean of 51.9° (50.1°-
53.8%) for the 2 warmest months combined, for
the period 1930-41, contrasts with a mean of
53.7° (52.1°-54.6°) for 1949-53.

We also read in the annual report of the Fisheries
Research Board of Canada for 1951 (p. 34) that

TABLE 7.—Mean waler temperatures for coldest and warmest
months at Eastport, Maine, by 2-year periods, 1930-53

[Temperatures in °F.}

Mean temperature Mean t,f.mperat.ure

in— n—
Perlod Period

Warmest{ Coldest ‘Warmest | Coldest

month month month | month
53. 4 34.0 50.9 32.4
52.5 35. 6 52.6 34.4
51. 8 31.2 58.7 34.5
52.6 35.2 52.9 35.1
51.9 33.9 53.3 37. 4
50.3 33.3 53.3 37.1
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surface water temperatures at St. Andrews,
farther up the Passamaquoddy Bay “have shown
a fairly definite upward trend for the past ten
years, with temperatures in 1951 the highest in
thirty vears’ records.” Lauzier (1954, p. 7) also
has recently remarked ‘‘that the waters of the
(St. Andrews) area are undergoing a general
warming since 1940.”" The ups and downs from
year to year have not been great enough to mask
this warming on Lauzier’s graph of mean annual
temperatures (p. 8, fig. 1), although the difference
from one year to the next has been about as wide
in extreme cases (up to about 3.5°) as the general
upward trend has been from the early 1940’s to
the early 1950’s. That this warming trend has
extended eastward and northward to the waters
along the outer coast of Nova Scotia and to the
Magdalen shallows in the southern side of the
Gulf of St. Lawrence is apparent from Lauzier’s
graph of mean yearly temperatures at Sambro
Lightship, off Halifax, Nova Scotia, and from
his tables of quarterly averages of surface tem-
peratures there and at the Magdalen Islands,
during the periods 1940—44 and 1949-53 (Lauzier
1952, p. 6, fig. 1; 1954, pp. 9 and 10, tables IT and
II1).

COMPARISON OF TEMPERATURES FOR 1953-54
AND 1912-26

March-April

Since a colder period during the early 1940’s,
water temperatures have so clearly averaged some
2° to 4° higher at Boston Harbor, at Eastport,
Maine, and at St. Andrews, N. B., than they had
previous to about 194042 (p. 306) as to make the
assumption reasonable that a corresponding tem-
perature change had taken place offshore. Com-
parison of the bathythermograph records taken by
the Albatross III during March 1953 with the
temperatures recorded during our late winter and
early spring cruises of 1913 to 1925 (p. 302) corrob-
orate this assumption, at least for the upper 150
meters.

The water may not have been significantly
warmer at the mouth of Massachusetts Bay and
out in the basin in the early spring of 1953 than
at that season in the warmer of the years included
within the earlier period (table 8). The difference
between readings—1.5° to 3° higher at neighboring
localities on March 30-31, 1953, than on March 5,
1921—may be no greater than can be charged
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70° 69° 68° 67° 66°

71

Y T T ) | 1 I

71° 70° 69° 68° 67° 66°

Ficure 12.—Areas where comparable records of water temperatures were taken in March and May 1953 (dots) and in
March of the earlier years of 1913, 1920, and 1921 (crosses).
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against the warming to be expected during a 3-
week period at that season. But the temperature
off Gloucester was some 2° warmer from surface to
bottom on March 31, 1953, than on April 3, 1913—
a spring that was more fairly representative of
temperature conditions prevailing 30 to 40 years
ago than was 1921—and 3° to 5° higher than on
either March 1 or April 9 of 1920, a relationship
the reverse of what was to be expected on seasonal
grounds, other things being equal.

TaBLe S.—Wuler temperalures al various deplhs at the
moulh of Massachusetts Bay

[Area A, fig. 12. Temperature in °F.]

. 1913 1920 1921 1953
Depth ~ _
(meters)
Mar. 4 Apr. 3 Mar. 1 Apr. 9 Mar. 5 | Mar. 31

36.5 38.0 38.5 41. 4
36. 5 36. 5 38.5 41.2
35. 4 38.6 38.6 41. 4
34.7 38. 8 38.8 410
34.8 38.9 38.9 411
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Contrasts of the same order between 1953 and
1920 are demonstrated in table 9 for the stations
shown in figure 13. In some instances, the dif-
ference in the dates would point to a relationship of
the opposite order, other things being equal. In
summary, observations taken at comparable dates
and localities in March and April of 1920 and of
1953 show that the water in the open basin of
the Gulf, outside the 100-meter line north of
Georges Bank and in the channel between Georges
and Browns Banks averaged some 2.7° to 4.4°
warmer, in general, in March 1953 than in April
1920, at all depths from the surface down to 150
meters. T

The comparison between early spring tempera-
tures for 1953 with those for 1920 cannot be ex-
tended to Browns Bank (area 1., fig. 12), for the
Bank was not visited during the March cruise of
1953. Mean temperatures, it is true, were be-
tween 2° and 4° higher there, from surface to bot-

TasLe 9.—Comparison of temperatures in the Gulf of Maine in 1920 and 1958, by areas

[See fig. 12 for location of areas.

Temperature in °F.]

Area and date

Temperature ]l“l depths of—

0 meters 20 meters | 40 meters | 30 meters | 100 meters { 135 meters | 150 meters
Mouth of Massachusetts Buy (arca A):
Aprll O, 1920 e 38.0 36. 5 38.8 38.8 380 | ol
March 31, 1953 . e emm 41. 4 41.2 41. 4 41.0 3 V00 S R P
Trough west of Jeffreys Ledge (arca B):
April 8, 1920 _____ e 37.5 36. 4 36.1 | . 38.5
March 22, 1953_______ 41.0 41.0 410 feoa e 42,5
Off northern Cape Cod (area
March 24, 1920 36.5 36.0 36.0 38.5
March 24, 1953. 41.1 40.5 40.5 41.5
Western side of bas|
6.5 3h.0 136.5 |- 3.5
40.7 40. 5 40. 5 41,0 |l 44,0
37.5 38.2 36.6 |- 38.4 1 ... 40. 8
40.9 41.0 410 | 43.2 [ eos 44. 5
East-central part of basin (area IV):
March 23, 1920 _ . ccmceaaen 38.5 38.1 384 | 39.7 [ oceeaae 40.8
March 21-23, 1953: Runge 3statlons_______________ . ____________ 38.741.6 39.0-41.3 41.0-42.5 |- 43 5-44.0 |o oo ?44. 5-45. 5
Southeastern part of hasin (area (3):
April 17, 1920 e emcimmeos 385 38.1 379 |- 72 A 40.0
March 21~24, 1953: Runge 3stations_______ . ___ . ___________ 40.3-41.0 | 39.9-41.51| 40.5-40.5 . _________._ 40.942.5 1 ________._. 346.5
Eastern part of Georges Bank (area H):
April 18, 1820: Range 2 stations. . oo 30.0-39.5 | 38.4-38.5| 37.0-38.2 | 3R 5388 | . oemmmeo oo
March 20-April 1, 1953: Range 4 stations_ . __._ . . ________._ 41.8-42.3 | 42.0-42.5 | 42.2-42.5 [ 242, 2-42.4 | e
Southeastern slone of Georges Bank (area J): .
April 18, 1920 30.5 38.5 384 oo 39.5 | oeoooo 43. 7
March 27, 193 ___ 386 39.5 4.5 o o 440 [ s 47.0
Channel between Georges and Browns Banks (area K): .
March 13 and Avnril 16, 1920: Range 2stations. ... ... 33.3-33.3 | 87.2-37.6 | 37.7-37.8 | oo $2.643.7 |cocccoeaee o 42.6-44.3
March 23-30, 1953:
Range 4 stations. T38.2-42.2 48. 5-42.0 30.5-42.0 |_ . _.._.._- 4L 5 |-l PN
Range 3 stations 48, 5-47.5
North of Georges Bank from the 100 meter line, and betwer
and Browns Banks:
March 11-April 16, 1920:
Range 15 stutions -] 33.3-39.7 |
Range 11 stations -
March 19~April 1, 1953;
Range 60 stations.
Range 57 stations
Range 16 stations
Browns Bank (area L):
April 16, 1920: Mecan 4 stations._. e 38. 38 38.0 LY I VY SRR [P,
May 3-5. 1953: Range 4 statlons.. . . oo ooooicocoocaaoiooaoa 39.4~42.0 | 39.8-42.0! 41.5-42.1 2 O O

1 Sealed from verticul graph for this station.
2 2 stations only.
11 station only.
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Ficure 13.—Stations where the temperature was recorded on March 19-April 1, 1953 (dots) and on March 11-April 186,
1920 (crosses).
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tom, on May 3-5, 1953, than on April 16, 1920
(table 9). But the difference between the two
sets of observations is seemingly no wider than can
be credited to the warming to be expected to take
place over the Bank, in any given spring, during
the 3-week interval between the dates when the
observations were made in the 2 years. The dif-
ference, also, between slightly higher readings in
the deep channel north of Georges Bank (area M,
fig. 12) on March 23, 1953, than on the 20th of that
month in 1920 (table 9), is no greater than is to be
expected there from one spring to another during
any run of years, depending on the relative sever-
ity of the preceding winter, and on the seasonal
schedule and temperature of the Nova Scotian
drift from the east. But bottom temperatures
reported from Browns Bank in 1952, of about 41°
to 43° F. between February 15 and March 18 and
of about 39° to 46° between April 29 and May 11
{McLellan 1954, p. 408, figs. 2 and 3), contrasted
with bottom readings there in 1920 of 38.1° on
March 13 and of 37.8° on April 16, point to slightly
warmer bottom water on Browns Bank in early
spring in 1952 than in 1920. The surface, how-
ever, was about as cool in late March of 1953 as
in 1920 over the east-central part of the basin,
and about 1° colder than in 1920 over the south-
eastern slope of Georges Bank.

The existence of an area occupied by water as
cold as 36° to 40° F., as outlined in the surface-
temperature charts for the eastern part of the
Gulf of Maine (fig. 14), shows that the responsible
factor was the cold Nova Scotian drift, which had
spread westward past Cape Sable before the last
week of March in 1953 but did not do so until April
in 1920, or, scemingly, in 1915 (Bigelow 1927:
p. 554, fig. 25; p. 578). In the seasonal schedule
of the drift, 1953 paralleled 1919, when a U. S.
Coast Guard cutter on ice patrol reported a
surface water temperature of 32° (but 38.7° to 41°
in the underlying water) on March 29, 1919, in the
east-central part of the basin of the Gulf (Bigelow
1927, p. 553) where the temperature was 38° to 40°
at about the same date (March 23) in 1953.

The contrast in this connection between 1953
(@ warm spring in the sea), on the one hand,
and 1919 (a cold spring) and 1920 (a cold and
tardy spring), on the other, is good evidence that
the date on which the cold Nova Scotian drift
affects the temperature of the surface beyond
Cape Sable and the extent to which it does so are

not correlated with the minimum to which water
has chilled during the preceding winter in the Gulf
of Maine, or with the relative forwardness of vernal
warming there, but that they are governed by
events along the Nova Scotian shelf to the east-
ward and within the Gulf of St. Lawrence.

In 1953, surface water slightly colder than 40°
still occupied the area off Cape Sable (fig. 15) as
late as the first week in May. The westward
drift must have ceased soon thereafter, however, if
it had not done so already, for the temperature of
the surface water on Browns Bank had risen to
46.5°-48.5° by the last of May. It appears,
thus, that any tempering effect mild air tempera-
tures over the land mass in winter may have on
water temperatures off southern Nova Scotia
early in the following spring is counteracted more
or less completely by the chilling effect of the drift
from the east.

