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Spring bloom initiation and Sverdrup’s critical-depth model

There is overwhelming evidence that the
development of spring phytoplankton
blooms is a function of light supply and the
depth of vertical mixing. When stating this
fact, it is common practice to cite the crit-
ical-depth model presented in quantitative
terms by Sverdrup (1953), who reasoned

at the compensation depth, . .., gain and loss
balance each other. . . . The condition for an in-
crease of the total population is that the total
praduction P must exceed the total destruction
by respiration, R, ... on an average for 24
hours. . .. This impliés that there must exist a
critical depth such that blooming can occur only
if the depth of the mixed jayer is /ess than the
critical value. [p. 287]

That Sverdrup implicitly included zoo-
plankton in the terms “total population”
and ““total respiration™ is not evident from
the paragraphs in which the model is intro-
duced. In the section in which the assump-
tions underlying the model are listed, how-
ever, it becomes clear that Sverdrup had
Zzooplankton respiration on his mind all
along. We quote from the seventh.

The compensation depth is defined as the depth
at which the energy intensity is such that the
production by photosynthesis balances destruc-
tion 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 com-
position of the plankton. It must, for instance,
lie higher for a mixed population of phyto- and
zooplankton than for a pure phytoplankton pop-
ulation. [p. 289]
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Accordingly, Sverdrup did consider the in-
fluence of zooplankton when testing his
model with observations carried out in the
Norwegian Sea.

Gran and Braarud (1935), who first in-
troduced the concept of a critical depth
(which they estimated to be 5-10 times the
compensation depth), also included zoo-
plankton respiration in the term. Modemn
renditions of Sverdrup’s model, however,
generally ignore zooplankton and consider
only phytoplankton respiration. Indeed, it
will come as a surprise to most readers fa-

" miliar with the model that zooplankton was

included in the original respiration term.
Selection of the term respiration was un-
fortunate as it is not only the cause of the
confusion (dealt with below) but is also in-
appropriate. What the earlier workers were
actually referring to was not just respiration
by the entire plankton community (expres-
sible as units of O, consumed or CO, pro-
duced) but also feeding, which destroys cells
but only partly finds expression in units of
respiration. The subsequent mutilation of
the model, presumably due to oversight, ob-
viously has important consequences other
than altering the position of critical depth
in the water column. Thus, the original ver-
sion will tend to give much shallower po-
sitions than latter-day ones based only on
phytoplankton respiration.

The reasoning behind the critical-depth
model, whether with or without the effect
of zooplankton grazing, appears sound and
lends itselfto mathematical treatment; what
we examine here is whether phytoplankton
respiration can be a significant factor at the
short time scales of bloom initiation. We
will not attempt to review the literature on
algal respiration rates but instead will de-
velop a series of arguments based on various
considerations showing that it must be of
little importance in initiating bloom growth,
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One of the essential assumptions of the
model is that respiration, in contrast to pro-
duction, is constant with depth. In graphic
representations of Sverdrup’s model (e.g.
Parsonsetal. 1984, Tett and Edwards 1984)
respiration is depicted as about 10% of max-
imal photosynthetic rate (P.,). This value
is based on estimates from many investi-
gators (Parsons et al. 1984; Langdon 1988).
When applied to the critical-depth model,
it implies that for a given population with
a P_.. equivalent to a doubling time of 1 d,
cells caught below the critical depth (as de-
fined by the modern rendition) and still at-
tempting to photosynthesize will respire half
their biomass in 6 d. It is very unlikely that
such a phenomenon actually happens. In-
deed, there is no evidence that phytoplank-
ton respiration is constant with depth.

