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Abstract. This paper investigates the extent to which the predictions of an elementary
model for light-limited growth are matched by laboratory experiments with light-limited
phytoplankton. The model and experiments link the population dynamics of phytoplankton
species with changes in the light gradient caused by phytoplankton shading. The model
predicts that a phytoplankton population should continue to grow until, at steady state, the
light intensity at the bottom of the water column equals its critical light intensity. The
experimental results were in good agreement with the theoretical predictions: (1) the steady-
state population density increased with an increase of the incident light intensity, (2) the
steady-state population density (per unit volume) was inversely proportional to mixing
depth, (3) the steady-state population size (per unit area) decreased linearly with mixing
depth, (4) thecritical light intensity decreased with an increase of theincident light intensity,
(5) the critical light intensity was approximately the same at each mixing depth, and (6)
the time courses predicted by the model were in line with the observed time courses of
population density and light penetration. Implications for phytoplankton ecology and aquatic

production biology are discussed.
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INTRODUCTION

Many concepts in aquatic ecology are based on the
light gradient. For example, for a given light gradient
it is possible to indicate the depth of the euphotic zone,
where most photosynthesis takes place (cf. Reynolds
1984). For a given light gradient it is possible to es-
timate the critical depth of a mixed water column that
just allows phytoplankton growth (Sverdrup 1953). For
a given light gradient, mathematical expressions are
available to calculate depth-integrated primary pro-
duction (Talling 1957, Fee 1969, Platt et al. 1990, An-
derson 1993). There is a problem, however. When phy-
toplankton populations increase, they will absorb more
light, and the light gradient will change (Talling 1960,
Jewson 1977, Dubinsky and Berman 1981, Tilzer et al.
1994). In this way, a change in the phytoplankton caus-
es a change in the depth of the euphotic zone, a change
in the critical depth, and a change in depth-integrated
primary production. A dynamic description of the light
gradient will be required to predict the density-depen-
dent development of phytoplankton blooms or the suc-
cessive replacement of phytoplankton species during
competition.
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We developed a model for light-limited growth and
competition for light in well mixed aquatic environ-
ments (Huisman and Weissing 1994, 1995, Weissing
and Huisman 1994). The model is based on standard
assumptions. The light gradient is described by Lam-
bert—Beer’s law, and depth integrals are used to cal-
culate depth-integrated production. In this sense, the
model is only a simple extension of many earlier pro-
duction models (e.g., Sverdrup 1953, Talling 1957,
Platt et al. 1990, Kirk 1994). The emphasisis different,
however. It is a dynamic model that emphasizes the
coupling between changes in phytoplankton population
density and changes in the light gradient caused by
phytoplankton shading. The model predictsthat if light
conditions are favorable for growth, the phytoplankton
population will increase. An increased phytoplankton
population will absorb more light, and thus create a
steeper light gradient. Accordingly, the overall light
conditions become less favorable for growth, and the
net phytoplankton growth rate diminishes. This con-
tinues until light conditions are such that the phyto-
plankton population no longer increases. A steady state
has been reached, with a characteristic population den-
sity and a characteristic light gradient.

The steady-state light intensity at the bottom of the
water column has been termed the critical light inten-
sity (Huisman and Weissing 1994). The critical light
intensity is species specific and plays a crucia role
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when phytoplankton species compete for light. Theory
predicts that the species with lowest critical light in-
tensity should be the superior light competitor (Huis-
man and Weissing 1994, Weissing and Huisman 1994).
Recent competition experiments confirm this predic-
tion (Huisman et al. 1999).

The steady-state population density and the critical
light intensity depend on environmental factors like
light supply, mixing depth, and background turbidity.
More precisely, the model predicts the following en-
vironmental patterns: (1) the steady-state population
density should increase with increasing light supply,
(2) the steady-state population density (per unit vol-
ume) should be inversely proportional to mixing depth,
(3) the steady-state population size (per unit area)
should decrease linearly with mixing depth, (4) the
critical light intensity should decrease with increasing
light supply, (5) the critical light intensity should be
independent of mixing depth. Here | report on tests of
these predictions using microcosm experiments with
the green alga Chlorella vulgaris.