August-September

It is cleak, from the evidence we have presented,
that the waters of the Gulf from the surface down
to 150 meters entered the season of vernal warming
between 1° to 2° and 4° to 4.5° warmer in 1953
than in the period 1913-25, though perhaps no
warmer than in the warmest of the years included
within that period. The data also show that the
temperatures of the Gulf continued about that
much warmer during the summer of 1953, though
with certain regional exceptions. In Boston
Harbor, the mean temperature of the warmest
month of 1953 (August, 67.2° F.) was about 2.6°
higher than the corresponding mean (64.6°) for
the 5-year period 1922-26. Similarly, Frank J.
Mather III reported surface readings of 70.5° to
71.5° in the eastern side of Cape Cod Bay, with
70° in the central part, as early in 1953 as July 19.
This contrasts with 64.6° recorded by the Halcyon
for the center of the Bay on.August 24, 1922,
when the surface there was no doubt near its
warmest for the year. In 1953, as late as the

- first week of September, the surface was still as

warm as 68° to 70° over the southwestern part
of the open bhasin of the Gulf, where 62.8° had
been reported on August 4, 1913, 67.2° to 68.0°
August 23-24, 1914, and 66.9° on August 12, 1926.
Similarly the surface readings in the general offing
of Cape Ann (area A, fig. 16) averaged about 2.7°
higher at stations in August 1953 than at 15
stations in that same month in 1912, 1913, 1914,
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Ficure 14.—Surface temperatures recorded in the Gulf of Maine, March 19 to April 1, 1953. Dots indicate location
of observations. (Temperatures in degrees Fahrenheit.)
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Ficure 16.—Areas where comparable observations were taken in August and early September 1953 (crosses), and in

late summer of earlier years (dots).
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1915, 1923, and 1926. While the maximum
temperature recorded in this particular area was
as high (68°) for.1915 as for 1953, the average
for the summer of 1953 not only was higher than
any individual August reading for the earlier
years, with three exceptions, but was about as
much higher as comparable data for Boston
Harbor.

Below-surface readings in the general offing of
Cape Ann in August show that, while those for
1953 2 overlap somewhat those for 1912 to 1926
both in the upper 40 to 50 meters and at the
greatest depths sampled, the means for successive
strata were consistently higher for 1953, with an
overall difference averaging about 3.5° for the
water column as a whole (table 10).

TABLE 10.—August temperatures off Cape Ann, in 1953
and in earlier years, to nearest degree

[Area A, fig. 16. Temperature in °F.]

Number of Temperature Mean in— Mean
stations in— range in— depar-
Depth (meters) tul;es;n
1012-26 | 1953 |1012-26!| 1953 |1912-26| 1933
15 8| 60-68| 6568 63 66 +3
15 7| 40-58 | 51-60 52 56 +3
15 7| 41461 46-47 “ 47 +3
15 7 37143 4446 41 45 +4
15 5| 3841 | 44-45 39 44 +5
8 1] 8742 4445 40 44 +4
5 1| 41-45 | 4345 43 4 +1

1 Partly from direct readings; partly as scaled from grapbs for the individual
stations,

It is especially instructive that the water in the

western side of the Gulf was between 1.5° and .

5.7° warmer in 1953 than in 1926 (table 11), as the
mean water temperature for the warmest month
was almost precisely the same (67.2°and 67.3°F.) in
both summers in Boston Harbor. Evidently the
temperature at Boston for any one summer is not
a reliable index to conditions in the open Gulf at
that time of year, whether for the surface or for
the underlying waters. Consequently, mean water
temperatures for the warmest month as high as
67.3° to 68.9° in Boston Harbor in 1926, 1928,
1941, or 1944 do not necessarily mean that the
open Gulf was as warm in any one of these sum-
mers as it was in 1953, following 4 years when the
mean for the warmest month at Boston rose to
67.2° to 69.2° and the mean for the coldest
month did not fall below 35.9° to 37.8°. On
the other hand, it seems that the residual effects

? Readings for 1912 to 1926 taken by reversing thermometer, those for 1953
by bathythermograph.
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of a winter colder than usual may be expected
to persist through the summer in the western
side of the Gulf in the underlying strata of water.
Such, at least, was the case in 1923, when the
mean temperature of the water in Boston Harbor
for the coldest month was 30.2°, following which
the temperature at 80 to 155 meters in the par-
tially enclosed sink off Cape Ann was 37.4° to
37.6° as late in the season as August 9, which
contrasts with 40.1° to 42.8° there between the
9th and 31st of that month in 1913, 1914, 1915,
and 1916 (4 stations). '
TaBLE 11.—Waler temperatures off Cape Ann in August
1926 and in August 1953
[Area A, fig. 16. Temperature in °F.]

Aug. 19-20, 1953

Aug. 11, Mean
Depth (meters) 1926 departure

Tempera- | Mean in 1953

ture range

64.4 | 64.6-68.0 85.9 +1.5
48.7 | 51.5-58.0 4.4 +5.7
42.4 | 47.2-49.0 47.9 +5.5
40.6 | 44.0-45.5 44.5 43.9
40.5 ] 4.0 4.0 +3.5

From the available information it appears likely
that the contrast between August temperatures in
1953 and in the earlier summers of record, for the
water column as 8 whole, was in general about as
we have outlined around the western and northern
slopes of the Gulf. In the southwestern part of
the basin, for example, near the 100-meter line
(area B, fig. 16; table 12), mean temperatures at
0, 40, 100, and 150 meters were 2.2° to 4.2° higher"
at 3 stations on September 6, 1953, than on August
23, 1914. The summer of 1953 was relatively
warm, as is illustrated by the temperatures of the
water, surface to bottom, along the eastern part
of the coast of Maine and in the vicinity of Mount
Desert Island (area C, fig. 16; table 13). Here the
temperature was 1.5° to 3° higher on August 16,
1953, from the surface to near the bottom (3740
TasLE 12.—Water temperalures in southwestern part of

basin in August 1914 and in September 1953
[Area B, fig. 16. Temperature in °F.]

Sept. 6, 1953
Depth (meters) Aug. 23,
1014
Range ! Mean
67.2 | 60.0-60.9 69.6
43.8 | 46.5-49.5 47.5
3.6 ) 43.5-44.0 43.8
41.7 43.7 43.7

13 stations.



316

meters) than on August 21, 1912, or on August 13,
1913, and between 3° and 8° higher than on August
5, 1923, a summer following a very cold winter.
Temperature conditions were similar in the lower
part of the Bay of Fundy, where readings of 12.5°
C. (54.5° F.) at 25 meters and 12.3° C. (54.2° F.)
at 75 meters for September 1953 contrast with
September averages of 10.7° C. (51.2° F.) and 9.7°
C. (49.4° F.) at these same depths for the period
1921423 .

TABLE 13.—Water temperatures near Mount Desert Island
in August 1963 and in earlier years

[Area C, fig. 16. Temperature in °F.]

Depth (meters) Aug. 21, Aug. 13, | Aug. 5, | Aug. 16,
1512 1913 1923 1953

55 55 53.1 56

50.7 51.0 46.7 55.5

9.8 88 45 52.5

In the central and eastern parts of the Gulf,
however, it was only in the underlying water
layers that August-September temperatures were
consistently higher in 1953 than in the earlier
years of record, and even so, they varied consider-
ably according to' locality. Thus the surface in
the central part of the basin (area D, fig. 16;
table 14) averaged about 1° colder (3 stations) on
September 6, 1953, than on August 23, 1914;
whereas the underlying strata, to the greatest
depth sampled, were 2.3° to 5.6° warmer in 1953
than in 1914. The situation was similar to the
northward in the neighborhood of Mount Desert
Rock (area E, fig. 16; table 15), where the readings
at 40-150 meters were between 1° and 4.8°
warmer on the average on August 16, 1953, than
in any previous August of record, but where a

TaABLE 14,—Temperatures in ceniral part of basin in August
; 1914 and in September 1953

[Area D, fig, 16. Temperature in °F,]

Sept. 6, 1953 Mean
. - Aus. 23, depar-
Depth (meters) . . 1914 ture in
. .. Tempera- | Mean, 1953
turerange! 1963
66.5 | 64.6-66.6 65.5 -10
46.1 | 51 -53 51.7 +5.6
39.1 . 5-46 45.0 +5.9
41.2 | 44.2-47.0 45.5 +4.3
43.2 | 44.5-46.5 45.5 +2.3

13 statjons.

3 Information supplied by letter by Dr. A. H. Leim, Director, Atlantic
Biological Station, S8t. Andrews, N. B., for Prince station 5, midway between
Campobello Island and The Wolves. )
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recorded range of about 2.5° from year to year in
the surface temperature was perhaps no wider
than might be expected from one day to the next,
from one stage of the tide to another, or within a
short distance, in this region of strong tidal
currents.

TABLE 15.—Water temperatures off Mount Desert Rock
in August 1958 and in earlier years

{Area E, fig. 16. Temperature in °F.]

Depth |Aug.13,|Aug.13,{ Aug. 6, |[Aug.20,| Mean [Aug. 18, Departure
(meters) | 19131 | 19143 | 19231 | 19282 (1913-26| 1053 in 1953

0. 55.0 55.9 55.0 57.5 55.9 56 +0.1 to —1.5
- | S 49.7 50. 5 49.5 53.9 50.9 52 +2.5 to —1.9
40.. ... 47.5 47.2 45.5 48.6 47.2 50.5 | +1.9 to +5
100....... 45.6 4.9 40.0 42.1 43.2 48.0 | +2.4to 48
150.._ ... 4.3 42.9 41.2 429 42.8 46.5 | +2.2to +5.3
176 ... 43.6 4.5 || 4.1 45,5 |oee el

1 Readings scaled from vertical graph for this station.
? Readings scaled in part from vertical graph for this station.

In the eastern side of the basin, near the Nova
Scotian slope (area F, fig. 16; table 16), the read-
ings for 1953 were 1.4° to 4.0° higher than the
combined means for 1912, 1913, 1914, 1915, and
1926, for the water column as a whole. But the

.surface was slightly the warmest in 1914, the
25-40 meter stratum of nearly the same temper-

ature in 1953 as in 1913, and the bottom water
at 220 meters of nearly the same temperature in
1953 as in 1912. It is doubtful, also, whether the
differences between the readings for August 18,
1953, and those for July 23, 1914, and August 9,
1926, are indicative of any general periodic trend
for the southeastern part of the basin, near the
source of the indrafts of slope water (area G, fig.
16; table 17). While the 100- to 150-meter
stratum was warmer in 1953 than in 1926 and the
20- to 40-meter stratum was 3.6° to 4.1° colder
in that summer than in 1926, the bottom stratum
was some 2° to 3° warmer in 1914 than in either
1926 or 1953.

TABLE 16.—Waler temperatures in eastern side of basin
in August 1953 and in earlier years

[Area F, fig. 16. Temperature in °F.]

Mean
Depth Aug. 14,| Aug. 12,| Aug. 13,| Aug. 20,| Mean |Aug. 17,| depar-
(meters) 1912 1913 1914 1926 |1912-26| 1953 t%es::n
50 60. 5 63.5 61.9 61.2 62.6 +1.4
47.7 511 43.5 43.9 46.6 50.0 +3.4
45.3 42.0 41.5 40.1 42.2 46.2 +4.0
45.3 42.0 42.9 41.2 42.9 45.2 42.3
1453 | 1426 | 1425 42.4 43.2 45.2 +2.0
45.3 42.6 [ >3 2 I 43.3 45.2 +1.4

1 Scaled from vertical graph for this station.



CLIMATE AND THE DISTRIBUTION OF MARINE ANIMALS

TaBLE 17.—Waler temperatures in southeastern part of
basin in 19563 and in earlier years

[Area G, fig. 16. Temperature in °F.]

Depth (meters) July 28, | Aug. 19, | Aug, 18,

1914 1926 1
59,5 61.9 61.7

153 62.1 58.0
50.0 55.6 52.0
49,2 42.3 45.0
48.8 143.1 46.5
47,1 43.9 4.0
46.3 143.7 243.8

1 Scaled from vertical graph for this station.
1 Deepest reading was at 241 meters.

Any continued alteration in temperatures for
the summer-autumn period on Georges Bank is of
special interest, because of the productivity of
the Bank as a fishing ground. Unfortunately, the
records are not clear in this respect, because the
readings for 1914 and 1926 were taken so much
earlier in the season than were those for 1953 that
somewhat lower values at the surface and higher
temperatures below the surface were to be ex-
pected in 1953 than in the earlier summers, quite
apart from any year-to-year fluctuation. This
seasonal progression is illustrated by the tempera-
tures taken on the eastern end of the Bank (area
H, fig. 16; table 18) July 23, 1914, August 13,
1926, and September 13, 1953. But the mean
temperature for the water column as a whole—
nearly 8° lower in mid-August of 1926 than in
mid-September of 1953—at least suggests that
the summer of 1953 not only was warmer on this
part of the Bank, but that it was as much warmer
as were the western and northern parts of the Gulf.

TaBLE 18.—Waler temperatures on eastern part of Georges
Bank in September 1953 and in earlier years

[Area H, fig. 16. Temperature in °F.]

