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Critical depth and critical turbulence: Two different mechanisms for the development of

phytoplankton blooms

Abstract—A turbulent diffusion model shows that there are
two different mechanisms for the development of phytoplank-
ton blooms. One of these mechanisms works in well-mixed
environments and corresponds to the classical critical depth
theory. The other mechanism is based on the rate of turbulent
mixing. If turbulent mixing is less than a critical turbulence,
phytoplankton growth rates exceed the vertical mixing rates,
and a bloom develops irrespective of the depth of the upper
water layer. These results demonstrate that phytoplankton
blooms can develop in the absence of vertical water-column
stratification.

A common paradigm in aguatic ecology and oceanogra-
phy is that phytoplankton blooms can develop only if the
upper mixed-water layer is shallower than some critical
depth (e.g., Sverdrup 1953; Smetacek and Passow 1990;
Nelson and Smith 1991; Platt et al. 1991; Kirk 1994; Mann
and Lazier 1996; Obata et al. 1996; Falkowski and Raven
1997). The idea is that once the upper water column is suf-
ficiently shallow, the light conditions will be favorable for
photosynthesis, so that depth-integrated photosynthesis ex-
ceeds the depth-integrated losses of the phytoplankton.
Hence, the phytoplankton population increases.

This critical depth concept was recently challenged by
Townsend et al. (1992) and Eilertsen (1993). Townsend et
a. (1992) reported that the phytoplankton spring bloom in
the Gulf of Maine preceded the onset of vertical water-col-
umn stratification. Similarly, Eilertsen (1993) observed that
in several Norwegian fjords with water depths of >200 m,
phytoplankton blooms developed in the absence of vertical
water-column stratification throughout. These observations
were criticized by Platt et al. (1994) and Mann and Lazier
(1996), basically for two reasons. First, it was not clear
whether the observations of Townsend et a. and Eilertsen
indeed violated the critical depth concept. It could be that
the mixed-layer depth was misjudged, that the phytoplankton
losses were unusually low, or that the production rates were
unexpectedly high. Second, if the observations of Townsend
et al. and Eilertsen did violate the critical depth concept, a
proper theory to explain their observations was lacking.

Here, we develop a new theory that provides a theoretical
underpinning for the observations of Townsend et al. (1992)
and Eilertsen (1993), as well as for many other observations.
The mathematical models that underlie the critical depth
concept assume that the phytoplankton population is ho-
mogeneously distributed over depth (Sverdrup 1953; Platt et
a. 1991). We relax this crucial assumption, as it may not
hold in many aquatic environments. Our strategy will be to

let the dynamics of phytoplankton growth and turbulent mix-
ing determine the phytoplankton distribution over depth. The
analysis reveals that there are two different mechanisms for
the development of phytoplankton blooms. A bloom can de-
velop if the upper mixed-water layer is shallower than some
critical depth or if turbulent mixing rates are less than some
critical turbulence.

The model—We consider a growth-diffusion model (Oku-
bo 1980) in which the population dynamics of phytoplankton
are governed by light-limited growth, local phytoplankton
losses, and local transport of the phytoplankton by turbulent
diffusion. Following Sverdrup (1953), the model is kept as
simple as possible. Thus, the model neglects many additional
complexities like nutrient limitation, photoinhibition, buoy-
ancy regulation, and sinking, in order to focus on the most
fundamental aspects of phytoplankton bloom development.
Our diffusion equation forms the core of various more com-
plicated models used in oceanography and ecosystems re-
search (Cloern 1991; Slagstad and Stagle-Hansen 1991; Ko-
seff et al. 1993; Donaghay and Osborn 1997; Lucas et al.
1998) and has attracted considerable mathematical treatment
(Shigesada and Okubo 1981; Ishii and Takagi 1982; Totaro
1989), but its features have never been fully analyzed.

Phytoplankton dynamics: Let s denote the depth within
the water column, where s runs from zero (top) to z (bottom).
And let (s, t) denote the phytoplankton population density
(cells per unit volume) at depth s and time t. The changes
in population density can be described by a partial differ-
ential equation.

Z—(f(s, t) = [p((s 1)) — €lo(s t) + D%)(S, . (@

Here, p(I(s, t)) is the specific production rate as an increasing
function of light intensity I(s, t), with p(0) = 0; € is the
specific loss rate, which incorporates al sources of phyto-
plankton loss;, and D is the turbulent diffusion coefficient
(also known as “‘vertical eddy diffusivity’”). For notational
convenience, we introduce the net production rate, g(I) =
p(l) — ¢.

