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Introduction

Summary

e Comparisons were made of the depths where the cyanobacterium Planktothrix
rubescens stratified in lakes and the depths where the daily insolation supported
neutral buoyancy of the organism.

e The percentage of filaments floating and sinking were measured in cultures grown
under light : dark cycles at different irradiances. Q,, the daily insolation for neutral
buoyancy, was determined as that at which 50% of the filaments were floating,
averaged over the 24-h period.

* For P. rubescens 9316 from Lake Zirich, Q, was 0.28 mol m~2; during the sum-
mer period of stratification in Lake Zirich, the neutral buoyancy depth (z,) at which
this insolation occurred varied between 5 and 14 m, depending on cloud cover and
light attenuation. The weekly mean depth of the Planktothrix population maximum
(z,) was usually within 1 m of the mean z,. For P. rubescens 9972 from Blelham Tarn,
Q,was 0.51 mol m~2; during the stratified period in Blelham Tarn, z,, varied between
2.3 and 6.2 m, also similar to z,; the shallower stratification depth is explained by
the steeper light attenuation.

e The depth at which Planktothrix stratifies in lakes is therefore explained by
buoyancy regulation in relation to the irradiance. Metalimnetic stratification occurs
only when z exceeds the mixed depth, z; when z_, > z,, the organism becomes
entrained in the surface mixed layer.

Key words: cyanobacteria, Planktothrix rubescens, buoyancy regulation,
stratification, Blelham Tarn, Lake Zirich.
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regulate their position in the metalimnion (reviews by Reynolds,

1987; Oliver, 1994; Walsby, 1994; Oliver & Ganf, 2000).

In stratified lakes, cyanobacteria often form a population max-
imum in the metalimnion (Thomas & Mirki, 1949; Lund,
1959; Zimmermann, 1969; Klemer, 1976; Konopka, 1989).
At the depths where they stratify there is usually a steep temper-
ature gradient and a low irradiance, close to the compensation
points for photosynthesis (Micheletti ez 4/, 1998) and growth
(Walsby & Schanz, 2002). The temperature gradient provides
the stable density gradient required to resist vertical mixing that
would otherwise disperse the population. It is thought to be the
gradient of irradiance, however, that the cyanobacteria use to
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The role of light in stratification was first suggested by
observations that cyanobacteria with gas vesicles floated in
cultures kept at low irradiance but sank at high irradiance
(Walsby, 1969; Meffert, 1971). The buoyancy increase at low
irradiance results from a relative increase in gas-vesicle volume
and decrease in the denser cell components, especially carbo-
hydrate, which is respired or converted to less-dense protein.
At high irradiance, buoyancy is lost because of the relative
decrease in gas vesicle volume and increase in carbohydrate
and other dense components (Oliver & Walsby, 1984; Thomas
& Walsby, 1985; Utkilen ez al., 1985). Details of the response,

and its variation with nutrient conditions in different species,

133



134 "Research

are reviewed by Konopka (1984), Reynolds (1987), Oliver
(1994) and Walsby (1994).

Buoyancy change in response to irradiance has been observed
in many cyanobacteria including species of Anabaena (Dinsdale
& Walsby, 1972; Walsby ez al., 1989), Aphanizomenon (Konopka
et al., 1987b, Porat ez al., 2001), Dactylococcopsis (Walsby ez al.,
1983b), Microcystis (Konopka et al., 1987a) and Planktothrix
(Oscillatoria) (Walsby et al., 1983a). In their natural habitats
many of these organisms show vertical migrations that might be
explained by buoyancy regulation but those best known for for-
ming stable metalimnetic populations are species of Planktothrix.

Evidence for the role of buoyancy change by cyanobacteria
stratifying in lakes has come from experiments in which
samples from the metalimnion were suspended in transparent
containers at different depths: when samples of Planktothrix
(Oscillaroria) agardhiifrom the population maximum at a depth
of 5 m in Deming Lake, Minnesota, were incubated nearer
the water surface the percentage of filaments that were float-
ing decreased but at greater depths the percentage that were
floating increased (Walsby & Klemer, 1974). The buoyancy
of P rubescens (a red coloured O. agardhii) in Lake Gjersjoen,
Norway similarly increased with depth; atall depths buoyancy
increased during the night and decreased during the day,
suggesting control was by light. Filaments suspended in dark-
ened containers became buoyant at all depths, proving that the
buoyancy loss in uncovered containers was in response to
light (Walsby ez al., 1983a). Kromkamp & Walsby (1990) made
quantitative measurements of the light-dependent rate of
density change by P rubescensisolated from Lake Gjersjeen and
used the measurements in a computer model to show that the
stratification and vertical migration by filaments in the lake
could be explained by irradiance-driven buoyancy regulation.