Depth (meters) July 23, | Aug. 13, | Sept, 13,
1914 1926 1953
64 68l.1
51.7 60
46.0 54.5
344.7 54.5
43.3 54
49.3 57.0

l'Scaled from graph for this station; readings at 30 meters and at 556 meters.
fScaled from graph for this station; readings at 40 meters and at 70 meters.

On the western part of Georges Bank, move-
ments of the waters are so complex that wide
differences in temperature within short distances,
even on the same day, are not unusual. Readings
at a pair of stations about 10 miles apart on the
northwestern end of the Bank (area J, fig. 16;
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table 19) September 5, 1953, and at a second pair
about 17 miles apart, on the southwestern end
(area K), September 3—4, afford a striking example
of this regional irregularity. Under such ecir-
cumstances the danger is obvious of mistaking
regional or short-term variations for year-to-year
differences, when temperatures for different sum-
mers are compared. The present case is further
complicated by the seasonal rise in temperature
to be expected during the 5- to 6-week period
between the dates of observation for 1914 (July
20), for 1916 (July 23), and for 1953 (September
3-5). Perhaps the most that can be said is that
mean temperatures, which were some 6° higher
in the upper 20 meters and some 4° higher at 40
to 50 meters in early September of 1953 than they
were in late July of 1914 and of 1916 (table 20)
on the western part of the Bank (areas J and K -
combined, fig. 16), are at least compatible with
the somewhat higher temperatures that prevailed
in the inner parts of the Gulf in 1953, as appears
more clearly from the serial observations pre-
viously discussed (p. 306).

TaABLE 19.—Regional varialion tn water temperatures on
northwestern and southwestern paris of Géorges Bank

" [Areas J and K, fig. 16. Temperature in °F.]

Northwestern Georges | Southwestern Georges
. Bank Bank

Depth (met'ers)

Station A | Station B | Station A | -Station B -

Y 642 60.0 65.8 | 3.3
20, 1.7 - 52.0 55.0 60.2
6l.1 46,7 5L.5 60.2
61.1 45.8 .51.4 60.2

61.1 45.0 51.2 160.2

Mean. .. eoeeee- 617 95 5.7 | 6.7

1 Deepest reading was at 67 meters.

TaBLE 20.—Waler temperalures on -wgsiem pa'rt of Georges
Bank in 1953 and in earlier years

[Areas J and K combined; fig. 16. Temperature in °F.]

July 20, 1914 and July Sept. 34, 1953
23, 1916 -
Mean
Depth 1914 | Mean
(meters) | Num-| Maxi- | Mini- | Num-| Maxi- | Mini- | and | 1953
ber of | mum | mum |berof | mum | mum | 1916
sta- |temper-|temper-| sta- |temper-(temper-
tions | ature | ature | tions | ature | ature
0-20.___.__ 4| 65.5 52.0 5| 65.8 52 54.8 611
40-50.. ..._ 4| 56.3 50.1 5| 62.6 45.9 | 62 56.3

In the eastern channel between Georges and
Browns Banks (area L, fig. 16; table 21), the
readings were about 2° lower at the surface for
September 12, 1953, than for July 24, 1914, but
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they were consistently higher, thence downward,
with a maximum difference of 5.3° between the
2 series of readings at 120 meters, which was the
deepest level at which the temperature was
recorded in 1953. In the underlying strata this
contrast is of the order to be expected from the
difference between the dates when the observa-
tions were taken in the 2 years. Furthermore, it
may be no greater than can be explained on this
basis, especially in view of the difference in the
positions, for the 1953 station was about 21 miles
farther out along the channel than the 1914
station, i. e., that much nearer the reservoir from
which deep water enters the channel from the
continental slope. Neither is the lower surface

temperature for 1953 a safe index to the year-to-.

year fluctuation, for the surface had no doubt
cooled 2° to 3° by the date of observation, whereas
in 1914 the temperature was recorded when the
surface was nearing its warmest for the year.
Unfortunately, we have no salinity information
for the 1953 station, which is the only reliable
index to the amount of water from the continental
slope that is entering the Gulf on any given
occasion, or that had recently done so.

TaBLE 21.—Water temperatures in the eastern channel
between Georges Bank and Browns Bank in 1914 and
in 1958

[Area L, fig. 16. Temperature in °F.]

Depth (meters) July 24, 1914 | Sept. 12, 1953 | Mean depar-

tare in 1953
50.2 57.0 —2.2
52.0 53.5 +1.5
48.7 52.2 +3.5
47.9 51.2 +3.3
147.2 52.5 +53

i Scaled from vertical graph for station.

The Albatross III established only one station
on Browns Bank inside the 50-fathom contour
(area L, fig. 12) during her August-September
1953 cruises and recorded a bottom temperature
of 50.9° F. on September 12 at 90 meters, This
is slightly higher than the bottom temperatures
reported by McLellan (1954, p. 410, fig. 4; p.
412, fig. 6) of about 42.8° to about 48° August
16-27, 1950, and of about 42.8° to slightly above
48° August 14-September 5, 1952. A bottom
reading by the Grampus, July 24, 1914, of 47.3°
is too close to McLellan's to suggest that any
long-term alteration of significance had taken
place in the summer temperature of the bottom
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water on Browns Bank during the intervening
36 years.

The comparison between temperature condi-
tions in the Gulf of Maine in,August and early
September of 1953 and in the earlier summers of
record may be summed up as follows:

The entire water column down to 150 meters
was warmer on the western side of the Gulf and
around the northern periphery including the
lower Bay of Fundy in 1953 than in the period
1912-26. This upward shift in temperature in
1953 as compared with 1922 amounted to 5° to 6°,
at least, in Cape Cod Bay; to some 2° to 4.5°
from surface to 150 meters off Cape Ann; to 1.5°
to 3° from surface to 40 to 60 meters near Mount
Desert Island; and to about 2° to 2.5° in the
lower part of the Bay of Fundy at depths of 25
meters and greater. The upward shift in temper-
atures may have been as great in the eastern part
of Georges Bank as in the western side of the
Gulf, though differences in the dates when these
observations were taken prevent definite com-
parison. Available data are at least compatible,
with somewhat higher summer temperatures in
1953 than in previous summers on the western
part of Georges Bank (p. 317).

In the central and northeastern parts of the
basin of the Gulf, at depths greater than 40
meters, the temperature was about as much
warmer in 1953, compared to the period 1912-26,
as it was farther to the north and west. We have
no information to indicate any definite shift in
temperature, either upward or downward, in the
upper 10 meters or so, if allowance is made for
differences in the location of the stations where
the readings were taken and in the season and
the stage of the tide when the observations were
made in the different years. Thus, the surface
was warmest in 1914 both in the central part of
the basin and in the eastern side near the Nova
Scotian slope, but warmest in 1926 in the north-
eastern part near Mount Desert Rock. Readings
taken August 1953 in the extreme southeastern
part of the basin near the rising slope of Georges
Bank were intermediate between those taken
July 1914 and August 1926, at all depths from
the surface down to 260 meters. ' Evidently, the
effects on water temperatures of differences from
year to year in air temperatures are masked in
this region by the control exerted by warming
by water from the continental slope, en the one
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hand, and by' chilling by the cold water that face temperatures as high as 57° to 65° F. off
spreads westward past Cape Sable in the spring, = Massachusetts Bay to as low as 54° to 57° along
‘on the other. - the eastern part of the coast of Maine was as

Unfortunately, the August data for 1953 (fig.  abrupt as the transition was from higher to lower
17) fail to show whether the transition from sur-  temperatures in the area that the Grampus

F1aure 17.—Surface temperatures recorded, August 12-19, 1953. (Temperatures in degrees Fahrenheit.)
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crossed in the offing of Portland, Me., in 1913,
gnd a few miles farther eastward in 1923 (Bigelow
1927, p. 589, fig. 47). A question of more general
interest, from the ecological standpoint, is whether
the higher summer temperatures of recent sum-
mers, as compared with those of the earlier years
of record, have appreciably weakened the barrier
to the eastward spread of warm-water animals
that was formerly set by the low surface tempera-
tures that extended southward across the shelf
from the elbow of Cape Cod and from the region
-of Nantucket Shoals. (For a general discussion
of this temperature barrier, see Parr 1933, pp.
26-34 and 87.)

There is no apparent reason, so far as summer—
early autumn temperatures are concerned, why
any species able to maintain itself in the upper
20 meters or so of water along the coast westward
from Cape Cod during the first decade of the
present century should not have been able to
do so in the southwestern part of the basin of
the Gulf and in Cape Cod Bay in 1953, for maxi-
mum surface temperatures were about as high
there that year as they had averaged at Woods
Hole, in Vineyard Sound, or in Buzzards Bay,
during the period 1902-07 (table 22). Indeed,
it had been known long before the upward shift
took place that certain shallow, partially enclosed
basins on the coasts of New Hampshire and of
Maine—where the renewal of water from outside
is slow—are warm oases, so to speak, where
more-or-less permanent populations of warm-water
animals exist, which do not range regularly north
of Cape Cod: along the open coast. The oysters
that support a local fishery in Great Bay, N. H.,
and the hard clams (Venus) of Casco Bay and

TABLE 22.—Surface water temperatures, in southwestern
part of Gulf of Maine and westward from Cape Cod, in
1958 and in 1902-07

[Temperatures in °F.]

Num-| Surface temperature

ber of
Locality ‘Date sta-
tions | Maxi- | Mini- | Mean
mum | mum
1953: N
Boston Harbor_.________ August ||l (eaooo.- 67.2
Cape Cod Bay !..._____. July 19, _____.}..-.... 7.5 70 170.7
Southwestern basin
) QGulf of Maine_...__... Sept. 56._.__. 81 70 68 69
{mm: Woods Hole2_....... August______. [....._. 74.5 | 63 69.7
Vineyard Sound 2_.___.. Aug. 16-20___. 40| 68.6| 619 64.7
Buzzards Bay 2......_... Aug. 19-29.___ | . 27| 71.5] 62.7 67.9

1 For details, see text above.
2 From Sumner, Osburn, and Cole, 1913a; pp. 39 and 47.
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other Maine localities fall in this category, while
the oysters of the southern shallows of the Gulf
of St. Lawrence are a more striking example
often cited. '

The upward shift in summer temperatures
has involved the coastal belt along southern New
England as well as the waters north and east
from Cape Cod, the difference between the
southwestern part of the Gulf and westward from
Cape Cod being of about the same magnitude
as formerly. This situation is illustrated by
mean temperatures for the 2 warmest months
combined for 1950 to 1953, of 65° to 67.2° F. at
Boston contrasted with 69.7° to 71.7° at Woods
Hole; also, by the distribution of the surface iso-
therms to the eastward and to the westward of Cape
Cod for early September 1953 (fig. 18). The
contrast, too, between higher temperatures - to
the west and lower to the east, was not only
about as great outside the islands (4° to 10° at
the surface, 4° to 6° at 15 meters), in September
1953 as in the earlier summers of record, but the

.- transition from the one to the other in the general

offing of Nantucket Island and of Nantucket
Shoals was almost as abrupt (compare fig. 18 with
Bigelow 1933, fig. 35). No temperatures were
taken in 1953 on Nantucket Shoals, but it is a
matter of common knowledge that the surface
there may be as much as 7° to 8° colder in summer
than it'is over the smoother bottom to the south-
ward. This difference is the result of the active
upwellings caused by the strong tidal currents
that run over the shoals and around them. (For
further details; see also Bigelow 1927, p. 595,
and Parr 1933, p. 31.)

Continuity between the warm water of Nan-
tucket Sound and surface temperatures nearly
as high in the southwestern part of the Gulf
north of Georges Bank is similarly interrupted by
areas of low temperature, caused by strong tidal
currents running over the shoals that front more
than three-fourths of the total breadth of the
eastern exit from the Sound. In late August of
1925, for example, surface temperatures were
3° to 8° lower on Round Shoal (53° to 59° F.)
than on Stellwagen Bank at the mouth of Massa-
chusetts Bay (61°) or on Jeffreys Ledge off Cape
Ann (62°). (See Bigelow 1927, p. 1012, table 18.)
No data were obtained for the eastern end of the
Sound in 1953, but the regional temperature
relationship was doubtless of the same order



CLIMATE AND THE 'DISTRIBUTION OF MARINE ANIMALS 321

Ha3°
Ha2®
H41°
H40°
—1 1 1 1
71° 70° 69° 68°

Ficure 18.—Surface temperatures in the southwestern part of the Gulf of Maine and southward from the Martha's
Vineyard-Nantucket region, September 1-13, 1953. Dots mark the locations where temperatures were recorded.
(Temperatures in degrees Fahrenheit.) '
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that summer, for the tidal currents run as strong
over the shoals and around them today as they
did of old. Alse, while the transition in tempera-
ture from west to east off Nantucket is not as
abrupt at depths greater than 10 to 15 meters
as at the surface, the temperature averaged
10° to 12° lower in the southwestern part of the
basin of the Gulf in early September 1953, even
at 30 meters, than abreast of Martha’s Vineyard
(table 23).