We assume that the water column is closed, with no phy-
toplankton cells entering or leaving the column at the top or
the bottom. This gives the following boundary conditions:

_iw

2—2(0, t) = P (zt)=0. 2

It is useful to keep track not only of the population density
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distribution (cells per unit volume) but also of the total pop-
ulation size per unit surface area, W, which is given by

W(t) = J Z (s, 1) ds. A3)

Combining Egs. 1-3, the population size per unit surface
area changes with time according to
dw il z
— =] Ssnds= [ gls DalsHds (4
dt ot .

0

Light gradient: The light gradient follows Lambert—-Beer's
law, which states that the amount of light absorbed at depth
s is proportional to the light intensity at depth s:

z—ls(s, t) = —«(s, )I(s 1). 5)

The constant of proportionality, (s, t), is based on al com-
ponents that absorb light, including the water itself and the
phytoplankton:

k(s 1) = Ky + Ko, 1), (6)

where K, is the total background turbidity due to nonphy-
toplankton components, and k is the specific light attenuation
coefficient of the phytoplankton. Combining Egs. 5 and 6
and integrating over depth gives the following light intensity

at depth s and time t:
_<kJ (o, t) do + Kbgs)
0

where |,, is the incident light intensity, and o is an integra-
tion variable. Note that our formulation explicitly includes
light absorption by phytoplankton. Thus, the light gradient
is dynamic—it changes with a change in the phytoplankton
population densities.

I(s, t) = I,,exp (M

Vertical distribution patterns—Classical critical depth
theory is based on the assumption that the phytoplankton are
homogeneously distributed over depth (Sverdrup 1953; Platt
et al. 1991). In contrast, the combination of growth and tur-
bulent diffusion in a light gradient generates an inhomoge-
neous vertical distribution of the phytoplankton population.
More precisely, the stationary distribution of population den-
sity over depth can be obtained by equating the right-hand
side of Eq. 1 with zero. This yields

d2w*
ds?
where the superscript * indicates that the population density
distribution is evaluated at steady state. Integrating both
sides with respect to depth, and using Eqg. 2 to find that the

constant of integration equals zero, we get the slope of the
depth profile;

do _ 1 J 90l () (o) dor ©

1
= ~p () (s), ®

ds D

Note that the integration boundaries in Eq. 9 range from zero
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Fig. 1. Depth profile of the steady-state phytoplankton popula-
tion density, »*(s), when the phytoplankton dynamics are governed
by light availability and turbulent diffusion. The population density
decreases with depth, with a point of inflection at the compensation
point. In (A), turbulent mixing is relatively intense (D = 1 cm?s;
z = 10 m); in (B), turbulent mixing is relatively weak (D = 0.1
cm? s % z = 10 m). Other parameter values are given in the legend
of Fig. 2.

to s, whereas they range from zero to z in Eq. 4. Hence,
using dW/dt = 0 at steady state and the monotonicity of g(1),
Eq. 9 shows that the stationary population density should
decrease monotonically with depth. That is, if «*(s) > 0,

dw*

ds

Furthermore, upon defining the compensation point |, as
g(l) = O, it follows from Eq. 8 that, if w*(s) > 0,

d2w* d2w*
e <0 forl>1, and i<

We now have sufficient information to sketch the qualitative
shape of the stationary distribution of the phytoplankton
population over depth. According to the above derivations,
there are two possibilities: (1) there is no phytoplankton pop-
ulation at all, i.e., the stationary population density distri-
bution remains zero throughout the water column; or (2) the
stationary population density distribution is positive for at
least some parts of the water column (Fig. 1). In the latter
case, the population density should decrease with increasing
depth (Eq. 10), with zero slopes at the top and bottom of
the water column (Eq. 2) and a point of inflection at the
compensation point (Eq. 11). The steepness of the profile
depends on the magnitude of the turbulent diffusion coeffi-
cient relative to the depth-integrated phytoplankton growth
rate (Eq. 9). Depending on the precise parameter settings,
the stationary population density distribution either may re-
main positive throughout the water column (as in Fig. 1A)
or it may become zero at some depth above the bottom of
the water column (as in Fig. 1B).