While these studies have suggested a plausible mechanism
for stratification by metalimnetic cyanobacteria, the evidence
for it is incomplete. The expectation is that, at equilibrium,
the depth of the population maximum (z ) should be similar
to the depth at which filaments become neutrally buoyant (z,)
in response to the ambient irradiance. In the few observations
made, however, there are inconsistencies. In Lake Gjersjoen,
the depth of the Planktothrix population maximum was at
6 m whereas the filaments were neutrally buoyant at a depth
closer to 4 m (Walsby ez al, 1983a). In Lake Ziirich, about 80%
of the Planktothrix filaments were buoyant at the 11-m depth
of the population maximum, and they remained buoyant after
incubation for 7 h in the light at that depth (Walsby ez aL,
2001). In each case it was suggested that the population was
migrating up in response to previous decreases in irradiance
caused by shortening day length, greater cloud cover or in-
creased light attenuation in the overlying epilimnion. In fact,
discrepancies between z and z, are to be expected because it
takes time for a filament to adjust its buoyancy in response
to the changed irradiance and then to move depth. With
constantly changing irradiance, the system will never be at
equilibrium. Another possible cause of the difference is that
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the buoyancy state at a given irradiance may vary with the
availability of different nutrients (Walsby, 1994); at low irradi-
ances, the increase in gas vesicle production and buoyancy
may depend on the availability of combined nitrogen (Klemer,
1978; Klemer ez al., 1982; Spencer & King, 1985) and
phosphate (Konopka ez al., 1987a, b).

Although it may be difficult to account for the finer details
of movement involved in vertical stratification, it should be
possible to account for the major changes in population depth
in different lakes by making broad comparisons between z
and z, over longer periods. As a test of this, we have determined
the buoyancy state expressed as the percentage of filaments
floating (% F) of a Lake Ziirich strain of P rubescens grown on
light : dark cycles giving different daily insolations (Q, the
integral of irradiance received over the 24-h period; Kirk, 1994)
to find the insolation (Q,) that supports neutral buoyancy,
taken as 50% filaments floating, averaged over the day. From
continuous records of irradiance and vertical light attenuation
in Lake Ziirich (Walsby & Schanz, 2002) we then determined
the depth at which Q_ occurred each day, which we used as a
measure of z , the ‘the neutral buoyancy depth’ at which 50% of
the Planktothrix population would be buoyant, averaged over the
daily cycle. This was compared with z,, the depth of the popu-
lation maximum, to determine which of the movements of the
population over the annual cycle can be explained by buoyancy
regulation. We have also performed a similar investigation with
P rubescensisolated from Blelham Tarn, a much smaller lake in
which the light is more steeply attenuated and the population
maximum occurs at a shallower depth (Davis ez al., 2003b).

Methods

Cultures of Planktothrix

The strains of 2 rubescens used were from the Bristol Collection:
Pla9316 (CCAP 1459/41) isolated from Lake Ziirich (Walsby
et al., 1998); PlaB9972 (CCAP 1460/19) from Blelham Tarn
(Davis et al., 2003a). Stock cultures and experimental cultures
were grown at 20°C on 12 : 12 h light—dark cycles. For deter-
mination of buoyancy change, the cultures were grown in
250-mL Erlenmeyer flasks in glass tanks illuminated from below
with fluorescent tubes, using the apparatus and culture media
described by Bright & Walsby (2000). Measurements
of photon irradiance (photon flux density) were made with a
Macam Quantum Sensor SD101Q Cos, sensitive to wavelengths
of 400—700 nm. The photon irradiance was measured at the
illuminated bottom of the flask (£}) and just above the surface of
the culture (£). All of the irrandiance values in the Results section
are mean photon irradiances (£,) calculated from the equation
of Van Liere & Walsby (1982): E = (E;— E,)/In(E{/ Ey).
Different photon irradiances were obtained by interposing
neutral density filters between the lamps and the flasks. Cultures
were left for 3 d to acclimate to new irradiances before making
buoyancy measurements.
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Measurements of buoyancy change