Phytoplankton respiration is differentiat-
ed into photo- and’dark respiration. As the
respiration rate below the compensation
depth determines the position of the critical
depth, it follows that mainly dark respira-
tion is relevant to the model. Park respi-
ration in turn can be subdivided into growth
and maintenance {(Raven and Beardall
1981). The former results from work ne-
cessitated by the mechanisms of cell growth
and division (e.g. synthesis of various cel-
lular materials, division, and relocation of
organelles). Thus, growth respiration occurs
following harvesting of sufficient light en-
ergy. Maintenance respiration, on the other
hand, represents the energy demand ofa cell
not undergoing growth and can be defined
as the energy needed to maintain “viability
and, more particularly, the ability to resume
growth at a rapid rate as soon as a missing
resource {e.g. light or some nutrient) is re-
stored”; this energy “is used inter alia for
resynthesizing unstable macromolecules and
for the active transport which recovers ions
which have leaked through a membrane”
{Raven and Beardall 1981, p. 71). It follows
that, in the modern rendition, the rate of
maintenance respiration will be important
when estimating the position of the critical
depth.

Respiration rates are commonly derived
from measured photosynthesis-light rela-
tionships (£ vs. I curves) by extrapolating
alpha {the photosynthetic rate per unit bio-
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mass per unit irradiance) onto the linear
irradiance axis. This procedure generally
yields an intercept equivalent to ~10% of
P, which is equated with respiration.
Measurements of growth rates at very low
light levels are difficult, but the few exper-
iments carried out to date show that the
relationship between photosynthesis and
light deviates from a straight line and curves
toward the origin. Experiments have been
conducted, for example, with the diatom
Phaeodactylum (Geider et al. 1985, 1986),
cyanobacteria (Gibson 1987}, and the green
macrealga Ulva lactuca (Sand-Jensen 1988).
According to Gibson (1987, p. 187) “the
implication of these results is that ‘main-
tenance energy’ is a mathematical abstrac-
tion and the ‘cost’ of maintaining a cell var-
ies with growth rate.” The results obtained
with Ulva are particularly interesting as this
alga is often regarded as a ruderal sun plant,
implying that it has a high respiration rate.
Weight loss of Ulva kept in total darkness
was extremely small, however, and corre-
sponded to a half-life of the carbon content
of 38 d. The compensation point for growth
was observed at incident light as low as 2.48
pgmol quanta m~? s~ (Sand-Jensen 1988).
Even lower values were obtained for Phaeo-
dactylum (Geider ¢t al. 1986).

The implications of the above results for
positioning compensation depth should be
obvious. In contrast to the original defini-
tion, compensation depth—the lower
boundary of the euphotic zone—is now gen-
erally regarded as the depth where produc-
tion and respiration of a given cell are just
balanced. The high degree of fiuctuation of
the underwater light field has made accurate
specification of the compensation depth dif-
ficult. The rule-of-thumb approach most
widely used is to equate this depth with the
1% (of subsurface light) depth, although
some workers use 0.1%. Indeed, there is no
general agreement on how to define the depth
of the euphotic zone in relation to the light
field, even when the latter has been accu-
rately measured. Estimates will easily vary
by 30% between scientists, The fact that at
least some algae are capable of growing, al-
beit very slowly, at very low light levels in-
dicates that the depth of the euphotic zone—
sensu stricto—has been underestimated to
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Fig. I. Sverdrup’s model in its modern rendition,

where r and r' represent phytoplankton respiration at
10 and 5% of P, (=100%). Wherecas compensation
depth increases by only 6 m (by a factor of 0.23) from
rto 7, critical depth doubles from 150 to 300 m (latter
not shown). A, B, C, and D levels correspond to
Fig. 2.

date. Because light supply decreases expo-
nentially with depth, correcting respiration
rate (from 10% of P.,,) by a factor of 2 or
10 will lower compensation depth (approx-
imately) by a factor of 0.2 or 2 respectively.
The effect on critical depth will be much
greater, however, as it will increase by the
same factor that respiration is decreased (Fig.
1). A factor of 2-10 increase in critical depth
will shift it well below the depth of winter
mixing in most waters, This shift will render
the critical-depth concept based on phyto-
plankton respiration useless as a tool in pre-
dicting induction of the spring bloom. The
depths given in Fig. 1 are representative for
spring in boreal shelf systems. They put the
relationship between a 30-m-thick euphotic
zone and its critical depth into perspective.

