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under further oxidization, compounds favorable to the growth of diatoms result.
At the same time the vertical currents bring diatoms up to the surface from the
bottom, where they or their spores had previously been resting, prevented from
growth by darkness and lack of available food substances. Once near the surface,
they multiply rapidly under favorable surroundings, and this multiplication con-
tinues either until the available supply of nutrient substances is exhausted or until
a cessation of the vertical currents allows them to settle once more below the fertile
and illuminated stratum, when they lie over until the next perlod of vertical circula-
tion.

In the same way the state of stability of the water, joined to the effects of the
river freshets, influences the distribution and availability of the food substances on
which diatoms depend for their nutrition in coastal seas such as the Gulf of Maine,
As Nathansohn (1906) pointed out, wherever there are upwelling currents these
may be expected to bring a rich supply of nitrogenous compounds up to the surface
from the deeps, where they accumulate from the decomposition of the rain of dead
plankton. In the Gulf of Maine local upwellings are a characteristic event along
the western and probably along the northern coasts in spring, following offshore
winds (Bigelow, 1914a, p. 394). But here and in shoal boreal seas generally the
active vertical mixing by tides, by dominant currents, and by winds, which takes
place whenever or wherever the water possesses little vertical stability, is no doubt
more effective in dispersing accumulations of dissolved nutritive compounds .
through the upper strata of water than are the more definite upwellings, because
more widespread, given an accumulation of organic detritus on the bottom.

The analyses of nitrogen in samples of mud and sand (p. 472) prove this last
requisite fulfilled for the area of the Gulf of Maine as a whole; probably most
abundantly so around the coastal zone, where submarine vegetation (Zostera and
algee) and animals (bottom dwellers as well as planktonic) die and decay in vast
quantity. Atkins (1923 and 1925) has also emphasized the importance of vertical
circulation in making available to the phytoplankton of the upper illuminated layers
the dissolved phosphates that accumulate in the deeper strata. As Gran (1912,
p- 379) has pointed out, it is in areas where the summer and winter temperatures of
the surface differ most that vertical circulation is most active during the brief period
(or periods) when vertical stability is lost (a period generally coinciding with the
lowest surface temperature), and our first winter’'s work proved that the Gulf of
Maine is a typical example of this.

The physical aspect of this subject has been touched upon in earlier papers
(Bigelow, 1914a and 1917) and will be discussed in the third part of the present
report.® It will therefore suffice to note here that the whole coastal zone of the Gulf
and the water over its offshore banks, down to a depth of at least 100 meters, is in
such an active state of vertical m1x1ng at the end of the winter and during the first
days of spring (when the temperature is lowest for the year and ]ust before the river
freshets lower the surface salinity appreciably) that it often carries sand in suspen-
sion,” not to speak of light flocculent material.

9 Section 2 of Part II, Vol. X1, Bulletin of the Bureau of Fisheries.
91 In 1920 we had instances of this on Georges Bank in February (station 20047) and on German Bank on Apr. 15 (station
20163).
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In the western coastal zone, south of Cape Elizabeth, and in the basin generally,
the vernal period of vertical mixing is brief, its activity lessening as soon as the
combined effect of solar warming and of the freshening of the surface increases
the vertical stability of the water. This becomes very stable indeed by the early
summer with very little interchange taking place between the upper and deeper
strata from that time until into the autumn. But strong tidal currents keep the water
in the northeastern corner of the gulf in a state of more active vertical circulation
throughout the year, especially in the Bay of Fundy, along western Nova Scotia,
and locally on Georges Bank. In the Grand Manan Channel, an extreme example,
the water is kept practically uniform in temperature from surface to bottom, even
in midsummer.

Planktonic diatoms, with their silicious frustules and without power of locomo-
tion; tend to sink unless kept afloat mechanically by some movement of the water.
Although sinking is more or less hindered by their spines, slime threads, disclike
outlines, etc., they are more liable to sink than other members of the phytoplankton
are, as Gran (1915, p. 136) has emphasized.