TaBLE 28.— Temperalures al 80 melers and al 46 to 50
melers off southern New Enlglaml and in the soulhwestern
part of the basin of the Gu

1963
[Temperatures in °F.]
At 30 meters At 45-50 meters
Locality Num-| Tem- Num- | Temper-
ber of | pera- | Mean | ber of ature |Mean
. sta- ture sta- range
tions | range tions

South of Martha's Vine-
vard. o .. 13 | 53°-66° | 61.4° 13
South of Nantucket. . . i - 14 | 52°-63° | 68.1° 9

Guf .. . ____.. 12 | 41°-56° | 49.1°

51°-56° | 57.5°
51°-56° | 56.3°

45°-47.3° | 46.0°

The Nantucket boundary thus seems still to
be a definite one for animals living within 10 to 15
meters of the surface and requiring summer tem-

peratures higher than about 64°, while the low

temperatures of the southwestern part of the Gulf
similarly hinder expansion toward the northeast
of animals that may be dependent. on maximum
yearly temperatures upwards of say 55° to 60° F.
and that are restricted at the same time to depths
of 25 to 30 meters or more. But there is no
apparent reason why any animal, demersal or
pelagic, that ranges indifferently between 10 and
50 meters (as many do), and that thrives in
summer-autumn temperatures down to say 55°
to 60°, should not now range freely between the
offing of southern New England and the south-
western part of the Gulf, though confined to a
narrower depth-zone in the Gulf.

The possibilities of faunal interchange between
the head of Buzzards Bay and Cape Cod Bay via
the Cape Cod Canal must also be borne in mind,
though we have no definite evidence as to the
role the canal may actually play in this regard.

Autumnal progression

In the western side of the Gulf, the surface was
at its warmest for the year at about the same

f of Maine, September 118,
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time in 1953 (middle to late August) as in earlier
summers of record.

No readings were taken in the Gulf in 1953 later
than the middle of September; consequently,
comparison of maximum temperatures for that
year with those for previous summers cannot be
extended to the underlying water, where maximum
temperatures are reached progressively later in
the season at increasing depths. The dispersal
of heat downward, by the increasingly active
vertical mixings that are characteristic of early
autumn, seems at first to have followed the same -
schedule in 1953 as in earlier years, however; for
while the surface off Cape Ann (area A, fig. 16;
table 24) cooled, on the average, about 1.4° be-
tween mid-August and September 9-10, the
underlying waters down to 100 meters had mean-
time warmed by some 2.5° to 3.3°. Hence, it
may be assumed that when the maximum tem-
peratures of the year were reached at successive
depths, they were at least 2° to 3° higher in the
western part of the Gulf in 1953 than was usual
during the period 1912-26. Reduced to concrete
terms, the vertical equalization of temperature
characteristic of November, which took place at
about 48° at the mouth of Massachusetts Bay in
1912 (Bigelow 1927, p. 980, table 4, station 10047),
took place at about 50° to 51° there in the autumn
of 1953. No information is available, yet, as to
the autumnal progression of temperature for the
eastern side of the Gulf in 1953.

TaBLE 24— Temperatures off Cape Ann in August and
September, 1953
[Temperatures in °F.}

August 12-15 September 9-10
Mean
Depth depar-
(meters) | Num- . Num- ture in
ber of | Tempera- | Mean | ber of | Tempera- | Mean| Se
sta- | ture range Sta- | ture range tember
tions tions
7 | 64.6°-68° 65.9° 5 63°-66.1° | 64.5° [ —1.4°
7 | 52.0°-58.0° | 58 6° 5 55°-65.5° | 50.3° | 43.3°
7 47°-49° 48,0° 5 47°-51° 50.5° | +2.56°
7 | 48.6°~45° 44.4° 3 | 45.5°-50.5° | 46.9° | +2.5°
1 . 4.5° 1 44,5° | 44.5°

Winter 1953-54

Data for the winter of 1953-54 are confined to
bathythermograph readings taken February 16—
22, by the Asterias of the Woods Hole Oceano-
graphic Institution, at a grid of 22 stations cover-
ing the Massachusetts Bay region. It is probable
that the temperature had risen fractionally above
the winter minimum by that time, for the mean
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was 0.7° higher for February 1954 in Boston Har-
bor (36.6° F.) than for January (35.9°).* But
the following comparison (table 25) between the
temperatures taken February 16-18, 1954, and
those taken both 10 days earlier and 10 days
later in the season in 1925 shows that winter chill-
ing was not as severe in the Bay to the southward
of Boston in 1954 as in 1925. The overall differ-
ence between the 2 years for the southern part of
the Bay as a whole was between 2° and 5°. More
striking, the temperature seems not to have fallen
as low as 33° anywhere in the open Bay at any
depth in 1954, whereas it fell there (locally) in
1925, almost to the freezing point of salt water as
it has in sundry other winters in the past (p. 303).
Also, readings at 2 stations in the northern side
of the Bay averaged 2° to 3° higher, surface to
bottom, on February 18, 1954, than on February
13, 1913, or on March 4, 1921—which were among
the warmer of the winters that fell within the
period of our earlier surveys (table 26). The mini-
mum, also, seems certainly to have been no lower
in the Bay in 1954 than in 1953, and may have
been slightly higher, for while readings taken in
the Bay averaged about 1° lower on February 18,
1954, than on March 31, 1953 (table 27), a some-
what greater difference than this, but of the same
order, might have been expected between the two
sets of readings, on seasonal grounds.

TABLE 25.—Mazimum and minimum waler temperatures
in Massachusells Bay Region, southward from the oﬁng
oj‘ Boston Harbor and seaward to a line from Cape A
to the tip of Cape Cod, in February, 1925 and 1954

[Temperatures in °F.]

Surface Bottom
Number| temperature temperature |Minimum
Date of tempera-
stati ture at

Maxi- | Mini- | Maxi- | Mini- {anydepth
mum | mum | mum | mum

1925:
Feb.6-7_...______ 15 36.7 30.7 36.7 30.9 29.2
Feb, 24-28______.. 7 36.1 34,0 36,2 84.3 34.0
1954: Feb. 16-18______ 18 39.2 33.9 40.1 34.8 33.9

TaBLE 26.—Surface and bollom temperatures in northern
side of Massachusetts Bay in 1954 and in earlier years

[Temperatures in °F.]

Date Number of Burface Bottom
stattons temperature | temperature
Feb, 13,1913 .. .__.__ 1 37.1 37.6
Mar. 4,1921 ... 1 36.0 36.6
Feb. 18,1954 . _________._..___. 2 38.8-39 39.2-40.8

¢ Information supplied by the U. 8. Coast and Geodetic Survey.
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TaBLE 27.—Waler lemperatures in Massachuseits Bay,
in 1953 and 1954

[Temperatures in °F.]

o Tempera- .
Date | Number of | turerange | Mean
stations | surface to
bottom
Mar, 31, 1953 oo 2 41-41.3 41. 2
Feb. 18,1954 . 4 39-40.7 .30.3

This close correspondence between the winter
temperatures of Massachusetts Bay in March 1953
and in February 1954, added to the cotisistently
high level reached by the mean water temperature
for the coldest month in Boston Harbor as far back
as 1949 (year-to-year range, 35.9°-37.8° F.),
shows conclusively that we are dealing here with a
situation that has already .persisted through 5
winters, not merely with 2 warm winters in succes-
sion, such as have been known to interrupt the
succession of colder winters in the past (p. 303). It
is of special interest that through the winter of
1954, as during the preceding summer, the western
side of the Gulf should have continued some 2° to
3° warmer than in earlier years, for the mean tem-
perature in Boston Harbor was lower for that
January (35.9°) than it had been for any month
since February 1951. This with current reports
of more ice than for many winters past in the
partially enclosed situations along the coast of
Maine, following severe weather in January,
raises the question whether the upward shift in
winter temperatures may have passed its climax
in our Gulf.

CHANGES IN ABUNDANCE AND DISTRI--
BUTION OF MARINE ANIMALS

Although valuable statistics on the landings of
many marine species have been collected since
1887, for the most part these records are not, con-
tinuous prior to about 1930. It is not possible,
therefore, to show long-term trends and fluctua-:
tions, except for a few species. Changes in fish-
ing methods, efficiency, and effort, as well as
changes in market conditions, tend. to obscure the
relations which may exist, so that one must fre-
quently make general comparisons, based on
minor fluctuations that may be related to environ-
mental conditions when the major upward or
downward trends may be due to other factors.
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" FLUCTUATIONS IN MACKEREL

Landings of mackerel on the east coast of the
United States from 1804 to 1930 have been esti-
mated by Sette and Needler (1934). Their esti-
mates for the period 1804-81 are based on records
of inspection of barrels of mackerel in Massachu-
setts (Goode et al.,; 1884). Landings for the
period 1878 to 1904 were available from the re-
ports of the Boston Fish Bureau. Since 1893,
landings at the principal New England ports have
been published by the United States Bureau of
Fisheries and its successor, the Fish and Wildlife
Service. Except for the period 1804 to about
1820 when the fishery was beginning, the fluctua-
tions in catch appear to reflect fluctuations in the
abundance of mackerel.

In figure 19, landings of mackerel are plotted
. against annual deviations in air temperature. at
New Haven that occurred 3 years earlier than the
landings. Both curves are smoothed by 5-year
moving averages. There is a marked tendency
for rising temperatures to be associated with good
catches 3 years later, the reverse with falling
temperatures.
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From 1820 to 1890, four major peaks occurred
in mackerel landings, each associated with a
period of higher temperature. The degree of asso-
ciation of landings with temperature may be de-
termined by correlating the unsmoothed data,
that is, correlating the landings in-an individual
year with the annual temperature deviation oc-
curring 3 years earlier. When this is done, the
highly significant correlation coefficient of 0.554
is obtained for the 71-year period. Since air tem-
peratures are not perfectly correlated with water
temperatures and since it is the actual water tem-
perature which may be expected to influence the
mackerel, possibly a much higher -correlation
would be obtained if water temperatures were
available.

Following the high point reached in mackerel
landings during the 1880’s the catch declined rap-
idly and has never since reached its former high
levels. From 1820 to 1890 the average annual
catch was about 89 million pounds; between 1891
and 1950 it was about 33 million pounds. We see
nothing in the temperature record to account for
this change in abundance, although the former
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F1GURE 19.—Landings of mackerel, 1804-1950, in New England (solid line) compared with annual deviations in air

temperatures at New Haven, Conn., oceurring 3 years earlier than the landings.

moving averages.)

(The eurves are smoothed by 5-year
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fluctuations in mackerel landings indicate that
this decline was almost certainly due to natural
causes rather than to fishing.

After 1890 and to about 1925, there is a weak
tendency for the niackerel landings to vary with
temperature. After 1925 the landings are quite
out of phase with temperature fluctuations, al-
though both are at a much higher level than at the
beginning of the period. The correlation between
landings and temperature deviations for the period
1890-1954 is 0.207, which is about at the 10-
percent level of significance (0.211).

The spawning of mackerel, on both the eastern
and western sides of the Atlantic, appears to take
place from south to north as temperatures reach
a fairly well-defined critical level during the vernal
warming (Allen 1897-99; Orton 1920; Sette 1943).
The length of the incubation period is greatly
affected by the temperature of the waters in the
surface layer. Sette reported that eggs hatch in
2 days at 70° F. and in 8% days at 50° F., and that
the rate of development of the larvae also depends
to some extent on the temperature. He estimated
the survival rate of the 1932 year class during its
planktonic existence to be in the order of magni-
tude of only 1 to 10 fish per million of newly
spawned eggs. The period of planktonic life is
shortened in warmer waters, and there is experi-
mental evidence (Worley 1933) that the rate of
mortality is less at higher temperatures. There-
fore, relatively minor differences in the tempera-
ture of the waters in which mackerel develop may
produce wide fluctuations in the strength of the
vear classes. Furthermore, the spawning of
mackerel in the western North Atlantic is largely
confined to a coastal belt 10 to 30 miles in width
(Sette 1943), where fluctuations in water tempera-
tures may be expected to show greater correlation
with land air temperatures than would water
temperatures farther offshore.