THEORY

Consider a well-mixed water column. Let » denote
the phytoplankton population density, with dimension
being number of phytoplankton per unit volume. The
growth rate of the phytoplankton population depends
on the balance between production and losses:

do 1 (°?
e E,fo p[l(9)]w ds — Dw (D)

where p(l) is the specific rate of production as an in-
creasing function of light intensity, I(s) is the light
intensity as a decreasing function of depth s, z is the
total depth of the water column, and D is the loss rate
imposed by dilution.

The light intensity, |, decreases with depth s ac-
cording to Lambert-Beer’s law:

|(S) = |ine—(kms+Kbgs) (2)

where |,, is the incident light intensity, k is the specific
light attenuation coefficient of the phytoplankton, and
Ky is the total background turbidity due to nonphy-
toplankton components. The light intensity at the bot-
tom of the water column, |, is given by |, = [(2).

Combining Egs.1 and 2 gives the following dynam-
ical system (Huisman and Weissing 1994, Weissing and
Huisman 1994; see also Bannister 1974):

do 1 ko ()
dt  z (ko + Kpy) I ) O Do (33
Iout = Iinei(kaJrthZ)' (3b)

This model predicts that there is a critical value of
I« Which we have called the critical light intensity, at
which the phytoplankton population should remain sta-
tionary (Huisman and Weissing 1994, Weissing and
Huisman 1994). The phytoplankton population should

LIGHT-LIMITED PHYTOPLANKTON

203

increase as long as |, is above its critical light inten-
sity, whereas the population should decrease as soon
as |, is below its critical light intensity. These pop-
ulation dynamics lead to a steady state. A phytoplank-
ton population should grow until, at steady state, it has
reduced the light intensity at the bottom of the water
column to its critical light intensity.

Light supply

It comes as no surprise that Egs. 3a and b predict
that the steady-state population density should be an
increasing function of the light supply. More surpris-
ingly, an increase of the light supply should also lead
to a lower critical light intensity. The intuition is as
follows (formal proofs are given in Huisman and
Weissing 1994, Weissing and Huisman 1994). A steady
state is reached when the net photosynthetic gains in
the upper part of the water column are exactly balanced
by net losses at the lower part. When the light supply
is increased, this yields more gains in the top of the
water column. Hence, the phytoplankton population
will grow further, until these additional gainsin the top
of the water column are balanced by additional losses
at the bottom. Additional losses at the bottom will oc-
cur when the light intensity at the bottom is reduced
to lower levels. That is, the critical light intensity,
which is measured at the bottom, should become | ower.

Mixing depth

A limited light supply per unit area can sustain only
a limited number of phytoplankton cells per unit area.
When the mixing depth of awater column isincreased,
this limited amount of phytoplankton is diluted over a
deeper column of water. Thus, one should expect that
under light-limited conditions the population density
would be negatively correlated with mixing depth. This
intuitive reasoning conforms to the model’s predic-
tions. Egs. 3a and b predict that the critical light in-
tensity is independent of mixing depth (Huisman and
Weissing 1994, Weissing and Huisman 1994). Because
the critical light intensity is independent of mixing
depth, it followsfrom Eq. 3b that the population density
(in cells/lcm?®) at steady state should be inversely pro-
portional to mixing depth:

* — 1 * Kbg
w" = kzln(linllout) k (4)

where [, isthe critical light intensity, and w* indicates
that o is evaluated at steady state.

Also the number of phytoplankton cells per unit area,
W, is related to mixing depth. All else being equal, in
adeeper water column, more light is absorbed by water
and other nonphytoplankton components. Hence less
light remains for phytoplankton. More precisely, from
Eqg. 4 it follows that the population size per unit area
(cells/cm?) at steady state should decrease linearly with
mixing depth:
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K|
W+ = w*z = %m(lmngm) — %z. (5)
Note that the decrease of population size with increas-
ing mixing depth is caused by the background turbidity
due to nonphytoplankton components. The population
size per unit area would remain constant when back-
ground turbidity, K,,, were zero.

Generality

Weissing and Huisman (1994) showed that this the-
ory holds for all p(l) functions proposed in the liter-
ature (as reviewed by Jassby and Platt 1976, Henley
1993), except for those considering photoinhibition.
Photoinhibition introduces some new dynamical phe-
nomena that will be addressed in further study.