A rigorous stability analysis performed by Ishii and Tak-
agi (1982) shows that, for the class of nonlinear diffusion

<0 for0O<s<z (10)

>0 forl <l. (1)
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eguations considered here, the stationary solution is unique
and globally stable. In other words, the model predicts that,
independent of the initial conditions, the vertical population
density distribution will always tend toward the stationary
population density distribution.

It is obvious that other vertical distributions may develop
if other processes (such as photoinhibition, sinking, agal
motility, or nutrient limitation) are involved. However, in the
real world, the vertical distribution patterns of Fig. 1 are
quite frequently observed in dense phytoplankton blooms
(seefig. 29 in Reynolds 1984 for examples from a freshwater
lake, Eilertsen 1993 for an example from a Norwegian fjord,
and Morel 1997 for an example from the tropical Atlantic
Ocean offshore Mauritania). The resemblance between these
depth profiles and the depth profiles of Fig. 1 is striking.

Conditions for phytoplankton bloom development—We
used numerical simulations of Egs. 1-7 to explore under
what conditions phytoplankton blooms occur. For this pur-
pose, we defined the conditions for phytoplankton bloom
development simply as those conditions that are able to sup-
port a positive steady-state population (i.e.,, W* > 0). Be-
cause the stationary population density distribution is a glob-
al attractor, this definition is equivalent to Sverdrup’s (1953)
original definition of net population growth at low popula
tion size (i.e., dW/dt > 0 for W close to zero).

The simulations revealed that phytoplankton blooms can
develop (1) if the depth of the mixed layer is less than a
critical depth, and/or (2) if the turbulent mixing is less than
a critical turbulence (Fig. 2). Most strikingly, the area of no
blooms in the upper right of Fig. 2 is bound by nearly hor-
izontal and vertical lines. That is, the critical depth is inde-
pendent of the turbulence level, and the critica turbulence
is independent of water-column depth. Hence, there are two
distinct and independent mechanisms for the development
of a phytoplankton bloom. Either mixing is intense, and a
shallowing of the mixed-layer depth is necessary to expose
the phytoplankton to the favorable light conditions, or mix-
ing is weak, and relaxation of turbulent mixing alows the
phytoplankton growth rates to overcome the vertical mixing
rates imposed by turbulent diffusion. The latter mechanism
also maintains the phytoplankton in the upper part of the
water column (see Fig. 1B), so that its growth dynamics
become independent of processes further downward.

What will be the population size of a bloom? To address
this question, we used the model to calculate the steady-state
population size per unit surface area along four different
transects indicated in Fig. 2. This revealed that population
size per unit surface area decreases linearly with water-col-
umn depth in well-mixed environments, whereas it is inde-
pendent of water-column depth in environments with low
mixing rates (Fig. 3A). Furthermore, the model predicts that
population size per unit surface area decreases strongly with
increasing turbulent mixing in deep water columns but is
independent of turbulent mixing in very shalow water col-
umns (Fig. 3B). The solid line in Fig. 3A is consistent with
the results of recent laboratory experiments with well-mixed
continuous cultures (Huisman 1999). The dashed linein Fig.
3B is consistent with recent field data from phytoplankton
blooms in Lake Kinneret, Israel (Berman and Shteinman
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Fig. 2. The combinations of water-column depth and turbulent
diffusion coefficient that allow a phytoplankton bloom (W* > 0)
and the combinations that prevent a phytoplankton bloom (W* =
0). The two regions are separated by a solid line that runs practically
paralel with the coordinate axes, thus indicating the existence of a
critical depth and a critical turbulence. The graph is based on ex-
tensive simulations of Egs. 1-7, using the parameter set 1,, = 350
wmol photons m=2 s7%; K, = 0.2 m™; g(l) = 0.041/(30 + 1) —
0.02 h 1 k = 0.15 X 10-¢ cm? cell 1. To test the robustness of our
findings, many other parameter sets were also examined. They all
yielded the same pattern: phytoplankton blooms are possible if wa-
ter-column depth is below a certain critical depth or if turbulent
diffusion is below a certain critical turbulence. Note the log scales:
the graph spans the entire spectrum from extremely shallow and
quiescent waters to extremely deep and turbulent waters. The thin
dashed lines indicate the locations of the four transects shown in
Fig. 3.