Let us, nevertheless, assume that main-
tenance respiration is indeed of significance
in determining the timing of the bloom.
Then, species with a low respiration rate
would also have a deeper critical depth and
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begin growth earlier. Such species should
dominate the active phytoplankion com-
munity by late winter and build up a com-
petitive advantage for domination of the
spring bloom. Field observations indicate,
however, that the winter community is gen-
erally dominated by nanofiagellates, where-
as the spring bloom is dominated by dia-
toms (Takahashi et al. 1978; Erga and
Heimdal 1984). Compared 1o the long win-
ter, spring bioom induction occurs on an
event scale and obviously selects for species
with a fast growth rate rather than a low
respiration rate, even though these prop-
erties are not necessarily mutually exclu-
sive. In other words, the steepness of the
slope of alpha rather than position of I, (on
a P vs, I diagram where I, is light intensity
at the compensation point) confers the com-
petitive advantage in the early stages of the
spring bloom. In this case, factors other than
the position of the critical depth must dom-
inate induction of spring bloom growth.
As all high-latitude phytoplankton species
survive through winter, their maintenance
respiration must be low or they must switch
to a “resting mode.” Survival experiments
have shown that diatoms, as vegetative cells
or spores, can maintain viability under cold,
dark conditions for months and even years
(Smayda and Mitchell-Innes 1974, Durbin
1978; Hollibaugh et al, 1981). The evolu-
tionary pressure to keep respiration low is
obvious. We can well assume that every
temperate and polar phytoplankter can sur-
vive from its reserves for periods upward
of several months. Whether it is in the form
of resting spores or vegetative cells (includ-
ing resting stages) seems immaterial, as not
all typical bloom diatoms are known to form
spores (HMargraves and French 1983). Fur-
ther, diatom resting spores are also capable
of photosynthesis when exposed to light
{Hargraves and French 1983), indicating that
the respiratory cost of maintaining a phys-
iologically active biochemical machinery is
not as high as widely assumed, at least not
in the diatoms. What will be of importance,
however, are the factors triggering the switch
from maintenance to growth respiration.
The point we are making here is that the
level of maintenance respiration cannot gain
special importance in regulating the timing
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of the spring bloom. Use of the ¢ritical-depth
concept diverts attention to the lower reach-
es of the euphotic zone, whereas spring
bloom induction is governed by processes
occurring close to the surface.

Sverdrup’s (1953) first assumption (p.
288) was that “there exists a thoroughly
mixed top layer.” Little is known, however,
about the rate and intensity of vertical mix-
ing in relation to input of kinetic energy. Lal
and Lee (1988), using a novel method (cos-
mogenic P isotope tracers), found that (p.
753) “the mixed layer is not well mixed in
the timescale of 2--3 weeks” at a station in
the Pacific {off Santa Catalina Island). Al-
though we cannot generalize from these data
at present, field observations indicate that
the timing and rate of spring bloom growth
is controlled by the weather: cloudy and
windy weather delgys induction; calm, sun-
ny weather advances it. During periods of
low winds and high insolation, warming of
the upper few meters can occur. This tem-
porary stabilization of a shallow mixed lay-
er is accompanied by rapid biomass buildup
within it {e.g. von Bodungen et al. 1981).

In the presence of an adequate nutrient
supply, phytoplankton growth rates are
functions of irradiance, which decreases ex-
ponentially with depth. Typical spring ir-
radiance levels permit maximal division
rates only in the upper 10-20 m; rates are
substantially lower below this level. It fol-
lows that population growth will attain its
maximal potential relative to the light re-
gime if the portion of the population divid-
ing at maximal rates is retained in that layer;
daughter cells will continue to divide at rates
of those of the parent cells if they are ac-
cumulated within the layer rather than di-
luted downward to less favorable depths
(Fig. 2). At constant surface light input, we
have used a cell division rate of 1 4! in the
layer above depth A (10 m) and 0.3, 0.1,
and 0 div. d"! in layers A-B, B-C, and C-
D (from Fig. 1). Curve A represents the sum
of these division rates over time. The other
curves represent mixing depths varving
across 20 m (B}, 30 m (C), and 50 m (D)
where average division rates in each of these
mixed layers will be ~0.5,0.25, and 0.1 div.
d~!, These values are representative and not
arbitrarily assumed. For the sake of sim-
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Fig. 2. Curves A-D represent population growth
rates in a 50-m water column with mixing depths of
10, 20, 30, and 30 m (levels A, B, C, D from Fig. 1).
Cell division rates explained in text. An initial seed
stock of 10 cells liter~! for the entire water column has
been used.