Samples from the cultures were rapidly drawn up into a 50-pl
Terumo microsyringe, which sheared long filaments without
affecting their buoyancy, and slowly discharged into 0.5 ml
of culture medium. This 10-fold diluted suspension was placed
on counting chambers, formed from 38 X 76 mm glass slides
with a central well (measuring 13 X 30 mm and 1.2 mm deep)
under a coverslip. The sample was left for 15 min to allow
buoyant filaments to float up to the coverslip and others to
sink on to the slide. (A filament sinking 1 m d™! sinks 1.2 mm
in 1.7 min.) The floating and sinking filaments were then
enumerated by systematically scanning transects across the
13-mm width of the counting chamber with a Leitz Orthoplan
microscope using a 10X objective, first at the focal plane at the
coverslip and then at the slide (Walsby & Booker, 1980). The
total number of transects scanned per sample (using two or
three slides) was between 10 and 24, depending on the fila-
ment concentration; the mean number of filaments counted
per sample was 400 and the mean number per transect was
30. The microscope measurements were made without delay
to minimize postsampling changes. It was impractical to
continue this manual counting for more than a 12-h period:
measurements were first made during successive light phases
at different irradiances; the culture was then phase-shifted by
12 hand after 3—5 d acclimation to the new light—dark cycle,
measurements were made of buoyancy change during the
12-h dark period that followed exposure to light of the same
irradiances.

Calculation of Q,, z, and z,, in lakes

zZ'  n
Calculations of Q, z, and z_ in Lake Ziirich and Blelham
Tarn were made from information on the photon irradiance,
temperature and Planktothrix populations at different times
and depths in the two lakes, stored in the Excel spreadsheet
DATA-SET.XLS described by Walsby (2001). Data are arranged
in five tables (T1-T5), with a separate column for each day.
T1 contains date and growth coefficients. Table T2 contains
the Planktothrix filament biovolume concentration at each
depth (IV, in cm?® m™) where the depth at the ith pointis z; =
iAzand Azis the depth interval. T3 contains data on the ratio
of irradiance at each depth (E,) relative to that at the water
surface (£). T4 contains data on the water temperature (0,
in °C) at each depth. T lists the photon irradiance (in pmol
m~2 s7!) immediately under the water surface at each time of
day, E; = jAt, where Atis the time interval in the table. The
data-set for Lake Ziirich (in which Az=1.0 m and Az=1h)
was that used by Walsby & Schanz (2002) for August 1998 to
September 1999. The data set for Blelham Tarn was that of
Davis et al. (2003) for August 1999 to October 2000 (Az=1 h,
Az = 0.5 m). The actual sampling depths varied with the ver-
tical distribution of the organisms and the season of the year:
when Lake Ziirich was stratified, the depth of the Planktothrix
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maximum was located with a horizontal beam transmissometer
and samples for determination of filament concentration were
then taken at that depth and at intervals of 1 m above and
below. When the lakes were mixed, the measurements were
made at larger intervals and the values at intermediate depths
were calculated by linear interpolation (Walsby, 1997).

The neutral buoyancy depth, z , was found by the follow-
ing procedure: (i) the daily photon insolation at the surface,
Q, (in mol m™2) was calculated as the numerical integral of
the photon irradiance measurements over each 24-h period in
T5; (ii) the daily insolation at each depth, Q , was calculated
as the product of Q and E;/ E, from T3; (iii) the sampling
depths immediately above (z;) and below (z;,,) where Q, = Q
were located and the insolation at these depths (Q;and Q, ;)
was determined; (iv) the depth z,, where the daily insolation
was equal to Q, was calculated by logarithmic interpolation
(because irradiance decreases exponentially with depth):

z, =z,+Az[In(Q,/q) — In(Q /9]/[In(Q,/9) — In(Q,,,/9)]

where Az is the sampling depth interval and ¢ =1 mol m™
(Walsby, 1997). For sensitivity analysis, the same calculation
was also performed for 0.67Q,_ and 1.5Q..

The values for the mixed depth, z_, were those calculated
by Walsby & Schanz (2002) for Lake Ziirich and by Davis
et al. (2003) for Blelham Tarn. These values were calculated for
each day as the depth where the Wedderburn number (ratio
of forces of buoyancy and mixing) was equal to 1.0 for Lake
Ziirich and to 0.4-0.7 (depending on the wind direction rel-
ative to the lake topography) for Blelham Tarn; it was deter-
mined from data on the vertical temperature gradient and
the wind speed and direction, using equations of Spigel &
Imberger (1987) and procedures described by Walsby &
Schanz (2002).