METHODS
Culture methods

The experiments were performed with unialgal (but
nonaxenic) cultures of the unicellular green alga Chlo-
rella vulgaris Beyerinck. This species was grown in
continuous-culture systems developed for the study of
light-limited phytoplankton. The culture system is de-
scribed in detail in Huisman et al. (1999), and only a
short résumé is given here. Each continuous culture
consisted of aflat culture vessel, illuminated from one
side to create a unidirectional light gradient. To inves-
tigate various mixing depths, culture vessels had op-
tical path lengths, ‘“mixing depths,” of z= 3.2cm, 5
cm, 10 cm, and 20 cm. The effective working volumes
of these vessels were 1100 mL, 1600 mL, 3225 mL,
and 6550 mL, respectively. A water jacket placed be-
tween thelight source and the culture vessel maintained
the temperature of the culture vessel at 20°C. Homo-
geneous mixing of the cultures and a sufficient supply
of CO, were ensured by bubbling air between two par-
titions within the culture vessel at a rate of 100-150
L/h. The 20 cm-deep vessel had two air inlets, and the
other vessels had only one. Cultures were supplied with
excess nutrients (Huisman et al. 1999). Pilot experi-
ments showed that neither halving nor doubling of the
nutrient dosage had an effect on steady-state population
densities, indicating that nutrients were neither limiting
nor present in toxic amounts. The continuous cultures
were run at a dilution rate of D = 0.02 h-*. Light
intensities (PAR, in wmol photons-m-2-s-1) were mea-
sured with aLicor LI-190SA quantum sensor. The light
intensity incident upon the culture vessel (l;,) was set
by neutral density filters. The light intensity 1 ,, was
measured as the light intensity leaving the culture ves-
sel at the back surface. To account for spatial variation,
I, Was sampled at 10 regularly spaced positions at the
back surface. Critical light intensities were measured
as the values of 1, observed when the cultures were
in steady state. Cultures were sampled nearly every
day, and population densities were counted in triplo
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with a Coulter Counter (model ZM) directly after sam-
pling.
Quantitative analysis

The qualitative theory holds for nearly all p(I) func-
tions proposed in the literature (Weissing and Huisman
1994). To test quantitative aspects of the theory, it is
necessary to choose a particular p(l) function to quan-
tify the dependence of specific production on light in-
tensity. Numerous p(l) functions have been proposed
(e.g., Jassby and Platt 1976, Henley 1993). At present,
the p(l) function proposed by Webb et al. (1974) and
Platt et al. (1980) is probably most often used. How-
ever, this p(l) function has no closed-form solution of
its depth integral, and this causes problems in param-
eter estimation. | estimated parameters by fitting dif-
ferential equations (Egs. 7a and b) to the time courses
of the experiments. This advanced technique consumes
a lot of computation time, even on a fast computer,
because it is an iterative procedure (Richter and Sond-
gerath 1990). At each iteration, the differential equa-
tions have to be solved numerically. Consider the use
of the p(l) function of Platt et al. (1980). Numerical
expressions are available to approximate its depth in-
tegral (Platt et al. 1991). However, an additional nu-
merical procedure might introduce additional error in
the fitting procedure, and the computation time would
increase enormously. Therefore, | have chosen for the
Monod equation

_ pmaxl
p(l) = (Pte) 1 (6)

where p,.., is the maximum rate of specific production,
and « is the slope of the p(l) function at | = 0. The
advantage of the Monod equation isthat it hasasimple
analytical solution of its depth integral. In fact, sub-
stituting Eq. 6 in Eq. 3a, the dynamics of phytoplankton
growth reads (Huisman and Weissing 1994):

do 1 ko %In( Prax T+ alin) — Do (73

pmax + O"I out

dt z (ke + Ky) K

I (7b)

This quantitative model was fit to the data. The param-
eters |,,, z, and D were measured directly. The back-
ground turbidity was calculated from measurements of
l,, and I, in the absence of phytoplankton according
to Ky = In(li/lo)/z. The remaining parameters, pp.
a, and k, were estimated by aleast-squares fit of model
predictions vs. observed values of population density
and |, as outlined above. The least-squares fit was
performed only once, over the complete data set (atotal
of 192 paired observations of population density and