1998). The various patterns can be explained by the fact that
phytoplankton have to compete for light with the back-
ground turbidity (Huisman and Weissing 1994, 1995; Kirk
1994; Carpenter et al. 1998; Huisman et al. 1999b). Dense
phytoplankton blooms can develop only if shading by back-
ground turbidity is low, i.e., in deep waters where low tur-
bulent mixing rates allow vertical escape from shading
(dashed line in Fig. 3A; left part of dashed line in Fig. 3B)
or in shalow water layers (left part of solid linein Fig. 3A;
solid line in Fig. 3B). This again illustrates that both water-
column depth and turbulent mixing rates have a profound
impact on bloom development.

Properties of critical depth and critical turbulence—Crit-
ical depth and critical turbulence are functions of the phy-
toplankton characteristics and the environment.

Critical depth: An exact analytical expression for the crit-
ical depth can be derived from the concept of a critical light
intensity (Huisman and Weissing 1994; also see Weissing
and Huisman 1994; Huisman 1999; Huisman et al. 1999a,b).
That is, if Z, denotes the critical depth and 1*, denotes the
critical light intensity, then the critical depth is given by
(Huisman 1999)
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Fig. 3. Phytoplankton bloom size. (A) Steady-state phytoplank-
ton population size per unit surface areain relation to water-column
depth for two different turbulence levels. (B) Steady-state phyto-
plankton population size per unit surface area in relation to the
turbulent diffusion coefficient for two different water-column
depths. The locations of the four transects are indicated in Fig. 2,
and the parameter values are given in the legend of Fig. 2.

— *
ZCr _ In(lin) In(l out . (12)
Kog
Here, the critical light intensity is defined as that value of
the light intensity at the bottom of a well-mixed water col-
umn for which the phytoplankton population integrated over
the entire water column remains stationary. Analytically, it
can be shown that the critical light intensity is given by the
implicit solution of (Huisman and Weissing 1994; Weissing

and Huisman 1994)
o)
f. d =0 (13)

*
out

Weissing and Huisman (1994) give formal proof that this
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expression for the critical light intensity holds independent
of the precise mathematical equation used for the g(I) func-
tion. The critical light intensity is species specific. It follows,
via Eq. 12, that the critical depth should be species specific
as well. Blooms dominated by species with different light
requirements should have different critical depths. These the-
oretical predictions are consistent with results of extensive
laboratory experiments with monocultures and mixtures of
phytoplankton species (Huisman 1999; Huisman et al.
1999a).

The critical depths predicted by Egs. 12 and 13 corre-
spond exactly with the critical depths observed in our nu-
merical simulations. It follows that the critical depth is in-
versely proportional to background turbidity (Eg. 12).
Furthermore, via Eq. 13, the critical depth increases with
incident light intensity, increases with phytoplankton pro-
duction rates, and decreases with phytoplankton loss rates.
Our formulation of the critical depth generalizes earlier for-
mulations by, among others, Sverdrup (1953), Platt et al.
(1991), and Kirk (1994).

Critical turbulence: We have not been able to derive an
analytical expression for the critical turbulence. Some in-
sight, however, can be gained using dimensional analysis.
Let us rescale Egs. 1-7 by introducing the new variables §
= csand ® = w/c, where c is some arbitrary constant. This
leads to an equivalent system with new parameters:

Koy = Ky/C, D = c2D. (14)

These new parameters summarize the scaling rules of the
system. Thus, the dynamics of the system remain unaltered
if changing the background turbidity by a factor 1/c is com-
pensated by changing water-column depth by a factor ¢ and
the turbulent diffusion coefficient by a factor c2. Remember
from Fig. 2 that the critical depth is independent of the tur-
bulent diffusion coefficient. Hence, it follows from the scal-
ing rules that the critical depth is inversely proportional to
the background turbidity (in line with Eqg. 12). Remember
also from Fig. 2 that the critica turbulence is independent
of water-column depth. Hence, it follows from the scaling
rules that the critical turbulence is inversely proportional to
the square of background turbidity:

1
o & .
(Kbg)2

This is confirmed by the simulations (Fig. 4). Furthermore,
extensive simulations indicate that the critical turbulence is
species specific, increases with incident light intensity, in-
creases with phytoplankton production rates, and decreases
with phytoplankton loss rates.