The mechanical influence of the state of circulation of the water on the flotation
of diatoms or on small objects of any sort is obvious. Indeed, particles as heavy as
sand may be kept in suspension by active vertical currents, as just remarked; and
from what has just been said it is evident that diatoms are more apt to remain in
suspension in the coastal waters of the Gulf of Maine from midwinter on through
spring, when the water is actively mixing, than in summer. The flotation of diatoms
or of any of the unicellular planktonic organisms is likewise made more easy in winter
and early spring than in summer by the more viscous condition of the water during
the cold season. The importance of viscosity in this respect, first appreciated by
Ostwald (1903), is now so generally recognized (Steuer, 1910; Gran, 1912; Murray
and Hjort, 1912) that no general discussion of it is called for here.®* It is in waters
such as those of the Gulf of Maine, where a cold winter alternates with a warm
summer in the sea as well as in the air, that seasonal differences in this respect are
greatest, because the viscosity of the water depends almost wholly on its temperature
within the range of salinities there obtaining (say 27 to 34 per mille). The following
table is compiled, in a slightly modified form, from Krummel (1907, p. 282), Murray
and Hjort (1912, p. 690), and Murray (1913, p. 102).

V'tscoszty for sea water of 30 to 33 per mille sahmty, 100 being that of distilled water at 0° temperature

Temperature in degrees centigrade Viscosity Temperature in degrees centigrade Viscosity
104. 5-105. 2 80. 1-89

100. 4-101. 1 77.2-77.8

97.3-98 67. 5~68. 2

94.3-85 59. 9-60. 8

9 For a summary of these arrangements for flotation see Steuer, 1910, p. 193.

9 As a homely and extreme illustration of the effect of differences in viscosity in fluids familiar to every biologist, consider how
much more rapidly a round cover glass, resting on its flat surface (which we may conceive as representing a Coscinodiscus), wilk
sink in water than in ordinary xylol-balsam, fluids hardly differing in specific gravity but of which the latter is much the more
viscous.
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With the temperature of the upper strata in the coastal waters of the Gulf only
about 1 to 0.5° at its annual minimum when the vernal flowerings of diatoms com-
mence, but rising to upwards of 18° off Massachusetts Bay and even to 20° locally in
the center of the gulf in August, the viscosity decreases, say, by 40 per cent (from
about 100 to about 60) during the spring and early summer. Consequently, other
things being equal, a diatom would sink four-fifths faster in midsummer than during
the first days of spring. Other things are not equal, however, because the specific
gravity of the water as well as its viscosity decreases with the rising temperature and
with diminishing salinity of spring. Thus, the surface stratum is not only a thinner
fluid but a lighter one absolutely in summer than in winter, which makes for a still
greater disparity between the tendency of diatoms to sink in the cold and in the warm
seasons.

It would, perhaps, be safe to say that differences in specific gravity of the water
and in its viscosity would necessitate twice as active vertical circulation to hold any
given object in suspension in summer as in early spring. As we have seen, however,
(p. 481), the reverse actually obtains, the active vertical mixing characteristic of spring
giving place to a condition of comparative vertical stagnation in midsummer, con-
sequent on the increasing vertical stability of the water, which must increasingly hinder
the flotation of diatoms in the gulf, just as happens in the fresh-water lakes described
by Whipple (1905). Thus the seasonal cycle of viscosity and of vertical circulation
combined tends to put a period to the seasonal multiplication of the species of diatoms
which are characteristic of spring by increasing their tendency to sink.

In the preceding pages I have tried to show that on theoretic grounds the
gulf, taken as a whole, offers its most favorable environment for planktonic diatoms
in spring, because of the following combination of circumstances: The supply of
two of the nutrients on which it is probable that diatoms chiefly depend—nitrogen
and silica—is then greatest. (European analyses suggest that this also applies to
phosphoric acid.) The circulation of the water then tends to bring up a supply of
nitrogen compounds and of dissolved phosphates most actively from below, the
high viscosity of the water then most favors the flotation of diatoms, and the increas-
ing strength of the sunlight from late winter on increasingly favors the processes
of photosynthesis. It is probable that for abundant flowerings of diatoms all
these requirements must be satisfied. Conversely, fluctuations in the amount of
any one of the essential foodstuffs may govern the amounts of diatoms actually
present at any given time or place, and may even terminate the flowerings if it fall
below the requisite minimum.