I out) *

= — (ko z+KpgZz
out Iine (kozKog2),

REsuLTs

Light supply
Continuous cultures, with culture vessels 5 cm deep,
were run at seven different incident light intensities.
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Fic. 1. Time course of population density (@) and light intensity I, (O) at different incident light intensities. Error bars
indicate the spatial standard deviation of |,, (N = 10). When not visible, the spatial standard deviation did not exceed the
size of the circle. Solid lines show the time course predicted by Egs. 7aand b. Theincident light intensity (l;,, in wmol-m-2.s71)
is indicated in each subfigure. Remaining system parameters: z = 5.0 cm; K, = 0.068 cm*; D = 0.020 h-*. Species

parameters: po = 0.0756 h-1;

Fig. 1 shows the time course of population density and
I, during these experiments. At an incident light in-
tensity of 8 wmol-m-2.s71, the light input was too low
to sustain a phytoplankton population (Fig. 1A). In all
other experiments, the light input was high enough to
enable phytoplankton growth (Fig. 1B-G). In each ex-
periment, population density increased and I, de-
creased until a steady state was reached after 12-18 d.
The solid lines show that Egs. 7a and b fit quite well
to the data. At the higher incident light intensities the
predicted values of I, are slightly lower than the ob-
served values.

a = 0.00212 h=* (pmol-m=2s1)-% k = 547 X 10-% cm?/cell.

Critical light intensity and steady-state population
density were calculated as the average |, and average
population density, respectively, over the last five days
of each experiment. Qualitatively, the steady-state pop-
ulation density increased significantly with the light
supply (Fig. 2A; Spearman rank correlation: rg = 1, N
= 7, P < 0.002). This demonstrates that the population
density was indeed limited by light. Quantitatively, the
model predictions of steady-state population density
(solid line in Fig. 2A) agree well with the observed
steady-state population densities.

As should be expected from Lambert—Beer’'s law,
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Fic. 2. (A) Steady-state population density, and (B) crit-
ical light intensity in relation to the light supply. Thesevalues
were calculated as the average popul ation density and average
I, OVer the last 5 d of each experiment in Fig. 1. Error bars
indicate sp (N = 5). When not visible, the sp did not exceed
the size of the circle. Solid lines are based on equilibrium
solutions of Egs. 7aand b, using the parameter values of Fig.
1. The dashed line in (B) gives the relation between I;, and
I 1N the absence of phytoplankton.

without phytoplankton |, increased linearly with I;,
(linear regression forced through the origin: I, =
0.71l,,, N = 15, r2 = 0.99, P < 0.001). This linear
relation is indicated by the dashed linein Fig. 2B. The
experiment at l;,, = 8 wmol-m-2-s-* falls on this line.
In all other experiments, the light supply was suffi-
ciently high to enable phytoplankton growth. For these
experiments, the critical light intensity decreased sig-
nificantly with an increase of the light supply (Fig. 2B;
Spearman rank correlation: r¢ = 1, N = 6, P < 0.01).
Thus, qualitatively, these observations are in line with
the theoretical prediction that the critical light intensity
should decrease with an increase of the light supply.
Quantitatively, however, there is a rather poor fit be-
tween the observed and predicted critical light inten-
sities. Especially at a high light supply, the model pre-
dicts a lower critical light intensity than actually ob-
served (Fig. 2B).

| also tested for the critical light intensities of a few
other species. Two green algae (Chlorella vulgaris and
Scenedesmus protuberans), two cyanobacteria (Aphan-
izomenon flos-aquae and a Microcystis strain), and a
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TaBLE 1. Critical light intensities (means, with 1 sp in pa-
rentheses) of (A) two green algae (Chlorella vulgaris and
Scenedesmus protuberans), two cyanobacteria (Aphanizo-
menon flos-aquae and Microcystis sp.), and (B) a diatom
(Cylindrotheca closterium) at two different incident light
intensities.

A) Critical light intensity
I, = 30 li, = 60
Species pmol-m-2.s-1 pmol-m-2.s-1
Chlorella 3.05 (0.06) 2.75 (0.11)
Scenedesmus 9.77 (0.50) 6.49 (0.17)
Aphanizomenon 3.56 (0.16) 2.44 (0.09)
Microcystis 4.63 (0.13) 2.77 (0.08)
B) Critical light intensity
l, =37 lin = 53
Species pmol-m-2.s-1 pmol-m-2.s-1

Cylindrothecat 1.86 (0.12) 1.31 (0.06)

Notes: All species were grown at a dilution rate of D =
0.015 h-*. Critical light intensities were measured in mono-
cultures at steady state and calculated as the average |, over
7 days. N = 7.