Z = cz,

D

(15

Application: Note from Egs. 12 and 15 that the critical
depth and the critical turbulence approach infinity when
background turbidity approaches zero. In other words, with-
out background turbidity, there would be neither a critical
depth nor a critical turbulence to delimit phytoplankton
growth. Note a'so that the critical turbulence increases faster
with decreasing background turbidity than the critical depth
(compare the denominators of Egs. 12 and 15). This suggests
that, all other parameters held constant, the critical-turbu-
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lence mechanism will be relatively more important in waters
with a low background turbidity than in waters with a high
background turbidity. Therefore, we conjecture that the crit-
ical-turbulence mechanism should be relatively more impor-
tant in the open ocean or in clear lakes than in the turbid
coastal zone or in turbid lakes.

To illustrate this point further, consider an example with
real-world parameter estimates. The phytoplankton parame-
ter values that we chose for the construction of Figs. 1-4
are typical for the “‘average” freshwater phytoplankton spe-
cies in the culture collection of the Laboratory for Micro-
biology, University of Amsterdam, The Netherlands (De No-
bel et a. 1998; Huisman 1999; Huisman et al. 1999a).
Background turbidity in natural waters ranges, according to
Kirk (1994:291), from K., = 0.08 m~* in clear oceanic wa-
ters to K,, = 2.0 m* in highly turbid lakes. Hence, using
Fig. 4, the critical turbulence for our *‘average’” phytoplank-
ton species ranges from D, = 48 cm? st in clear oceanic
watersto D, = 0.08 cm? s in turbid lakes. In other words,
blooms develop via the critical-turbulence mechanism if the
vertical turbulent diffusion coefficient is <48 cm? s~ in the
clearest oceanic waters and if it is <0.08 cm? st in the most
turbid lakes. For comparison, vertical turbulent diffusion co-
efficients observed in lakes and oceans typically vary from
D = 0.1 cm? s* during quiescent periods to D = 100 cm?
st during episodes of intense mixing (Officer 1976; Den-
man and Gargett 1983; Maclntyre 1993). This comparison
illustrates two points. First, the critical turbulences that we
estimated are within the realistic range, which suggests that
the critical-turbulence mechanism may apply to real-world
situations. Second, these numerical estimates show, once
again, that the critical-turbulence mechanism for bloom de-
velopment is much more likely to work in clear waters than
in turbid waters.

Snking and buoyancy—Thus far, the analysis has as-
sumed that phytoplankton transport is governed by turbulent
diffusion. Other vertical transport processes relevant for phy-

Fig. 5. Depth profiles of the steady-state phytoplankton popu-
lation density, w*(s), sketched for (A) a buoyant phytoplankton spe-
cies, and (B) a sinking phytoplankton species.

toplankton include sinking (e.g., diatoms) and buoyancy
(e.g., several cyanobacteria species). How do sinking and
buoyancy of phytoplankton affect the derivations?

Sinking and buoyancy are incorporated in the theoretical
framework by adding an advection term to the model. Equa-
tion 1 is replaced by

1—‘:(5, t) = g(l(s ))w(s t) + VZ—Z(S, t) + D%(s t) (16)

where v is the vertical velocity of the phytoplankton, which
is positive for buoyant phytoplankton and negative for sink-
ing phytoplankton. In addition, Eq. 2 is replaced by new
zero-flux boundary conditions:

d
V(u(S,t)—l—Da—:(S,t):O as=0 and s=z (17)

All other aspects of the model formulation (Egs. 3—7) remain
the same.

Analogous to the earlier derivations, the stationary pop-
ulation density distribution can be derived by equating the
right-hand side of Eq. 16 with zero and subsequent integra-
tion over depth. This gives the dope of the depth profile
(compare with Eq. 9):

dw* 1
o= f 9((@)e*(0) do — Sor(e).  (18)
Furthermore, according to Eq. 17, the slopes of the station-
ary population density distribution at the top and bottom of
the water column are given by