The influence of sea temperature on the move-
ments of mackerel has heen documented by Sette
(1950). With regard to the appearance of mack-
erel in the spring, and the northward advance,
Sette considered that temperature has a limiting
rather than a causal influence, water colder than
7° to 8° C. (44.6°-46.4° F.) acting as a barrier
(op. cit., pp. 292-204). With a general warming
of coastal waters, one might expect earlier arrival
and later departure dates. Unfortunately, data
on times of first arrival and corresponding temper-

" of mackerel appear in 5 of the 15 years.

ature data are too fragmentary to determine this
directly, but possible indication that this has
occurred is shown in the monthly landing statistics
for Gloucester. Between 1901and 1935, nolandings
of mackerel in April are shown in the Gloucester
landings. Between 1935 and 1950, April landings
Between
1901 and 1930, December landings of mackerel
at Gloucester appear in 9 of the 25 years for which
statistics are reported. From 1932 to 4950,
December landings appear in 14 of the 19 years
reported. Prior to 1939, no landings of mackerel
are shown for the month of January. Between
1939 and 1950, January landings are reported for
7 of the 12 years.

We have no satisfactory hypothesis to explain
the great fluctuations in mackerel landings over
the period of record; however, it is rather clear
that the behavior of the mackerel is governed to a
considerable degree by temperature. Data cover-
ing fairly long periods of time show that the mack-
erel has responded to fluctuations and trends in
temperature, but in a manner sufficiently complex
to suggest the operation of other, perhaps indirect,
factors.

FLUCTUATIONS IN LOBSTERS

Between 1940 and 1945, annual lobster landings
in Maine increased from 7.6 million to 19.1 million
pounds—a 250-percent increase and nearly three
times the average landings made during the 1920’s.
Since 1945, the Maine catch has averaged about
19 million pounds, a level not exceeded since the
1880’s. The increase in lobster landings was
observed not only along the coast of Maine but
also in Massachusetts, in the Bay of Fundy, and
in western Nova Scotia over about the same
period.
 Such a widespread increase in lobster landings
suggests an environmental change making possible
the survival of greater-numbers of lobsters to
catchable sizes. Tagging experiments in Maine
and length-frequency data collected by the Fish
and Wildlife Service over the period 1939 to 1947
indicate that mortality rates remained very con-
stant over the period of increase so that the in-
creased catch was caused by an increase in abun-
dance rather than by an increase in the amount of
fishing. The only change in the environment
known to have occurred was a general warming of
coastal and offshore water. We shall, therefore,
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attempt to relate changes in lobster landings to
changes in temperature.

A complete record of annual landings of lobsters
since 1904 is available for Rhode Island in the an-
nual reports of the Rhode Island Commissioners
of Inland Fisheries (1904-35), and from federal
statistics for recent years. These data, smoothed
by 5-year moving averages, are presented in figure
20 together with January-July differences in
water temperatures at Boothbay Harbor, 1906—49.
The Boothbay Harbor data, previously shown in
figure 8, page 299, have been given an additional
smoothing by a moving average of 3. Tempera-
tures at Boothbay Harbor were used for this com-
parison because they were the only ones available
which cover the period of these lobster landings.
It has already been pointed out that trends in air
and surface water temperatures are quite similar
over an extensive range along the Atlantic coast.

Temperature and landing data indicate a direct
relation between water temperature and the
availability of lobsters, a relation recently pointed

out by Martin ® for lobster catches in Canada.
It is to be noted, however, that the curve of water
temperatures in figure 20 represents a tendency
toward warming of water conditions along the
Atlantic coast in recent years, especially during
the winter months, and that the catch of lobsters
in Rhode Island has declined in the face of this
warming. The relationship discovered by Martin
is the reverse: Canadian lobster catches are greater
in warmer years.

Lobster landings for the Middle Atlantic States,
for Massachusetts, and for Maine are presented
for the years since 1918 in figures 21, 22, and 23.
The downward trend in landings for the Middle
Atlantic States is similar to that occurring in
Rhode Island, while the trends in Massachusetts
and Maine have been upward over the same
period.

5 Martin, W. R., Long-term prediction based on climatic changes. Manu-
seript presented at a meeting of the Committee on Biological Investigations,
Annual Meeting of the Fishery Research Board of Canada, January 1953.
9 pp.
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Fieure 20.—Landings of lobsters in Rhode Island, 1904 to 1940, as 5-year moving averages (solid line), and January-
July differences in surface water temperatures at Boothbay Harbor, Maine, as deviations from the mean difference

(dotted line).
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Fraure 21.—Landings of lobsters in the Middle Atlantic
States, 1921 to 1950.
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Ficure 22.—Landings of lobsters in Massachusetts

1919 to 1950.

Consideration of these data, together with the
Canadian trends, suggests that there are optimum
conditions for lobsters and that these optimum
conditions ceased to exist in the area south of
Cape Cod about the middle of the 1920’s. This
hypothesis also implies that conditions began im-
proving in the area north of Cape Cod about 1940
and that this improvement has continued to the
present time,

Monthly landings of lobster have been reported
in Maine since January 1939. The availability of
monthly surface water temperatures at Boothbay
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Harbor over the greater part of this period affords
a means of further investigation of the relation of
water temperatures to lobster catches.

Figure 24 shows monthly lobster catches in
Maine, plotted against the corresponding mean
surface water temperatures, for the months of Qc-
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Ficure 23.—Landings of lobsters in Maine, 1919 to 1951.
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Ficure 24 —Monthly catches of lobster in Maine plotted
against corresponding mean surface water temperatures
at Boothbay Harbor for the months of October through
April, 1939 to 1949,
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tober through April for the years 1939 to 1949.
If we take the logarithm of the catch and correlate
it with the temperature, we obtain a correlation
coefficient of 0.854 with 72 degrees of freedom, a
highly significant result.

In figure 25, the Maine lobster catches for the
months of May through September, 1939 to 1948,
are plotted against the corresponding mean month-
ly surface water temperatures. The relation be-
tween catch and temperature for this period was
similar to that for the months of October through
April, 1939 to 1949, although obviously the
monthly catches in summer occurred at a consid-
erably lower level than would be predicted from
the winter relationship. The correlation between
log catch and temperature is 0.548, which is also
highly significant.
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FiguRrE 25.—Monthly catches of lobster in Maine plotted
against corresponding mean surface water temperatures
at Boothbay Harbor for the months of May through
September, 1939 to 1948.

These data are inadequate to show that lobsters
are less available during the summer months when
temperatures are highest, or that an optimum
temperature is exceeded during the summer
months. Lobsters begin molting in the western
part of Maine in May, the process continuing

more or less progressively eastward along the coast
until late September. Males molt earlier than
females, marked changes in .the proportion
of the sexes are observed in the catch during the
molting period, and the molting of females is
attended by mating activities. During this period
availability decreases. Although awvailability is
usually high following molting, principally because

~ of the recruitment of lobsters that were under

legal size before they molted, the increased catch,
combined with the soft-shelled condition, following
the molt, usually results in a decline in market
price. For these reasons, fishing effort and the
resulting catches may not reflect true availability
during the surnmer months.

A reasonable objection to the foregoing analysis
is that the high degree of correlation between
lobster catch and water temperature is based on
total catches by months and not on catch per unit-
of-effort. The correlation may, therefore, reflect
the greater amount of fishing during the warmer

" months rather than the greater availability of the

lobster.

Although some data on fishing effort by months
have been collected in Maine since 1939, the
reliability of the data has never been established
through adequate analysis. If the data on effort
for the period 193946 are used, no correlation be-
tween catch per unit-of-effort and temperature is
apparent; however, for the years 1939-42, a highly
significant correlation between monthly catch per
unit-of-effort and temperature is obtained. The
discrepancy appears to result from a rapid rise in
the abundance of lohsters in Maine over the period
1943-46, so that the catch per unit-of-effort cor-
responding to a given temperature is changing each
year. During the period 1939-42, the annual
catches did not vary gredtly, thus the monthly
catches indicated availability rather than abun-
dance. Although the annual catches since 1946
have attained a fair level of stability, monthly
effort data are not available.

Whatever the reasons for the significance of the
relation between monthly catch and monthly
temperature, it is, of course, evident from figure 24
that the relationship cannot be expected to hold
for temperatures much higher than 50° F. A
month with an average surface temperature of
65° F. would, for example, yield a catch about
equal to the average annual catch in recent years.
Disregarding the effect of molting on availability,
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it is apparent that temperature, if the significant
factor, can increase availability up to but not
beyond the actual abundance.

FLUCTUATIONS IN WHITING

Statistics on landings of silver hake, or whiting
(Merluceius bilinearis), prior to 1937 are scattered
and the period since 1937 is hardly long enough to
attempt to relate in detail fluctuations in catch
corresponding to changes in temperature. A com-
parison of landings shows, however, a striking
decrease in the catch in areas south of Cape Cod
and a corresponding increase in New England

areas. The trends in whiting landings resemble
those observed in lobster landings north and south
of Cape Cod.

The increase in landings of whiting in Massa-
chusetts and in Maine is undoubtedly due in part
to better market conditions and to increased facil-
ities for freezing. Although the price of whiting
increased sharply in 1943, the trend since has been
downward. The decrease in landings south of
Cape Cod cannot be explained in terms of changes
in these factors; indeed, the scarcity of whiting
since 1948 has apparently led to a sharp increase in
the price (fig. 26). ' :
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" F1ure 26.—The New York-New Jersey whiting catch (solid line) and the price received (broken line), 1937 to 1950.
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Whiting landings for New York and New Jersey
are shown in figure 26 together with the average
price per pound for the years 1937 to 1950. A
dowaward trend in landings is evident to 1947
with a precipitous drop in 1948. Whiting catches
remained at a low level in 1951 and 1952. The
decline in whiting catches has not been accom-
panied by any decline in fishing effort or in de-
mand—the price has, in fact, increased. A sub-
stantial part of the whiting catch is made in
stationary pound nets. These nets catch a
variety of species, so that their successful opera-
tion does not depend entirely on a particular
species. The whiting catch of pound nets has
suffered a decline which corresponds in magnitude
to the total catch of whiting by all gear. The
pound-net fishery in New Jersey, for example,
averaged about 4.8 million pounds of whiting
annually from 1942 to 1945. In 1948 and 1949,
the catches were 168,100 and 354,600 pounds,
respectively. Whiting vessels from Gloucester
which formerly found it profitable to fish in the
New York—New Jersey area during the summer
months are reported to do so no longer because of
the scarcity of whiting.

While a general increase in landings of whiting
is found for the period 1937-50 for New England
as a whole, due to increased landings in Massa-
chusetts and Maine, the catch declined in Con-
necticut and Rhode Island. Landings for Con-
necticut and Rhode Island have followed almost
identical fluctuations (fig. 27). They rose sud-
denly between 1942 and 1943, perhaps because of
the price increase in 1943, but then declined more
or less consistently to their earlier level. Land-
ings in Maine and Massachusetts are shown in
figure 28, together with Maine prices. Although
prices increased in 1942 and 1943, there was no
corresponding increase in landings. Maine prices
have since declined from the high of 2.5 cents per
pound in 1943 to about 1 cent in 1952, but the
catch in Maine increased during the same period
from 2 million pounds to 22 million pounds.

An interesting fact is that while the total Massa- '

chusetts landings of whiting have increased since
1937 the pound-net catch has decreased (fig. 29).
Thus the catch per pound net for the period
193742 averaged 78,775 pounds, but since 1943
only 22,783 pounds.

Bigelow and Welsh (1925) stated that the
silver hake (whiting) was strictly a summer fish
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Ficure 27.—Connecticut-Rhode Island whiting catch,
1937 to 1950.

in the Gulf of Maine, sometimes appearing in the
Massachusetts Bay—Cape Ann region as early
as the last week in March and regularly striking
there by May, and they noted this applies equally
to Georges Bank where the first whiting were
taken by otter trawlers from April 27 to 29 in
1913. They further stated that the fish vanished
from coastwise waters and from the offshore fish-
ing banks sometime in late autumn and that,
probably, the fish did not winter in the deep basin
of the Gulf of Maine, but withdrew from it alto-
gether at the approach of cold weather.