T This marine diatom was cultured in saline medium (f/2-
medium; Guillard and Ryther 1962).

diatom (Cylindrotheca closterium) were cultured, using
the same experimental setup, at both a low and a high
light supply. The dilution rate in these experiments was
set at D = 0.015 h-* to ensure that all species could
thrive. For all five species the critical light intensity
was lower at a high light supply than at a low light
supply (Table 1). The probability, P, that this would
happen by chance for all five speciesis P = (1/2)5 =
0.03. Hence, the pattern was significant at the 0.05
level.

Mixing depth

To investigate effects of mixing depth, | used four
continuous cultures with culture vessels of 3.2-cm, 5-
cm, 10-cm, and 20-cm deep, respectively. In all four
experiments the incident light intensity was 34.5
pmol-m-2-s71. Fig. 3 shows the time course of popu-
lation density and I, for these experiments. At the
onset of the experiments, |, was lowest in the deepest
vessel (as should be expected from Lambert—Beer).
Within 12 to 15 d, I, converged to approximately the
same value in al four vessels, and a steady state was
reached. Population densities became very high in the
vessel of 3.2 cm-deep, were intermediate in the vessels
of 5-cm and 10-cm deep, and remained rather low in
the vessel of 20-cm deep. Eqgs. 7a and b fit fairly well
to the data (Fig. 3).

Critical light intensity, steady-state population den-
sity (number of phytoplankton/cm?3), and steady-state
population size (number of phytoplankton per cm?)
were calculated as the average |, average population
density and average population size, respectively, over
the last five days of each experiment. The critical light
intensity did not show a clear pattern in relation to
mixing depth (Fig. 4A). It ranged from 6.9 pumol-m-2.s~*
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Fic. 3. Time course of population density (@) and light intensity I, (O) at different mixing depths. Error bars indicate
the spatial sp of I, (N = 10). When not visible, the spatial sb did not exceed the size of the circle. Solid lines show the
time course predicted by Eqgs. 7a and b. The mixing depth (z, in cm) is indicated in each subfigure. Remaining system
parameters: (A) Ky, = 0.070 cm-%, (B) K,y = 0.072 cm?, (C) K,y = 0.050 cm™?, (D) K,y = 0.035 cm™%; (A-D) I;, = 34.5
pmol-m=2.s71; D = 0.020 h—*. Species parameters are as in Fig. 1.

in the 3-cm vessel to 4.3 pmol-m-2-s7t in the 10-cm-
deep vessel. Averaged over all four experiments, the
critical light intensity equaled 5.8 pmol-m-2s?
(dashed line in Fig. 4A). The quantitative model pre-
dicted a somewhat lower critical light intensity (4.0
pmol-m-2.s71; solid line in Fig. 4A).

The steady-state population density was inversely
proportional to mixing depth (Fig. 4B), whereas the
steady-state population size per unit areadecreased lin-
early with mixing depth (Fig. 4C). Quantitatively, Eqgs.
7a and b predicted slightly higher values of steady-
state population density and population size than were
actually observed (solid lines in Fig. 4B, C). Better
accordance with the steady-state data was obtained by
adirect fit of Eqgs. 4 and 5 (dashed lines in Fig. 4B, C;
based on linear regression of population size vs. mixing
depth: r2 = 0.97, N = 4).

DiscussioN

An advantage of laboratory microcosms is that they
allow the study of processes of interest inisolationfrom
many other processes that play a role in the field.
Hence, microcosms areideal systemsto test theinternal
consistencies of ecological models and theories (Gause
1934, Daehler and Strong 1996, Bohannan and Lenski
1997). The experimental results reported here were in
good agreement with the theoretical hypotheses. As
predicted, population densities increased with the light
supply (Fig. 2A) and were inversely proportional to

mixing depth (Fig. 4B). Population size per unit area
decreased linearly with mixing depth (Fig. 4C). Critical
light intensities decreased with light supply (Fig. 2B,
Table 1), and remained approximately constant with
mixing depth (Fig. 4A). Also, the model quantitatively
fit the population densities and kept track of changes
in light penetration caused by phytoplankton shading
(Figs. 1, 3). Note that the model was fit to all exper-
iments at once. Only three parameter estimates were
used to describe the complete data set. This shows that
the model is quantitatively consistent with the data over
arelatively wide range of incident light intensities and
mixing depths.