dw* Vo B B

s - D (s) aas=0 and s=2z (19)
This provides the information to sketch the stationary profile
of phytoplankton population density over depth (Fig. 5). It
follows from Eq. 4, using dW/dt = 0, that the first term in
Eqg. 18 is negative. Hence, the sign and magnitude of the
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second term in Eq. 18 determine whether the depth profile
has a positive or negative slope. For buoyant phytoplankton
(v > 0), Egs. 18 and 19 predict that the slope is negative.
That is, population density is a strictly decreasing function
of depth (Fig. 5A). All else being equal, buoyant phyto-
plankton aggregate further in top of the water column than
phytoplankton of neutral weight (compare Egs. 9 and 18).
For sinking phytoplankton (v < 0), Egs. 18 and 19 alow
population density distributions of various shapes. For ex-
ample, sinking phytoplankton may simply be lost from the
water column and accumulate at the bottom, particularly if
sinking rates are high and turbulent diffusion is low (see
Visser et al. 1996b; Lucas et a. 1998). Alternatively, if phy-
toplankton with a high sinking velocity are able to maintain
a population in the upper water column (i.e.,, »*(0) > 0),
then Eq. 19 predicts that the slope of the depth profile in top
of the water column will always be positive. Figure 5B gives
an example. Hence, all else being equal, sinking phytoplank-
ton aggregate less in top of the water column than phyto-
plankton of neutral weight (again, compare Egs. 9 and 18).

The critical turbulence is based on the notion that phy-
toplankton maintain a population in the upper water column
if growth rates in the upper water column exceed rates of
vertical transport downward. Buoyant phytoplankton aggre-
gate more and sinking phytoplankton aggregate less in the
upper water column than phytoplankton of neutral weight
(Fig. 5A,B). Hence, in conclusion, the critical-turbulence
mechanism for bloom development will be relatively less
important for sinking phytoplankton than for phytoplankton
of more or less neutral weight. Conversely, the critical-tur-
bulence mechanism will be relatively more important for
buoyant phytoplankton species.

Conclusions—We have shown that phytoplankton blooms
can be induced by two fundamentally different mechanisms.
The formation of a relatively shallow mixed-water layer by
means of vertical water-column stratification is prerequisite
for phytoplankton bloom development in deep and/or turbid
waters with high turbulent mixing rates. This mechanism
corresponds to Sverdrup’s (1953) critical depth concept. Al-
ternatively, relaxation of turbulent mixing in waters of low
background turbidity allows bloom development irrespective
of the thickness of the upper water column. In the latter
mechanism, the phytoplankton bloom maintains its position
in the upper part of the water column because the phyto-
plankton growth rates in the upper part of the water column
exceed the vertical mixing rates. The two different mecha-
nisms are effectively independent of one another (Fig. 2).

Our findings are consistent with theory and experiments
for well-mixed environments (Sverdrup 1953; Platt et al.
1991; Huisman and Weissing 1994; Huisman 1999). At the
same time, our findings support the observations of Town-
send et a. (1992) and Eilertsen (1993) that phytoplankton
blooms can also develop in the absence of vertical water-
column stratification. Consistent with the theory developed
here, these observations were made in clear waters during
periods with weak vertical wind mixing. Similarly, long-term
data show that phytoplankton blooms in estuaries often form
during neap tide, when turbulent mixing is at its weakest
(Cloern 1991). Other recent field studies that illustrate the
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impact of turbulent mixing rates on phytoplankton bloom
development include those of Ragueneau et al. (1996), Vis-
ser et al. (1996a), Yin et al. (1996), and Berman and Shtein-
man (1998).

It is conceivable that the two different mechanisms for
bloom development (critical depth and critical turbulence)
lead to a difference in species composition as well. A mul-
tispecies extension of the model revealed that the two mech-
anisms indeed favor different phytoplankton strategies
(Huisman et al. 1999b). The multispecies model predicts that
well-mixed waters favor the species with lowest critical light
intensity or, equivalently, the species with deepest critical
depth (Huisman and Weissing 1994). Competition experi-
ments support this prediction (Huisman et al. 1999a). Incom-
plete mixing, in contrast, favors species that are able to ob-
tain the best vertical positions within a water column.
Accordingly, the species composition in well-mixed waters
should generally differ from the species composition in wa-
ters of low turbulence (Huisman et al. 1999b).

Interestingly, low vertical mixing rates favor not only phy-
toplankton bloom development but also the development of
atemperature gradient. In this way, the devel opment of tem-
perature gradients and phytoplankton blooms may coincide
without any causal relationship. This coincidence probably
explains why, independent of the mechanism of bloom de-
velopment involved, the timing of bloom development often
matches the timing of water-column stratification and thus
why the critical -turbulence mechanism outlined in this paper
has not been discovered earlier.
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