The parallelism that has actually been shown to exist between the fluctuations
in the concentration of silica in the sea water of Massachusetts Bay and of the diatoms
there (p. 476, fig. 134) makes this our most suggestive illustration. Without the
accumulation of this substance (which takes place during the winter when there are
few diatoms to make use of it) the tremendously productive flowerings which we have
encountered in spring probably could not take place, any more than they could
unless there were enough nitrogen in available form to nourish them. But after the
flowerings have abounded for a few weeks in this particular location they so reduce
the supply of silica (as the analyses show) by converting it into an unavailable
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form (that is, their own shells) that the water becomes unable to support their
active multiplication.

It is obvious that the water of the coastal zone north of Cape Ann, along the
coast of Maine, and in the Bay of Fundy must continue fertile for diatoms until
much later in the year, as is proven by the rich flowerings which take place thera
late in the spring and in early summer (p. 396). On theoretic grounds this regional
difference may have any or all of several causes. First, and probably most important,
is the discharge from the rivers, richer in nitrogen, phosphorus, and silica than
the sea water with which it mixes. The importance of river waters as carriers of
dissolved nutrients is so great that the regions immediately off river mouths might
be expected to be richest in diatoms. Though this is not strictly the case in the
Gulf of Maine, fuller knowledge may show a closer correspondence between the
outpourings from the rivers and the vernal diatom flowerings than is now apparent.
Certain facts point in this direction, especially the general parallelism between the
season of spring freshets and melting snow, on the one hand, and the date of appear-
ance of the diatom flowerings off different parts of the coast, on the other. Thus,
generally speaking, it is off the mouths of the most southerly group of large rivers—
Merrimac, Piscataquis, and Saco—between Cape Elizabeth and Cape Ann, where
the flood waters from the land are felt earliest in the spring, that the diatoms flower
earliest in great numbers. There is no important influx of river water into the gulf
south of this, and the expansion of the diatom flowerings around Cape Ann into
Massachusetts Bay corresponds roughly with-the probable expansion of the ‘‘spring
current” of land water to the southward past the cape.

The large rivers east of Cape Elizabeth—Kennebec, Penobscot, Machias, St.
Croix, and St. John’s—come into flood later in the season; correspondingly, the
augmentation of diatoms commences later in the season along this part of the coast
than farther west and south.

As the outflow from the rivers diminishes in late spring and summer, the sea
water might be expected to remain richer in silica, phosphorus, and nitrogen near
their mouths than elsewhere—i. e., close along the stretch of coast between Cape
Elizabeth and Nova Scotia, which includes all the localities where we have actually
found notably rich diatom flowerings in summer (p. 392). 1Inline with this is the fact
that Fritz (1921a) did not find it necessary to include silica among the nutrients
which she added to sea water at the mouth of the St. Croix River in order to obtain
abundant growth of several genera of diatoms there.

The viscosity is likewise more favorable for the growth of planktonic diatoms in
the northeastern part of the gulf than in the southwestern in summer, in inverse
ratio to the local differences in temperature, the Bay of Fundy at 10 to 11°, for
example, offering a much more favorable medium for the flotation of diatoms than
Massachusetts Bay at 16 to 18°in the proportions given in the viscosity table (p. 481).
A similar regional difference exists, with respect to the vertical circulation of the
water, during the warm months of the year, this being least active in the southwestern
part of the gulf where the tidal currents are weakest, and most active east of Mount
Desert, to culminate in complete and constant stirring of the water from surface to
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bottom throughout the season in the Grand Manan Channel and locally in the Bay
of Fundy.