plicity, however, light inhibition and self-
shading have not been considered. Their in-
clusion will not affect the substance of our
arguments,

Because wind-induced kinetic energy
(sensu Margalef 1978} in the water column
is dissipated more rapidly in shallow, en-
closed than in deep, open areas, temporary
stratification arises earlier and layers are
shallower in the former than in the latter
type of environment. The idealized curves
given in Fig. 2 explain why, following abate-
ment of stormy weather, appearance of the
spring bloom is much more rapid in topo-
graphically protected areas as compared to
open~ocean waters, In the former, popula-
tion growth rates will be in the range be-
tween curves A and B whereas in more open
waters, the B-C range will tend to prevail.
It seems safe to assume that zooplankton
grazing can suppress populations growing at
rates between type-C and -D curves.

These theoretical considerations are sub-
stantiated by observations of the rates of
spring bloom growth in neighboring local-
ities sharing essentially the same weather
and zooplankton populations but with dif-
fering topography. In the protected Belt Sea
region of the southwestern Baltic, salinity
stratification is shallow (~ 10 m), and under
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optimal weather conditions spring bloom
initiation occurs as early as late February
with culmination in mid-March. Prolonged
stormy weather has been observed to delay
the bloom to mid-April, when, after the ad-
vent of calm, sunny weather, the period be-
tween bloom induction and culmination can
be as shortas 10 d (Smetacek 1985). Salinity
stratification in the adjacent Bornholm Sea
is much deeper (60 m), and spring bloom
development occurs some 4-6 weeks later
than in the Belt Sea. It has been observed
to begin before the advent of a stable ther-
mocline, however, and under conditions of
temporary thermal stabilization of the up-
per 5-10 m (von Bodungen et al. 1981).
Kaiser and Schulz (1978) compared the tim-
ing of spring bloom initiation in different
regions of the southern Baltic and conclud-
ed that the spring hloom began only after
the mixing depth corresponded to the thick-
ness of the euphotic layer, which they es-
timated at ~20-25 m. They concluded that
the use of the term critical depth (Kaiser
and Schulz 1978, p. 169) ““did not appear
apt for explaining the causes for the differ-
ences in the times at which mass develop-
ment of phytoplankton begins in different
regions of the Baltic.”

In open and shelf waters, great horizontal
variability is recorded during the growth
phase of the bloom, often accompanied by
local changes in species dominance. A causal
relationship between stock size and struc-
ture of the water column is not always ob-
vious. We suggest that the short-term past
history of the surface layers due to the effects
described above easily can give rise to such
structures. Thus, a high biomass accumu-
lation in a warm, shallow surface layer will
result in horizontal and vertical patchiness
of biomass reflecting the local hydrography.
Strong biomass variation would also be ex-
pected in a frontal zone. Such complex
structures in the relationship between bio-
mass distribution and mesoscale hydrog-
raphy have indeed been found in detailed
studies of spring bloom growth in the Nor-
wegian Coastal Current (Rey 1981; Peinert
1986), on the Bering Sea shelf (Sambrotto
et al. 1986), in the Irish Sea (Fasham et al.
1983), and in association with meltwater
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lenses in the Ross Sea (Smith and Nelson
1985) and the Bransfield Strait, Antarctica
(von Bodungen et al. 1986). In all these cases
the mixed-layer depth was in the range of
20 m and hence corresponded more closely
with the layer of maximal production than
with the critical depth.