A few experimental results deviated from the theory,
however. First, the experiments showed that the critical
light intensity was approximately but not exactly the
same at the four different mixing depths (Fig. 4A). The
residual variation might be due to a physiological re-
sponse to the mixing regimes. Algal cells traveling at
the same velocity experience a faster oscillating light
regime in a shallowly mixed layer than in a deeply
mixed layer. It is conceivable that the cells adapt to
these fluctuations in light intensity (Cullen and Lewis
1988, Ibelings et al. 1994), and thus they respond dif-
ferently in water columns of different mixing depths.
If this form of photoadaptation played a role in the
experiments, however, it is not clear why this did not
yield a monotonic relation between critical light inten-
sity and mixing depth. Theresidual variation might also
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be an experimental artifact related to the geometry of
the vessels. Bubbling with air slightly distorted the
light gradient. The fraction of the culture volume that
was filled with air bubbles decreased with increasing
depth of the culture vessel. The deepest vessel of 20
cm, however, had two air inlets whereas the other ves-
sels had only one. Hence, the bubbling regime might
also be responsible for the variation in Fig. 4A.

Second, at a high incident light intensity the model
predicted lower critical light intensities than actually
observed (Fig. 2B). This pattern is probably related to
the absorption spectra of the phytoplankton. Green al-
gae hardly absorb green light. This was clearly visible
in the experiments: light penetrating through the cul-
tures was of a bright green color. Light intensitieswere
measured, however, over the entire photosynthetically
active waveband (400—700 nm). Hence, the measured
critical light intensity included green light that was not
well available for the algae. As a consequence, the
measurements may have given aslightly higher critical
light intensity than the model predicts.

A disadvantage of microcosm experiments is that
they are performed at very small scaleswhen compared
to the field situation (Carpenter 1996). For example, in
my experiments mixing depths did not exceed 20 cm,
mixing times were on the order of a few seconds, pop-
ulation densities were high, the nutrient dosage was
high, and incident light intensities were low. Scaling
rules that facilitate translation from microcosms to the
field are still in their infancy. The experiments them-
selves, however, suggest some fundamental scaling re-
lationships for maximum phytoplankton carrying ca-
pacities in relation to light supply and mixing depth
(Figs. 2A, 4B, C). These scaling arguments are con-
firmed by recent results of Petersen et al. (1997). They
found that primary production per unit volume was
inversely proportional to mixing depth in light-limited
mesocosms with mixing depths of 45-215 cm and mix-
ing times of 4-39 min. Primary production per unit
volume was strongly correlated with chlorophyll a con-
centration in these mesocosms (J. Petersen, personal
communication). Thisindicatesthat the scaling patterns
for primary production and population density in their
experiments were the same as the scaling pattern in
Fig. 4B.

Several investigators have used the concept of a eu-
photic depth to calculate phytoplankton carrying ca-
pacities under light-limited conditions (e.g., Talling
1965, Jewson 1977, Reynolds 1984). The euphotic
depth is usually defined as the depth at which the light
intensity falls to 1% of the incident light. This 1%
criterion implies In(l;,) — In(l,,) = 4.6. A correction
is often made for the spectral variation in light atten-
uation, reducing the value from 4.6 to 3.7 (Talling
1965, Reynolds 1984). Hence, upon rearranging Lam-
bert—Beer’s law and neglecting background turbidity,
the following maximum sustai nable population density
is obtained:
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kz'
This equation states that the population density should
be inversely proportional to mixing depth, asin Eq. 4.
There are, however, two fundamental differences. First,
the predictions are different. Adopting my parameter
estimates for k and z, Eg. 8 predicts much higher pop-
ulation densities than are observed in the experiments
(Fig. 4B). Also, Eg. 8 predicts that maximum sustain-
able population densities should be independent of the
light supply. This is in conflict with common sense,
and contrasts with the theory and data presented here
(Fig. 2A). Second, the derivations are different. Eq. 8
is based on the assumption that 1, is afixed percentage
of the incident light intensity. In contrast, the critical
light intensity in Eq. 4 is derived from the underlying
phytoplankton dynamics. This shows that the critical
light intensity is not a fixed percentage of I, but a
complex function of phytoplankton characteristics and
environmental parameters. Thus, it seems that Eq. 4
provides a much-improved estimator for phytoplankton
carrying capacities.