These several factors unite to make the coastal zone east of Penobscot Bay on the
whole a more favorable environment for diatoms in summer than any other part of the
gulf except Georges Bank, to be discussed later (p. 485). Since this theoretic
generalization corresponds with the quantitative distribution of diatoms as actually
observed during the warm months, the factors just mentioned are probably the chief
ones which explain the persistence of rich flowerings of diatoms in abundance in the
Mount Desert region and in Passamaquoddy Bay throughout the summer, con-
trasted with their exhaustion in the Massachusetts Bay region by early May. 1
have not been able to trace the dependence of particular flowerings on physical
or chemical conditions in the sea water more closely than this.

Our failure to find diatoms in as great abundance between Mount Desert Island
and Grand Manan as the flowerings farther west, on the one hand, or those reported
by Fritz (1921) at St. Andrews at the mouth of the St. Croix River, on the other, is
puzzling, for this section of the coastal zone not only receives a considerable influx of
land water from several streams that may be expected to be rich in dissolved food-
stuffs, but there is a dominant outflow along it from the Bay of Fundy.

No part of the gulf becomes uninhabitable for diatoms even when the water
becomes warmest and most stable and flotation most difficult. On the contrary,
certain species then reach their maximum development, as an example of which the
- summer flowerings of Asterionella and Skeletonema will serve (pp. 431, 448). The
latter, as it occurs in Massachusetts Bay, is especially interesting because the dates
when an abundance of Skeletonema has been recorded in 1915 and 1922 (early
autumn and late summer, respectively; p. 476) follow so closely the rise in the con-
centration of silica recorded for late June in 1921 (fig. 134) as to suggest that it is the
accumulation of silica taking place during the late spring and early summer (when
there are few diatoms in that region) which makes the water there able to support
the autumnal flowerings of Skeletonema.

The general scheme of circulation in the gulf (with the water from the rivers
tending to swing westward and to hug the coast line during most of the year, as
shown by the distribution of salinity) is a sufficient explanation for the fact that the
vernal flowerings of diatoms of its inner parts appear first close in to the land and
attain a greater abundance and endure longer there than over the deep basin. The
contrast in this respect between the coastal zone and the offshore banks, on the one
hand, and the central deeps of the gulf on the other, simply reproduces on a small
scale that between coastal or neritic waters and more oceanic regions in general.
The gradual expansion of the diatom flowerings offshore from the land out over the
central part of the gulf, where it does not reach its maximum until early May (p. 388),
follows the offshore dispersion of the spring freshets of land water with their load of
nitrogen, phosphorous, and silica.

It is in just such areas as the open basin of the Gulf of Maine, where the tran-
sition from a state of free vertical circulation in early spring is sudden to one of very
pronounced vertical stability in summer, when the supply of nitrogen and of phos-
phates from the deeps is thereby prevented, and where the silica content of the
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water is probably low except for a brief period in spring while the rivers are in flood,
that the vernal flowerings of diatoms are briefest and vanish most completely
after their culmination.

The case is quite otherwise on Georges Bank, where one diatom community or
another flourishes from late winter to midsummer, but where these flowerings are
local by contrast to the extensive vernal flowerings in the inner part of the gulf.

The distance of the bank out from the land and the general distribution of salinity
in the gulf forbid the possibility that the nutrients on which its diatoms depend are
contributed directly by river water, while hydrography in general equally rules out any
possible updraught of nutrients from the ocean deeps, this not being an area of up-
welling. Neither can we suppose that the general surface outflow from the gulf
reaches the bank especially rich in dissolved foodstuffs, for it is only for a brief period
in the spring that the basin of the gulf to the north supports an abundant diatom
flora.

