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necessary that in the surface layer the production of organic matter by
photosynthesis exceeds the destruction by respiration. The destruction
of organic matter by respiration goes on continuously wherever there
are plants or animals, but photosynthesis can take place only in the

IN order that the vernal blooming of phytoplankton shall begin it 1s

~presence of light, carbon dioxide, and nutrient salt such as nitrates,

phosphates, and other minor constituents. Gran and Braarud
(1935) have pointed out that production cannot exceed destruction if
there exists a deep mixed top layer, Their reasoning is that within a
well mixed layer the plankton organisms are about evenly distributed,
but a net production takes place only above the compensation depth,
whereas below the compensation depth there is a net loss of organic
matter. The total population cannot increase if this loss exceeds the net
production.

The reasoning is illustrated in Figure 1, where the curves dp and dr
show the increase of organic matter by photosynthesis and the decreasc
by respiration, respectively, as functions of depth. Both increase and
decrease apply to unit volume and unit time. The productiin is
supposed to decrease logarithmically with depth, corresponding to the
logarithmic decrease of light intensity, but the destruction is supposed
1 be independent of depth in agreement with the assumption that the
organisms are_evenly distributed in the mixed layer. At the com-
pensation depth, D (Fig. 1), gain and loss balance cach other, dp = dr.
The condition for an increasc of the total population is that the total
production P must exceed the total destruction by respiration, R, or in
our representation, that on an average for 24 hours the area cd must
be greater than the area abed. This implies that there must exist a
critical depth such that blooming can occur only if the depth of the
mixed layer is less than the critical value,
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Gran and Braarud concluded that the critical depth was 3 1.,
10 times the compensation depth. Riley (1942) has carried some M._.
these ideas further and has shown that on Georges Bank there existed i
the spring of 1941 a relation between plankton and stability. We f.,._,
attempt a more precise description of the conditions that arc shown in
Figure 1 and, on certain assumptions, we will derive an analyticsl
expression for the critical depth. , ’

Our assumptions are:—

1. There exists a thoroughly mixed top layer of thickness D,
. 2. Within the top layer the turbulence is strong enough to distribute
the plankton organisms evenly through the layer,

3. Within the top layer the production is not limited by lack oi
plant-nutrition salts.

Y

4

dp and dr —

Figure 1, Schematic represes.
tation of the variation wirs
' . depth of the increaw «of
organic matter by photosin-
thesis, dp, and the decrew
by respiration, dr. locres:
and decrease apply to un:
volume and unit time,

4, Within the top layer the extinction coefficient, &, of radiation
energy is constant. This assumption is not quite correct even if th:
transparency of the water is independent of depth because, owing to
selective absorption, the spectrum of the radiation changes with depth.
The wave-lengths for which the extinction coefficient is smallest pene:
trate to the greatest depths, for which reason the extinction coefficient
for total energy decreases with depth (Sverdrup et al., 1942, p. 107,
Jerlowv, 1951). However, below a depth of a few metres the decrease
1s so small that the introduction of a constant value of the cocfficienm
does not lead to a serious error, provided that the transparency of the
warer docs not change greatly with depth.
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5. When dealing with photosynthesis it is not necessary to consider
the energy at wave-lengths shorter than 4200 or longer than 5600 A,
This assumption is justiticd becausc for the shorter and the longer wave-
tengths the extinction cocfficients are so large that the energy associated
with these wave-lengths is absorbed in the upper one metre or less. The
energy of the spectrum in the wave-length range 4200 to 560C A repre-
sents about 20 per cent. of the total energy of the incoming radiation,
but of the latter a fraction, a, is reflected from the surface.

6. The production of organic matter by photosynthesis is pro-
portional to the energy of the radiation at the level under consideration.
According to Jenkins (1937) this assumption is correct if the energy
flux is less than 1-8 g. cal. em.~2 hour—1. In spring this condition may
be expected to be fulfilled below a depth of a few metres.

7. 'The energy, I., at the compensation depth is known. The com-
pensation depth is defined as the depth at which the energy intensity is
such that the production by photosynthesis balances destruction by
respiration. This energy level may depend upon the temperature
because photosynthesis and respiration may not stand in the same
relation to temperature, and it must depend upon the composition of the
plankton. Tt must, for instance, lic higher for a mixed population of
phyto- and zooplankton than for a pure phytoplankton population.
For the latter it may depend on the species of which the population
is composed. By experiments in the English Channel with the diatom
Coscinodiscus excentricus Jenkins (1937) found the energy at the
compensation depth equal to 0:13 g. cal. em.™2 hour™’, Pettersson
et al, (1934) found a value of 400 luxes in Gullmar Fjord, Sweden,
working with a mixed population. Using the same conversion factor as
jenkins this light intensity corresponds to an energy of 015 g. cal.
¢m, 2 hour™1, :

On the basis of these assumptions we can derive an expression for
the critical depth. It will be shown that the critical value depends
upon the amount of incoming radiation, the transparency of the water
as expressed by the extinction coefficient for total energy, and the
energy level at the compensation depth.

Let the total incoming encrgy from the sun and the sky, expressed
in g, cal, em~2 hour™?, be /,, Of this amount a fraction, 4, is lost by
teflection from the sea surface, The energy that passes through the sea
surface, Iu, is then I, = (1—a)l,. With a clear sky the fraction
depends upon the altitude of the sun as follows:—

Altitude of sun (°} 5 10 20 30 40 50 10 90
Fraction reflected 40 25 -12 06 04  -Q3

With a completely overcast sky the fraction is assumed to have the
constant value @ = -08.

Of the amount of energy that passes the sea surface only 20 per cent.
need be considered when dealing with photosynthesis because the major
part is absorbed in the upper one metre (assumption 5). The “effective”
energy that passes the sea surface is, therefore, J, = 02 /. With a
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