Interestingly, the ratio of euphotic depth (z,,) to mix-
ing depth (z,) can be used to make quantitative pre-
dictions. This works because the ratio z,,/z,, provides
sufficient information to reconstruct the light gradient.
Note that z,/z, changes with a change in population
density. With some algebra, it can be derived from
Lambert—Beer’s law and the concept of a critical light
intensity, 1*,, that thereisacritical ratio z,,/z,, at which
the population density should remain stationary:

(,0*

®

*

Za, 4.6

Zo|  In(l) — In(i%,

where the value 4.6 stems from the 1% definition of
the euphotic depth. Eq. 9 states that the concept of a
critical light intensity is fully compatible with the con-
cept of acritical z,/z, ratio. One measure can be cal-
culated from the other, and vice versa. It follows that
the critical z,/z, ratio is species specific, and that it
decreases with light supply but is independent of mix-
ing depth and background turbidity. Interestingly, sev-
eral researchers have used field data on z,,/z,, ratios to
estimate the light requirements of phytoplankton spe-
cies. Wofsy (1983), for example, presented data from
avariety of eutrophic rivers, estuaries, and coastal up-
welling zones. He showed that, owing to phytoplankton
growth, the light conditions in these nutrient-saturated
systems approach a steady state at which z,,/z,, remains
more or less the same independent of background tur-
bidity and mixing depth (as in Fig. 4A). Mur and
Schreurs (1995) observed that in three different eu-
trophic lakes, Oscillatoria species became dominant at
the same z,,/z,, ratio of approximately 0.7. Other stud-
ies that used the z,/z, ratio to characterize the light
requirements of phytoplankton species include Reyn-
olds (1984), Kilham et al. (1986), and Sommer (1993).
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This suggests that the theory tested here is at least
qualitatively consistent with the behavior of several
natural systems, and indicates that the z,,/z,, ratio may
provide a useful vehicle to extrapolate from the lab to
the field.

Sverdrup (1953) introduced the concept of a critical
depth to estimate the onset of a phytoplankton bloom.
The critical depth concept has attracted much recent
debate in oceanography (Smetacek and Passow 1990,
Nelson and Smith 1991, Platt et al. 1991). The debate
does not mention, however, that this concept is prone
to confusion because there are two possible definitions
of critical depth. The critical depth is usually defined
as the maximal depth of a mixed surface layer that still
allows phytoplankton growth (dW/dt > 0). A problem
with this definition is the feedback between phyto-
plankton growth and light availability. A growing phy-
toplankton population reduces the critical depth by
shading itself. Alternatively, one might define the crit-
ical depth as the maximal mixing depth that is still able
to support a phytoplankton population (W* > 0). Thus
defined the critical depth isindependent of the transient
dynamics of the phytoplankton but is still dependent
on environmental factors like light supply and back-
ground turbidity. In fact, using the latter definition and
Eq. 5, the critical depth, z,, can be calculated from the
critical light intensity as

_ ln(lin) _ ln(lgut

: . (10)

g

This equation states that the critical depth corresponds
to the depth at which the critical light intensity would
be reached in the absence of phytoplankton. When a
water column is mixed to greater depth, the background
turbidity alone imposes light conditions too dark to
support a phytoplankton population. For example, ex-
trapolation of the trend in Fig. 4C points at a critical
depth of about 31 cm for the experimental conditions
reported here. Interestingly, the two different defini-
tionsarrive at exactly the same prediction if application
is restricted to the onset of a phytoplankton bloom
(since dW/dt > 0 when W = 0 implies W* > 0, and
vice versa), in accordance with Sverdrup’s (1953) orig-
inal intentions. The two definitions arrive at different
predictions, however, when phytoplankton is present.
In the past, these two different interpretations of the
concept of critical depth have not been well recognized
and distinguished.
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