With reference to the relative abundance of
whiting to other fishes on Georges Bank, Bigelow
and Welsh, reporting on the otter-trawl investiga-
tions of 1913, stated that during the period April
to September the average catch per trip was about
14,000 haddock to 1,800 whiting. Gloucester
fishermen recall the former seasonal occurrence
of whiting on Georges Bank and in the Gulf of
Maine.

If the whiting was once strictly a summer fish
in the Gulf of Maine, a conclusion generally
accepted at one time (Bigelow and Welsh, 1925;
Schroeder 1931), this is not the situation today.
Bigelow and Schroeder (1953) point out that some
whiting are now caught in the Gulf of Maine in
winter and that whiting perhaps always have
wintered in the deeper parts of the Gulf. It is
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Ficure 28.—Landings of whiting in Massachusetts (1937-50) and the landings and price per pound of whiting in Maine

(1937-52).

not possible to decide, on the basis of the available
data, whether this is true. It is probably safer
to assume that some whiting have always wintered
in the deeper parts of the Gulf, which waters were
not fished until after 1937 when redfish boats
began operations. These boats do not ordinarily
save any of the whiting they catch, so that
whiting in the catches might have gone unnoticed
for a number of years.

Cursory examination of the weigh-out sheets of
vessels landing at the port of Gloucester in Jan-

uary, February, and March, 1952, indicates that
small whiting boats can make consistently good
catches during these months in subareas XXII E,
which lies off the coast of Massachusetts, and
XXII D, which lies off the coast of western
Maine. The weigh-out sheets also show that
whiting appears in small amounts, but regularly,
as incidental catch for boats fishing in subareas
XXII F and G. (See Rounsefell 1948, for a
description of statistical areas.)

A partial list of whiting landings at Gloucester
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Fiaure 29.—The catch of whiting by pound nets in Massachusetts, 1937 to 1944.

is shown in table 28 for the months of January and
February 1952. This list includes trips in which
whiting predominated in the catch, and the take
of many of the trips consisted almost entirely of
whiting. This is not to say, however, that
whiting were not caught and landed by other
vessels fishing in the same area. This fact is
important, for the fishing for species other than
whiting has been pursued in these areas for many
years.

The maximum depth of water in subarea XXII
D is about 120 fathoms and in subarea XXII E
about 150 fathoms. The larger part of both
subareas is less than 80 fathoms deep. It is
unlikely that these boats fished in the deeper
waters, not only because no redfish appear in the
catches but also because the deeper water, which
lies more distant from port, probably could not be
profitably fished in a 1-day trip.

To determine more exactly the depths in which
whiting are caught during the winter months,
interview sheets for the port of Provincetown were

‘examined for January 1953,

These sheets are
prepared by a port interviewer and show, for each
trip, the approximate position and the range of
depths in which the vessel fished, as well as the
weigh-out. Of 41 trips in which whiting were
landed by small otter trawlers, 25 percent of the
fishing was in depths of 30 fathoms or less, 50
percent was in depths of between 30 and 55
fathoms, and 25 percent was in depths of between
55 and 70 fathoms. All of the trips were made to
subareas XXII E and XXII G.

Examination of monthly landing records in
Maine shows that whiting may be landed in any
month of the year, although the landings during
January, February, and March are small com-
pared to the summer landings. These whiting
probably do not come from the deeper waters of
the Gulf of Maine, for these depths are fished only
by the redfish boats, and the fishermen rarely
trouble to save whiting when they encounter them.

Recent data on the abundance of whiting in
relation to other species on Georges Bank are



CLIMATE AND THE DISTRIBUTION OF MARINE ANIMALS

TaBLe 28.—Landings of whiting at Gloucester, Mass., in
January and February 1952

Catch
{pounds)

Length
of trip
(days)

Subarea and date Type of gear !

Subarea XXII D:
Jan. 6 ... Me((l}um otter trawler..
1

Small otter trawler
Medmm otter trawler.

Feb.2_._ i - do
8.

R T T N L T = e yopuray
—
=]
=]
=

t Small otter trawler, 5 to 50 gross tons; medium otter trawler, 50 to 150
£ross tons.

available from the otter-trawl investigations con-
ducted there during the summeérs of 1948 to 1951
by the U. S. Fish and Wildlife Service. These
investigations showed whiting to be the most
abundant fish in the catches, outnumbering had-
dock by 164 to 100, as contrasted with about 1
whiting to 8 haddock in 1913 (p. 330). The pre-
dominance of whiting in 1948 to 1951 was not
due merely to its unusual abuindance in depths
or areas where haddock are not found, for in sub-
area XXII J at depths between 30 and 60 fathoms,
a favored fishing area of the commercial haddock
fleet, haddock outnumbered whiting by only about
1.5 to 1. _

Even allowing some latitude for the incom-
pleteness of earlier observations, the evidence indi-
cates major (’ha.nges in the distribution and habits
of whiting since Bigelow and Welsh (1925) de-
scribed the distribution of the species. If one
advances the hypothesis that there has been a
general warming of coastal waters, which is indi-
cated, the pattern of observed changes may be
explained, at least in part. According to - this
hypothesis, the coastal waters south of Cape Cod
have become too warm for whiting to be present
in abundance. Since the warming may be expect-
ed to be more pronounced close inshore where
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the pound nets are located, the decline will be
first noted here, as in New York and New Jersey
where this fish has practically disappeared from
pound-net catches and in Massachusetts where
the catch per pound net has declined to about
one-third its former magnitude. The presence of
whiting in the Gulf of Maine during winter months
is probably due to a general melioration of winter
conditions as indicated by January temperatures
at Boothbay Harbor, Me., and at St. Andrews,
N. B.

It might be objected that, as whiting tolerate a
wide range of temperatures, the available data are
not sufficient to explain the observed changes in
distribution. We are not certain that this is a
valid objection. The possihility that whiting may
be able to tolerate the complete range of tempera-
tures in the areas under consideration does not
necessarily indicate that there are not optimum
conditions which they prefer and seek.

" Even given optimum temperature conditions,
whiting require food and the presence or absence
of food will, of course, affect their distribution.
Aside from the consideration that any fish may
become adjusted to certain optimum environ-
mental conditions because these conditions are
related to its food supply, a temperature factor
controlling distribution may be removed only one
step from a direct relationship, according to this
hypothesis. '

FLUCTUATIONS IN MENHADEN

Occasional small menhaden catches have been
reported for Massachusetts, but not farther north-
ward, since this fish reappeared in abundance for
the single year 1922 after an almost complete
absence from about 1900. Its presence north of
Cape Cod was noted in Maine waters in 1945,
when small numbers were caught and used for
lobster bait; in 1948, 24,000 pounds were taken,
and in'1949, 5,000,000 pounds. In 1951, 7,000,000
pounds were landed at Gloucester, and in 1952,
landings at the same port amounted to 26,000,000
pounds (Maine Coast Fisherman, 1952).

The actual abundance of menhaden north of
Cape Cod since 1945 is not accurately reflected
by catch figures. The catch in Maine in 1949, for |
example, was largely due to the presence of men-
haden seiners from the southern fleet (Maine
Coast Fisherman, 1949). Local vessels have not
been equipped for menhaden seining and New
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England conservation laws have made the oper-
ation of out-of-state vessels difficult within the
3-mile limit where menhaden schools are most
abundant (Bunker 1951).

It is impossible to state to what extent the
warming of inshore waters, as indicated by records
of surface temperatures at Woods Hole, Boothbay
Harbor, and St. Andrews, has affected the re-
appearance of menhaden north of Cape Cod.
According to Bigelow and Schroeder (1953), 50° F.
is the coldest water temperature this fish will
tolerate. Menhaden were reported abundant in
the Eastport area prior to about 1840—45 (Goode
1879, p. 78), but they were not present in that
area during the warm period of the 1870’s when
the menhaden fishery in the Boothbay Harbor
region was at its height. In 1876, records of
surface ‘water temperatures at Eastport (Goode
1879, p. 291) show average July and August tem-
peratures of 47.2° and 50.2°, respectively, which
arc sufficiently low to indicate unfavorable con-
ditions for menhaden. In the same year, surface
temperatures at Portland, Me., about 30 miles
west of Boothbay Harbor, show July and August
temperatures of 66.7° and 63.9°, respectively, so
that the presence there of menhaden would not
be surprising; as far as temperature conditions are
concerned: It must be pointed out, on the other
hand, that surface water temperature records at
Boothhay Harbor over the period 1906—49 show

that temperatures in that area have probably been .

sufficiently high for the presence of menhaden
every vear (see appendix table 1, p. 344).

The presence or absence of a migratory species
such as menhaden north-of Cape Cod during the
summer months is not necessarily determined by
the inshore conditions where the fish is commonly
caught, but may be determined by other conditions
along its migratory route. Unfavorable conditions
along the way may act as a barrier (see Role of
Temperature in Faunistic Changes, p. 338).

. FLUCTUATIONS IN YELLOWTAIL FLOUNDER

During the 1940’s, a productive yellowtail
flounder (Limanda ferruginea) fishery developed
on the southern New England fishing grounds,
from ‘Nantucket Shoals westward to Long Island
(Royce, Buller, and Premetz, MS.5). In 1942,
production of yvellowtail amounted to more than
60 million pounds, but the catch fell away rapidly
to about half that amount by 1944, and by 1949
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to about 10 million pounds. It is natural under
such circumstances to ascribe the decline to over-
fishing, but Royce and his coworkers found none
of the usual symptoms of overfishing in the ex-
tensive biological data collected during the rise and
fall of this fishery. Paralleling the decline in
catches of yellowtail on the southern New England
banks was the.increase in catches on the south-
western part of Georges Bank from about 72,000
pounds in 1942 to more than 10 million pounds in
1949.

Royece et al. point out that there have been at
least three significant changes in the faunal com-
position of the area used by the yellowtail flounder
fishery during the 1940’s. The Nantucket Shoals
area produced many haddock during the 1920’s,
the catch amounting to 13,000,000 pounds in 1928.
These workers also point out that the haddock
were caught in the same location and at exactly
the same depth range which subsequently pro-
duced yellowtail. They explain why yellowtail
could not have been abundant during the period
of the haddock fishery and also show that haddock
were scarce on these same grounds during the
period of the yellowtail fishery. Also significant
is the fact that during the period of the haddock
fishery vellowtail eggs and larvae were abundant
to the south and west off the coast of New Jersey
in areas where no yellowtail were found in numbers
during the 1940’s, at which time the demand for
yellowtail was at its height.

With the decline in abundance of yellowtail, the
fishermen turned to “trash’ species. The produc-
tion of this fishery from the southern New England
grounds, and largely from the same depths and
locations where yellowtail were formerly caught,
amounted to about 70,000,000 pounds in 1950—
approximating the peak landings of yellowtail at
the height of that fishery.

Royece, et al.® state that—

" Such changes in the habitat of a few species of fish must
be evidence of more fundamental changes in the environ-
ment and the entire complex of animal populations. In
seeking an explanation we note that the known geographi-
cal range of both haddock a._l_nd yellowtail extends only a
little south of the southern New England grounds but
much farther to the north * * * We notice, too, a re-

treat of the haddock from the grounds west of Nantucket
Shoals northeasterly to Georges Bank in the early 1930's

8 Royce, Williem F., Raymond J. Buller, and Ernest D. Premetz. 1956.
Conservation of the vellowtail flounder Limenda ferruginea. 1. S. Depert-
ment of the Interior, Fish and Wildlile Service, Washington, D. C. (Un.
published MS.)
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and a subsequent retreat of the yellowtail from off the
New Jersey coast in the 1920's to off southern New Eng-
land in the early 1940’s and then to Georges"Bank about
1949 * * *  Perhaps these retreats have occurred Becguse
of the warming of the area, whlch has been. reported by
Conover (1951). T

NORTHWARD EXTENSION OF SOUTHERI:‘I SPECIES

A great many reports of the northward exten-
sion of the ranges of southern species have appeared
in scientific literature since the 1930’s. This may
be attributed in part to an increased number
of interested observers, but on this basis we
would expect a nearly equal number of records of
the southward extension of northern forms. We
have noted only a few such southern extensions
of range and only two in recent years: halibut
landed March 13, 1946, near Reedville, Va.
(Walford 1946), and four specimens of the Arctic
cod (Boreogadus saida) taken from a trap net in
late January and -February 1951, in. Mirimichi
Bay, N. B. (Mc¢Kenzie 1953).