Probably the rich animal population of the sea floor of the bank makes the bank
itself a richer source for nitrogen than its comparative barrenness in fixed plant
growthwould suggest. The destruction of plankton that takes place along the meeting
zone of cool and warm waters just off its southern face also affords a rich potential
food supply for pelagic plants as well as animals, though to what extent the products
of this decomposition actually reach the shallows of the bank is a question. With
the comparatively active vertical circulation that prevails locally on the bank even
in midsummer, tending to sweep any organic débris from the bottom up to the upper
layers, whether in suspension or in solution, the bottom no doubt contributes a
greater store of assimilable nitrogenous compounds to the overlying sea water than
in the deeper parts of the gulf to the north. This applies also to phosphates going
into solution from the dead bodies of animals decomposing on the sea floor. Further-
more, the activity of vertical circulation on the bank, combined with low surface
temperatures of summer dependent thereon, makes its waters a favorable environ-
ment physically for the flotation of pelagic plants, and these factors combined
may well account for the summer flowerings there. There is also the interesting
possibility that small amounts of silica go into solution from the felspathic sands,
pebbles, and gravel that floor the bank (p. 475).

The precise causes of the periodic rise and fall of the peridinian flora are even
more obscure than those that determine the diatom flowerings which they replace
in summer and autumn, partly because, being less spectacular, they have attracted
less attention, and partly because the peridinians as a whole are less obviously depend-
ent upon any one nutrient substance than are the diatoms on a sufficiency of silica.
And as I have pointed out (p. 478), the suggestion that the abundance of peridinians
depends upon the available supply of phosphates is not borne out by the seasonal
succession of this group and of diatoms compared with recent analyses for the phos-
~ phate content of the water. Nor is it by any means certain that the seasonal fluc-
tuations of the peridinians mirror the fluctuations in the supply of any one food
substance in the water as closely as the diatom flowerings are supposed to do.
Since the group as a whole is more thermaphile than most of the diatoms character-
istic of the Gulf of Maine, with the three most abundant species of Ceratium following
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a regular seasonal succession there, temperature is undoubtedly an important factor
in their economy.

Recent studies * have brought out the possibility that flowerings of pelagic
plants may become self-poisoned under certain circumstances when they are most
productive by increasing the alkalinity of the water as they draw CO, from the
dissolved bicarbonates through the process of photosynthesis, thus increasing the
proportionate amount of carbonates and making the solution more alkaline. Moore,
Whitley, and Webster (1921) have shown that this change probably does exercise
a profound biologic effect in inclosed pools, first killing off the animals (which are much
more sensitive to high alkalinity than the plants are) and finally the plants them-
selves. A slight rise in alkalinity has been found to accompany the vernal multi-
plication of diatoms, etc., in the Irish Sea (Moore, Prideaux, and Herdman, 1915)
from Ph 8.1 to 8.16 in December to Ph 8.2 to 8.4 in spring and summer; likewise
from Ph 8.14 in the English Channel off Plymouth in December to Ph 8.27 in May
(Atkins, 1923). But none of the determinations of alkalinity that have been made
anywhere in the open sea have approached the figure fatal to plant cells (Ph about
9)%; and it seems certain that this never happens in the Gulf of Maine (which is
one of the less alkaline of seas), a considerable number of tests by Mayer (1922)
and at our spring, summer, and winter stations for the years 1920 to 1923 giving
a maximum alkalinity of Ph 8.1. In short, it is hardly conceivable that the life
or multiplication of diatoms or peridinians is ever hindered in the open gulf by a too
alkaline state of the water.

It is also possible that the continued existence of exceptionally rich flowerings
of diatoms may become self-limited by lack of oxygen, the dissolved supply of this
element being used up, so to speak, in the oxidation of the dead plants, just as the
decay of organic matter may reduce the supply of oxygen too low to support animal
life in water contaminated by sewage. Whether this ever actually takes place in
the open sea is yet to be learned, but it is not likely to be other than an exceptional
event and one limited to very special inclosed inlets, probably never occurring in
waters subject to as free circulation as those of the Gulf of Maine.

# See especially Moore, Prideaux, and Herdman (1915); Osterhaut and Haas (1918); and Moore, Whitley, and Webster (1921).
# Atkins (1923) states that he was able to maintain a pure culture of the diatom Nitschia closterium in water as alkaline as Ph 9.4,