There will be an understandable reluc-
tance to revert to the original definition of
compensation depth, particularly as there is
little to be gained by it. Zooplankton grazing
pressure is highly variable and difficult to
measure. Besides, it follows from the above
arguments that retention of daughter cells
in the most productive layer is the primary
condition for induction and subsequent
growth of the spring bloom. The role of zoo-
plankton grazing can be judged only on this
basis. Thus, if grazing pressure is assumed
constant over a wide region, then differences
in the accumulation rate of phytoplankion
biomass will still be due to the dynamics of
the most productive layer. Type-C or -D
curves might well be suppressed by grazing
pressure, whereas a type-A curve would be
impossible to suppress, as it would require
exact gearing of feeding intensity to the
weather. Sand-Jensen (1988) argued that the
depth distribution of Ulva is regulated by
the growth-grazing ratio rather than just
growth. Invertebrate grazing on Ulva is ofien
intensive and may suppress colonization at
depths where growth is slower than grazing.
Sand-Jensen (1988) concluded (for macro-
algae, p. 191) that “it follows that slow-
growing, grazing-resistant species may
dominate at great depths not because of a
greater ability to photosynthesize and grow
in the shade, but due to an ability to main-
tain their biomass.” Defining critical depth
sensu Sverdrup as the ratio between growth
and grazing rates in pelagic environments
will be difficult because of the number of
variables impinging on this ratio (e.g. light
field, physiological adaptation, phytoplank-
ton seeding strategies, selective grazing, and
parasitism).

Sverdrup (1953) himself was aware of the
shortcomings of his model, stating that (p.
290) *“the rapidity with which a given pop-
ulation may grow depends on how much
the thickness of the top layer deviates from
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the critical value.” The argument is contin-
ued in the following paragraph which we
cite in full,

In the second place a phytoplankton popula-
tion may increase independently of the thickness
of the mixed layer if the turbulence is moderate.
In this case the plankion may be unevenly dis-
tributed at the end of the daylight hours, with
greater concentration above the compensation
depth where production has taken place. During
the night hours mixing may not be compiete and
when daylight again makes photosynthesis pos-
sible, the concentration of plankton may still be
greater near the surface. In these circumstances
the production will be greater than according to
our assumpiions, and the population may in-
crease as long as the conditions prevail. A similar
development may take place even with strong
turbulence if the phytoplankton dispiays a posi-
tive phototaxis. [p. 290-291]

As shown above, &his sequence of events is
a more realistic representation of bloom de-
velopment than the critical-depth model,
The concept of critical depth sensu Sver-
drup is logically sound. We conclude, how-
ever, that this model is relevant only on an
evolutionary scale, reflected in the fact that
only a few species tend to dominate blooms.
These species have responded to the neces-
sity of lowering respiration rates and cou-
pling growth performance to rapid changes
in ambient light intensity —which is why
they have succeeded in colonizing a specific
type of environment that arises periodically
in early spring. The critical factor for bloom
initiation is not only spatial but also tem-
poral, We can speak of a critical period of
stabilization of a shallow layer long enough
to permit accumulation of sufficient algal
cells so as to overwhelm grazer populations.
The critical depth of importance for bloom
development lies in the upper, rather than
the lower, third of the euphotic zone. The
critical depth derived from phytoplankton
respiration alone will be species-specific and
vary by a factor of 10 or more. From an
ecological viewpoint, its accurate estima-
tion will not be worth the trouble. The orig-
inal definition of critical depth averages over
24 h. If we average over a whole vear we
find that in all water columns {(including the
underlying benthos) production is always
greater than respiration. Thus, the critical
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depth, on an annual basis, lies below the
depth of the biosphere; all ecosystems con-
tribute at least some organic carbon to the
sedimentary fossil record, even if it amounts
to only a few pug C m™? yr-l,

The fact that most scientists are not even
aware of the discrepancy between Sver-
drup’s original mode! and its latter-day ver-
sions strongly suggests that it is put to little
if any practical use. Its predictive ability in
the context of spring bloom growth has, to
our knowledge, been explicitly challenged
by only a few workers {e.g, Kaiser and Schulz
1978). Its implicit acceptance is reflected in
the way it is routinely cited and in the prom-
inence it receives in teaching programs and
textbooks. It is time we adopted a more
critical attitude toward this model instead
of continuing to inflict it as a matter of course
on innocent graduate students.
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Marine Research
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