In many localities, especially southward from
Cape Cod, reports of southern forms became
more frequent in the 1930’s, a decade of peak air
temperatures in the present warm cycle in the
Northern Hemisphere (Willett 1950). At Sandy
Hook Bay, for example, where observations of fish
fauna were made for many years, three new rec-
ords (although not new northern records) were
reported by Breder and Nigrelli (1934) for 1932:
the halfbeak (Hyporhamphus roberti), the gray
snapper (Lutianus griseus), and the cutlassfish
(Trichiurus lepturus). These workers comment
on the rather unusual influx of southern species
into that area during the summers of 1933 and
1934. They note that the cow-nosed ray (Rhinop-
tera bonasus) was more common than ever before
observed, the round pompano (Trachinotus falca-
tus) was unusually abundant, and the gizzard shad
(Dorosoma cepedianum) was first recorded in Sandy
Hook Bay in October 1933.

During the same decade, we note the occurrence
of the striped mummichog or killifish (Fundulus
majalis) (p. 340) and the short big-eye (Pseudo-
priacanthus altus) in Massachusetts Bay, the lat-
ter not having been reported there since 1859;
and of the butterfish (Poronotus triacanthus) in
the Gulf of the St. Lawrence (Hoar 1937, Needler
1938); while a new northern record was established
for the sting ray (Dasyatis say) (Smith and Griffin,
1939). Merriman (1939), commenting on the oc-
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currence of southern species in"Connecticut waters
in 1937, stated that “It seems probable that.ab-
normally. high temperatures in .the summer of
1937 were responsnble for the unusual va,nety -of
southern species so far north.” :

The. unusual number of records of the whlte
shark (Carcharodon carcharias) in the Gulf of
Maine (Schroeder, - 1938, 1939; Bigelow and
Schroeder, 1953) is associated with .the warming
during this period. Schroeder (1939) describes
this as an “unusual occurrence’ since “scarcely a
dozen specimens” had been reported during the
past. century.

It would be interesting to know if there have
been any changes in the southern ranges of marine
animals in New England and Middle Atlantic
coast waters, especially of the more northern
forms. Unfortunately, there seems to he a paucity
of observations bearing on this. It is.perhaps of
significance that the capelin  (MMallotus villosus)
has not been reported from the Gulf of Maine
since 1919, the spotted wolffish (Anarhichas minor)
since 1927, the shanny (Leptoclinus maculatus) and
the Arctic shanny (Stichaeus punctatus) since 1930,
while the staghorn sculpin (Gymnocanthus tricus-
pis) and the spiny lumpfish (Eumicrotremus spi-
nosus) have not been recorded since the last
quarter of the 19th century. Reports of these
species, which have been found in the Gulf at one
time or another together with a number of others
occurring in Nova Scotian waters, might well be
expected in recent years, if such reports depended
merely on the number and assiduity of observers.

The trend, which began in the early 1930’s, of
an increased frequency of reports of southern
species in more northerly waters has continued up
to the present time. The following records,
though by no means a complete listing, are some
of the more interesting occurrences of recent years.

BurTerFLY RAY (Gymnura altavela). Consid-
ered very rare on the Atlantic coast, a single
specimen was recorded at Point Judith, R. I., in
1949 (Arnold 1951).

ATLANTIC ROUND HERRING (Etrumeus sadina).
Appear sporadically along the coast south of Cape
Cod and are likely to come in schools, as happened
at Long Island, N. Y., in 1890 (Bean 1903, p. 191)
and Woods Hole in 1905 and 1908 (Sumner,
Osburn, and Cole, 1913b, p. 741). Records in the
Gulf of Maine prior to 1930 apparently are based
on observations of one specimen or only a few
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specimens. In 1937, round herring appeared in
numbers at Campobello Island, N. B., at the
mouth of Passamaquoddy Bay (Bigelow and
Schroeder, 1953, p. 88). During August and
September 1952, it was common in the Gulf of
Maine along the coast as far east as Digdequash,
N. B.; Scattergood (1952a and 1953) estimates
that at least 210,000 pounds were landed. The
fish was again present along the Maine coast dur—
ing the summer of 1953.

ATLANTIC L1ZARD FISH (Synodus foetens). Re-
ported as relatively abundant in southern New
England in the summer of 1949 (Arnold 1951).
This fish is rare north of South Carolina (Breder
1948).

STRIPED MUMMICHOG, or KILLIFISH (Fundulus
majalis). A resident population has become
established in Great Bay, N. H. (Jackson 1953).
This fish was not récorded in Great Bay until April
1950, although records of the fishes of this region

have been kept since 1908 (Jackson 1922). (See
p- 340.) Z
StripEp MULLET (Mugil cephalus). Jackson

(1953) reports 14 taken at the mouth of Oyster
River in Great Bay, N. H., between October 4 and
18, 1951. Bigelow and Schroeder (1953, p. 306)
state that mullets are common as far north as New
York, less so to Woods Hole, but so rarely do they
stray past Cape Cod that there are only a half
dozen records of them in the Gulf of Maine—each
based on an odd fish.

Ses HORSE (Hippocampus hudsonius). Two
specimens were reported from the Maine coast in
October 1953 (J. B. Glude, personal communica-
tion). The specimens were collected by G. W.
Coffin. The first specimen was obtained from a
lobster fisherman at Kennebunk, Me., who found
it in a lobster pot; the second was found clinging
to a lobster-pot buoy rope at Pumpkin Ledges out-
side Boothbay Harbor on October 18, 1953. The
specimens were identified by Dr. Roland Wigley
and are on file at the Woods Hole Laboratory of
the Fish and Wildlife Service. Bigelow and
Schroeder (1953, p. 316) state that—

The sea horse is not common much beyond New York:
Only a few are found each year about Woods Hole, chiefly
in July, August, and September, and they so rarely stray
past the elbow of Cape Cod that we have found only one
definite (Provincetown) and one dubious (Massachusetts

Bay) record of its capture in the inner parts of the Gulf of
Maine, dead or alive, and one record for Georges Bank.
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FRIGATE MACKEREL (Au.z:z's thazard). Was re-
ported in great numbers in the vicinity of Point
Judith, R. I., in August 1949 (Arnold 1951).
Landings are reported for Massachusetts and
Rhode Island for the years 1945 to 1950 and for
the Middle Atlantic States for 1948 to 1950.
Sumner, Osburn and Cole (1913b, p. 749) state
that the fish is apparently rare in the vicinity of
Woods Hole; Bigelow and Schroeder (1953) do not
list it in the Gulf of Maine fauna. The capture
of one specimen in a fish trap at Barnstable in
Cape Cod Bay (F. J. Mather III, personal com-
munication) in 1954 apparently is the first record
of this fish north of Cape Cod.

StripED BONITO (Huthynnus pelamis). One
specimen was obtained from s fish trap at Barn-
stable in Cape Cod Bay in 1954 (F. J. Mather
II1, personal communication). The only previous
record in the Gulf of Maine is for Provincetown
in 1880 (Bigelow and Schroeder, 1953, p. 336).

LitTLE TuNA (BEuthynnus alletteratus). Between
200 and 300 captured in a trap at Barnstable in
the autumn of 1948 (Bigelow and Schroeder, 1953,
p.- 337) and 28 were taken from a trap in Cape
Cod Bay in September 1949 (Schuck 1951a).
These are first records for this fish in the Gulf of
Maine.

Common sBoNITO (Serda sarda). Scattergood
(1948) reports a 310-mm. specimen collected from
a herring weir on the southeast side of Campobello
Island at the entrance to Passamaquoddy Bay,
thus establishing a new record for the Gulf of
Maine.

Tuna (Thunnus thynnus). Although the tuna
is a regular visitor to the Gulf of Maine, the young
fish seem to have entered the southwestern part
of the Gulf in much greater numbers during the
past few summers than previously, although the

" local stock of large adults has not-shown a corre-

sponding increase.

KING MACKEREL (Scomberomorus rega,lzs) This
southern fish was once described as “not very
common on our Atlantic coast” (Jordan and Ever-
mann, 1896). Although sporadic in the statistics
of landings for the Middle -Atlantic States since
1877, it has appeared in the landings with increas-
ing frequency in recent years. It is reported in
Middle Atlantic States landings for the years 1931,
1933, 1937, 1946, and 1948 to 1954. The species
is not reported from any of the New England
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States for any of the years between 1919 and 1931
in which annual surveys of fish landings were made.
It is reported for Massachusetts in 1931 and 1946
and for Connecticut in 1935 and 1946.

Common porrHIN (Coryphaena hippurus). Was
reported from Cape Cod Bay in August 1949
(Schuck 1951b) and in July 1951 (Bigelow and
Schroeder, 1953). The first record for the Maine
coast was reported by Scattergood (1953) when a
specimen was captured at Cape Elizabeth, Me.,
in 1952. There are no records for the Gulf of
Maine before 1930.

Kingrisu (Menticirrhus saritalis). Scattergood
(1948) reports a 47-cm. specimen removed from
the mouth of a hair seal (Phoca vitulina) taken in
a fish trap at West Point on the east side of Casco
Bay, on August 2, 1941.

Fiverisu (Alufera wventralis). One specimen
taken October 30, 1948, in 46 fathoms off Martha’s
Vineyard. Previously reported from the Tortugas
region by Longley (Arnold 1949).

Sea Bass (Centropristes striatus). A specimen
taken in a lobster trap in the fall of 1950 at Corea,
Me., and identified at the University of Maine
(Maine Coast Fisherman, 1950b).

‘Woop BorER {(Xylophagae dorsalis). Previously
unreported on the coast of Maine, this wood borer
caused extensive damage to lobster traps in the
Mount Desert area in the winters of 1949 and
1950. It has since extended its range east and
west (Dow 1950; Maine Coast Fisherman, 1950a,
1951).

SEA HARE (Tethys protea). A specimen was
captured in a lobster trap off Woods Hole, Mass.,
in October 1953 (Habn 1953). Two more were
found on the beach of Nonamesset Island on
December 15, 1953 (newspaper report), and J.
Rankin (personal communication) found more
than 20 in the area during the same period.

TuBE crABS (Pinniza and Polyonyz). In 1911,
Pinnixa chaetopterana was the common com-
mensal living in the tubes of Chaetopterus per-
gamentaceus (Sumner, Osburn, and Cole, 1913a).
At the present time this crab is rare in the Woods
Hole region, having been replaced by the southern
form Polyonyxr macrocheles (J. Rankin, personal
communication).

GREEN crAB (Carcinides maenas). Extension of
the range of the green crab north and east from
Cape Cod since 1874 to Passamaquoddy Bay in
1952 has been described by Scattergood (1952h).
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The documentary evidence gathered by Scatter-
good establishes the slow progression of the species
from Provincetown in the 1870’s to Casco Bay by
1905. Proctor’s (1933) survey of the marine fauna
of the Mount Desert region in 1933 does not list
the green crab. Rathbun (1930) gives the range
as New Jersey to Thomaston, Maine; she (1929)
does not list the green crab among the Canadian
Atlantic fauna.

As Scattergood (1952b, p. 6) points out, there
were ample opportunities for the transportation
and transplantation of this crab northerly by
lobster smacks as early as Civil War times and by
sardine carriers since 1900:

The mere transportation of the crabs to other areas
evidently did not assure their establishing populations
there. Conditions for the survival and successful repro-
duction have to be present or new and permanent crab
populations will not develop. Evidently such conditions
were not always present in many Maine areas, for if the
environment had been favorable, green crabs would have
been established along the entire Maine coast before the
early 1900's. If we knew what environmental changes
have been necessary for the recent increased abundance
and the greater dissemination of the green crab, we would
probably understand why the crabs were not more com-
mon in Maine waters at an earlier time.

Since little is known about the life history and
biology of the green crab, it is not possible to say
what changes in the environment have made
possible the greatly increased abundance of this
crab northward to Passamaquoddy Bay. Wallace
and Glude (1952) present a number of observations
indicating that exceptionally severe winters with
heavy ice along the shore kill the green crab. If
this is true, then the higher temperatures in recent
winters seem sufficient to account for the north-
ward extension of the range of the green crab.
Examination of surface water .temperatures for
the months of January and February at Booth-
bay Harbor (appendix table 1) shows, for example,
that the average temperature for the period 1906—
30 was 32.3° F.; for the period 193149, the

"January-February temperatures averaged 34.2°;

for the period 194549, the average was 35.1°—a
most remarkable increase when one considers the
effect on ice conditions along the intertidal zone.
Prior to 1930, monthly averages below 32° in-
dicative of shore ice conditions, occurred with
considerable frequency in the months of January,
February, and March, so that it may well have
been impossible for green crabs to establish per-
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manent populations. Since 1930, months with
temperatures below 32° have been rather infre-
quent, and the persistent spread of the green crab
aorthward would seem to indicate that sufficient
numbers have survived -the more severe winters
to assure a more or less permanent population in
the northern- par'b of its mnge.