Results

Preamble on buoyancy changes in relation to irradiance

In a Planktothrix culture on a light—dark cycle, if all filaments
behaved identically, all would be buoyant at the end of the
dark period, would lose buoyancy at the same time in the light
period and regain buoyancy at the same time in the dark
period. In a higher irradiance buoyancy loss would occur
earlier in the light period and buoyancy would be regained
later in the dark period; above a certain threshold irradiance,
the filaments would not regain buoyancy by the end of the
dark period. Conversely, below a certain low irradiance thres-
hold the filaments would remain buoyant throughout the
light period. At a certain intermediate irradiance the filaments
would be buoyant for half the day and would sink for the
other half. Such filaments could be considered to be neutrally
buoyant on average over time if they sank down and floated
up equal distances over the daily cycle. In practice, not all
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Fig. 1 Changes in the percentage of filaments floating (% F) in cultures of P. rubescens strain 9316, first during the light phase (open squares)
and then the dark phase (closed squares) of cultures maintained for 12 h each day at the different photon irradiances (umol m=2 s~') indicated
at the top left of each panel. The horizontal line indicates neutral buoyancy (50% floating).

filaments in a culture behaved identically and the filaments
did not lose or gain buoyancy simultaneously (Fig. 1).

Buoyancy changes of P. rubescens strain 9316
from Lake Zurich

Previous investigations with P rubescensstrain 9316 from Lake

Ziirich showed growth at irradiances as low as 2 pmol m™ 5!

in the light phase of a 12 : 12 h light—dark cycle (Bright & Walsby,
2000). Most of the filaments were buoyant throughout the daily
cycle under these conditions; at irradiances exceeding 25 pmol
m 2 s7!, which supported the maximum growth rate (Bright &
Walsby, 2000), most filaments sank. Intermediate irradiances
were investigated to find the conditions giving neutral buoyancy.

Cultures were acclimated for 3—5 d at one of six selected
irradiances during the 12-h light phase; buoyancy changes
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were then monitored over the daily cycle. In the first experi-
ment, the buoyancy state (% F) was determined at intervals of
2 h over a single cycle. The results are shown in Fig. 1. At each
irradiance % F decreased during the light phase, reaching a
minimum at the end of the 12-h light period. The decrease
was not even: at 8.0 pmol m™ s71, for example, the largest
decrease occurred between 4 and 6 h after the start of the light
period. During the dark period the % Fincreased, reaching its
highest value at the end of the period, and the rate of change
was generally more gradual than the rate of buoyancy loss in
the light. For each treatment the mean % F measured at 2-h
intervals over the 24-h cycle was calculated: it was > 50% for
cultures at or below 3.9 pmol m™ 57! and < 50% for cultures
s”!, which indicates that the photon
irradiance in the light phase supporting neutral buoyancy
(50% floating) occurs between 3.9 and 8.0 pmol m™2 571

It is expected that the diel cycle of buoyancy change would

at or above 8.0 pmol m™

eventually become stable in a culture maintained under a uni-
form light—dark cycle and that the buoyancy would be the
same at 0 and 24 h, the end of the dark period. This was true
for those cultures at the lower irradiances, but for those at the
higher irradiances the % F was lower after 24 than 0 h,
suggesting that they had not achieved a steady-state cycle.
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In the second set of experiments, measurements of buoy-
ancy state were made over three daily cycles, but only at the
beginning and end of the light and dark phases (Fig. 2). The
average % Fremained fairly constant during the 3 d, indicat-
ing that the cultures were acclimated to the conditions used.
The mean of the 12 measurements made on each culture (two
in the light phase, two in the dark phase on each of 3 d) was
calculated. From these results it is inferred that the irradiance
in the light phase supporting neutral buoyancy (50%
filaments floating over the daily cycle) occurs between 3.9 and
10.9 pmol m™2 571,

The results from the two experiments were combined in a
graph of mean % F at each irradiance (Fig. 3). The photon
irradiance giving a mean of 50% filaments floating was deter-
mined from the plot of a fourth-order polynomial equation
(y=0.0005614x* - 0.01518x> + 0.01080x% — 0.7974x + 57.91,
between the limits 2.5 < x < 22) where yis the % Fand xis
(E, /pmol m™ s7!): from this, the irradiance giving neutral
buoyancy is 6.51 pmol m™ s™!. Multiplying this value by the
length of the 12-h light period, 43 200 s, gives the daily photon
insolation supporting neutral buoyancy, Q, = 0.281 mol m™2.
The precise value of Q is sensitive to the method of inter-
polation; the consequences of using smaller and larger values in
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Fig. 2 Change in the percentage of filaments floating (% F) at different times of day over three light-dark cycles, with the different photon
irradiances (umol m=2 s7") indicated at the top left of each panel. Open symbols, during 12-h light phase; closed symbols, 12-h dark phase.