ROLE OF TEMPERATURE IN FAUNISTIC
o CHANGES

We doubt whether any marine biologist today
would dispute that temperature of the water is the
factor chiefly responsible for setting geographical
boundaries to the ranges of marine animals along
the seaboard of eastern North America. Conse-
quently, any alteration in the temperature or any
continuing trend, either upward or downward,
would be of great importance both ecologically,

and from the commercial fisheries standpoint, if -

the alteration in temperature is wide enough and
if it persists long enough to. affect successful
reprodiiction of the species or the well-being of
the individual.

Air temperature records, and the more lmubed
sea temperature records, show that the warming
trend since 1900 has not been steady, but rather
has been interrupted by periods of cooling (fig. 1).
In'general, the amplitude of these fluctuations has
shown a marked decrease since about 1880—the
result-largely-of rises in the minima. The pattern
of increase within years also shows that “the
winter minima have risen while the summer
‘maxima have increased relatively more slowly.
The amplitude of fluctuations in winter tempera-
tures has, however, been quite-wide (fig. 4).

These characteristics of the warming trend are
important- in considering -the kind of faunistic
changes which might be expected to result. Among
the possible changes, we may consider the follow-
ng categories:*

‘1. Establishment of resident populations north

of Cape Cod of specles that. formerly were summer
mlgra.nts
Northern extension of ranges of resident
po'p'ul'a,tions already established north of Cape Cod.
3. Northern e\ten310n of ranges of summer
mlgrants
4, C‘hanges in seasonal movements and distri-
'butlon of permanent res1dents
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‘5. Changes-in dates of arrival and departure
of summel migrants.

- Geographical- changes in the abundance of
permanenb residents.

In boreal latitudes, where ‘the air climate is
rigorous in winter but warm in summer, causing
a wide seasonal difference in temperature of the
water (as happens in the Gulf of Maine), the crit-
ical questions are, How cold is the water during
the coldest month of the year? and How warm is
it during the warmest month? Perhaps it is not
amiss to remind the reader that the mean temper-
ature for the year as a whole plays only a minor
role in this regard in the Gulf, or in similar situa-
tions in general, except perhaps in the case of spe-
cies that live at deptbs so great that they pass
their entire lives w1thm a very NArrOwW tempera-
ture range. :

We recognize, then, that changes_ in categories
1 and-2 depend primarily on the ability of the
animal in question to withstand winter conditions,
since temperatures suitable for spawning, though
necessary, are not alone sufficient for the estab-
lishment of resident populations. In category 3,
the primary factor is undoubtedly the degree of
summer warming, and may depend on ‘conditions
during only 1 or 2 months in the year, without
reference to any overall trend in temperature.
Categories 4, 5, and 6 depend to a much greater
extent on the complex of conditions in all seasons
of the year and on secular trends in temperature.

It has long been common knowledge that no
shoal-water animal could maintain a permanent

‘population in estuarine situations around the shores

of the Gulf, or even close in along the open coast,
unless it were either hardy to temperatures nearly
as low as the freezing point of salt water or able
to escape the severity of winter by moving a few
fathoms deeper along the sloping bottom. As an
illustration, the mean for the coldest month was
below freezing point of fresh water in 9 winters
between 1922 ‘and 1942 at Boston, Mass., and in
3 winters between 1934 and 1943 at Eastport,
Maine. But there has not been a winter since 1948
when the local fauna was exposed to a mean tem-
perature lower than 36° F. for as long as a month
either in Boston Harbor or at Eastport-—localities
which taken together are representative of the
western-northern periphery of the Gulf.

Since the temperature of the water at the coldest
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season is progressively higher from the shore sea-
ward all around the Gulf, not only at any given
level but downward over the bottom as well, it is
safe- to say that in no winter since 1948 has any
animal living as deep as 20 to 40 meters (whether
on the bottom or in the mid-depths) anywhere in
the Gulf been in danger of chilling if resistant to
temperatures as low as 34° to 35° F., while any
animal resistant to 38° to 40° has been safe at
100 meters anywhere in the open basin of the
Gulf. A majority of the members of the fauna,
whether bottom-dwelling or free-swimming, living
along the middle Atlantic coast and shelf at these
depths are no doubt as hardy as this or they would
not maintain permanent populations there.

Consequently, there is nothing apparent in win-
ter temperatures such as may be assumed to have
prevailed in the Gulf during the last 5 years or so
to hinder the free interchange in shoal water of
animal populations of the Gulf of Maine and of
the coastal belt along southerly New England,
New York, and perhaps New Jersey. This is in
line with Parr’s findings (1933, p. 87), based on a
great number of temperatures taken at lighthouses
and lightships, 1928 to 1930, that in winter the
shallow belt along the mid-Atlantic -coast was
‘equally in open continuity with the waters north
of Cape Cod.” This despite the fact that the
mean temperature of the coldest month of the
year at Boston was 3° to 4° lower during the
period covered by Parr’s observations (32.9°-33.6°
F.) than during the past 5 years, 1948-52 (35.9°-
37.6°).

Not.w1t.hsta,nd1ng this continuity of conditions
and the increase in winter temperatures, the quali-
tative composition of the fish fauna is not uniform
from north to south around Cape Cod in winter.
We find, for example, that of some 30 species re-
ported in the commercial landings in the New
York-New Jersey area in January and February,
1952-54, only 8 are found north of Cape Cod in
winter and they are permanent residents. Of the
7 leading species in these landings, only 1, the
whiting (Merluccius bilinearis) is reported in com-
mercial landings north of Cape Cod in winter. On
the other hand, 4 of these 7 species are common
north of the Cape in summer and the other 3 have
been reported north of the Cape at one time or
another. There is, then, little evidence that the
increase in winter temperatures has altered the
general distributional pattern of the fish fauna in

the Gulf, with the possible exception of the whiting
which has appeared in the commercial catches in
winter only in recent years (p. 329).

On the other hand, we do not know of any ani-
mal native to the Gulf, even among the cold-
season spawners, that requires a temperature lower
than 34° to 36° or so, either for its successful re-
production or for any other stage in its life his-
tory. Winter temperatures higher now than
formerly can thus be classed as an improvement,
from the faunistic standpoint, except perhaps for
accidental strays from more-northerly seas ‘that
might reach the Gulf more often during colder
periods,. and might survive longer there, for
instance, the Greenland shark and the capelin.

Since it is not possible to determine whether
some whiting have always wintered in the deeper
parts of the Gulf, we cannot say that any marine
animal formerly not found north of the Cape in
winter has become a year-round resident under
category ‘1 (p. 338). Sea temperatures and the
commercial-landing data (p. 329), however, indi-
cate that the whiting falls within category 4, since
it appears safe to assume that this fish has always -
been a permanent resident of the Gulf.

Evidence, too varied for analysis here, makes it
likely that the spread of some-animal populations
from the south and west past Cape Cod toward
the north and east into the Gulf of Maine is
bounded more effectively by the distribution of
temperature during the warmer part of the year
than by regional differences in the degree to which
the coastal waters chill in winter. Since the great
majority of the adult animals of our middle At-
lantic seaboard can survive in water that is as
cool as the western side of the Gulf in summer, if
not as cool as the northeastern side, the critical
need here is for water warm enough for normal
numbers to reproduce successfully. The. oyster,
surviving in a temperature close to the freezing
point for a considerable period but requiring a
temperature of 68° F. or higher for spawniag,
illustrates this category; the quahaug, or hard
clam (Venus mercenaria), spawns successfully
only in a temperature of about 68° to 70° but
winters - successfully where the water -chills - to
34° to 35°.

Despite the higher bempera.t.ures that have pre—
vailed of late, the fauna of the Gulf—shoal water
as well as deep—is composed today of much the
same assemblage 'of species of fish and of inverte-
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brates as the fauna was half a century ago, indeed,
as it was in the 1600’s when Captain John Smith
(1616, pp. 188, 196) and William Wood. (1634,
pp.- 35-40) reported the abundance along the
coasts of New England of cod, “frost fish” (tom
cod), haddock, hake, cusk, striped bass, ‘“pearch”
(cunners), halibut, mackerel, smelts, herring,
shad, eels, skates, lobsters, crabs, clams, “muscles”
(mussels), “periwinckles,” and oysters—the last,
of course, in enclosed bays.’

Corresponding to this conservatism of the Gulf
of Maine fauna, in general, no conspicuous fish or
invertebrate that.s common along the coast west
and south of Cape Cod, but which had not main-
tained a regular population within the Gulf pre-
vious to the recent upswing in temperature, is
shown to have established itself there as a per-
manent resident since the upswing. The weak-
fish (Cynoscion), the scup (Stenotomus), the toad-
fish (Opsanus), and the blue crab (Callinectes) are
among those species that would be expected to
have so established themselves in the Gulf.

The northward extension of the range of the
striped mummichog (Fundulus majalis) to Great
Bay, N. H., must be considered as falling in
category 2 (p.338) rather than 1, for it had probably
established itself north of Cape Cod by 1939
(Bigelow and Schroeder, 1953), possibly by way
of the Cape Cod canal (Schroeder 1937). Here
again one must be cautious in attributing this
extension to increases-in winter temperatures
subsequent to 1939 for it may merely represent
the surmounting of a physical rather than a
thermal barrier.

The green crab (Carcinides maenas)—whose
recent extension northward and explosion, so to
speak, in population is rather fully documented
(p- 337)—seems to have been resident earlier north
of- Cape Cod, at least locally. The tautog
(Tautoga), whose status from year to year is
followed with interest by local anglers, has not been
more plentiful north of Cape Cod of late than in
previous summers, perhaps even less so. The
occurrence of the various tropic strays (p. 335)
may depend on short-term, and perhaps super-
ficial, conditions that may have occurred fre-
quently during the summer in the past, the present
increase being distinguished chiefly by high tem-
peratures sustained over periods of several years.

7 The identitics of the New England fishes listed by Smith as **Pinacks"
and ‘“Mullet'* are not clear.
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In consequence, we might now expect more fre-
quent records and greater numbers, but few unique
occurrences.

SUMMARY

1. A long-term upward trend in air tempera-
tures in New England is evident from the record.
The increase has been greatest for the winter
months.

2. Upward trends in winter sea temperatures
are shown for St. Andrews, N. B., Boothbay
Harbor, Maine, and Woods Hole, Mass. The
correlation of January water temperatures at
Boothbay Harbor with January air temperatures
at New Haven, Conn., and Eastport, Maine,
indicates a long-term upward trend in surface
temperatures corresponding to that for winter
air temperatures.

3. Hydrographic data for the Gulf of Maine
in 1953 and 1954 indicate an increase of from
1° to 5° F. throughout the water column since
the period 1912-26 for most parts of the Gulf.

4. Northward shifts in the abundance and
distribution of some important commercial species
are indicated by a study of landing statistics and
other data. These species include the mack-
erel, lobster, menhaden, whiting, and yellowtail
flounder. '

5. Numerous southern species of fishes and
other marine forms have extended their recorded
ranges northward since 1930. At least two of
these, the striped mummichog and the green crab,
have established resident populations north of
their earlier recorded ranges. But the recent
upswing in temperature has not been accom-
panied by any obvious general alteration in the
composition of the fish or invertebrate fauna of
the Gulf of Maine region.
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Monthly mean water temperatures listed in
Year

table 1 are based on the daily records of surface

temperatures taken at 8 a. m., 12 noon, and 4

p. m. from 1905 to 1949 by the Branch of Fish
Culture, of the U. S. Fish and Wildlife Service, at

344

1049 .. ...
1044 .ol

45.0

37.5

0. 44.4

57.0

39.7 47.3 54,9 60.9 61.2

34.4

Average, 1948-1905. ____.__...




345

CLIMATE AND THE DISTRIBUTION OF MARINE ANIMALS

AppENDIX TaBLE 2.—Monlhly mean water temperatures, Woods Hole, Mass., 1952 to 1881

[Temperature in °F.]
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