Triangles indicate mean of four values over each day.
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Fig. 3 Mean percentage of filaments floating (% F) over 24 h of
cultures of P. rubescens strain 9316 kept at different photon
irradiances during the 12-h light periods, from data in Fig. 1 (closed
symbols) and Fig. 2 (open symbols). The irradiance giving neutral
buoyancy is indicated by a cross.

calculating neutral buoyancy depths are therefore included
in the analyses made below. (The polynomial expres-
sion is purely a device for the interpolation described
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The neutral buoyancy depth in Lake Zirich

Using the value of Q, = 0.281 mol m™, the neutral buoyancy
depth, z, was calculated for each day in two periods of thermal
stratification in Lake Ziirich. The z, values were compared
with the depth of the Planktothrix population maximum, z,,
for periods when this exceeded the mixed depth, z_, i.e. when

the population was not entrained by mixing (Fig. 4).

(a) 17 August—23 September 1998 Planktothrix rubescens was
initially confined to the metalimnion. On 17 August
the population maximum, z, was at a depth of 13 m but by
26 August it had moved up to 10 m and remained there until
9 September, after which the mixed depth exceeded 10 m
and entrainment of the population began. Over the period
of stratification there was a similarity between z and z_: on
17 August z, was also at 13 m and then gradually decreased,
because of increased cloud cover and the decreasing insolation
with shortening days (the change is steepest at the equinox).
The changes in z, would therefore explain the observed decrease
in z: the calculated values of z, were less than 13 m on each
of the subsequent 9 d before z, reached 10 m, and were equal
to or less than the interpolated z_ values on seven of the days.
Over the next 15 d the calculated value of 2z showed little
change, and remained within 1 m of the z_ at 10 m (Fig. 4).

It is noted here that the recorded value of z_is based on a
sampling interval of 1 m, and that the depth of the maximum

and is not suitable for predicting the buoyancy state at
other irradiances.)

Filament volume concentration/cm?® m=
[ Jo-o00s[ Joos-020[ J02-04[ Jo4-06 [ Jos-10[J10-15 [H15-20 [ 2-4 [ 4-8

0

Depth/m

17 Aug 1 Sep 23 Sep

Fig. 4 Changes in the vertical distribution of P. rubescens (isopleths), the depth of mixing (z,,,, green line) and the neutral buoyancy depth (z,,
black line), calculated as the depth at which the insolation was equal to the neutral buoyancy insolation (Q,); faint grey lines above and below
are calculated from 1.5Q, and 0.67Q,,, respectively; black squares indicate the depth of the measured population maximum (z,) on the sampling
dates. Lake Zurich, 17 August—-23 September 1998.
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may have fluctuated by up to 1 m, because of seiche movements
(Walsby et al., 2001). For hydrodynamic reasons, filaments
adjusting their buoyancy do not move by more than 1 m d™*!
(Kromkamp & Walsby, 1990) and it is likely that filaments
will take at least 1 wk to float up as much as 3 m.

During the next 9 d (10-18 September), there were nine
cloudy days with a mean insolation of only 14 mol m™
(Walsby & Schanz, 2002): this affected the vertical distribu-
tion in two ways. The first was that there was cooling of the
surface water (by 4°C in the top 10 m; by 1.6°C in the top 20 m),
so that with a less-steep density gradient, wind mixing caused
the mixed depth, z_, to exceed 10 m, and much of the meta-
limnetic Planktothrix population became entrained into the
epilimnion. The second consequence of the decrease in Q,
was the sharp decrease in 7, to a minimum of 5.2 mon 11
September, allowing the Planktothrix filaments to float up
into the influence of the deepening surface mixed layer (Fig. 4).
Together, these changes can explain the observed decrease in
z_; the Planktothrix concentration was fairly uniform in the
top 10 m but peaked marginally at 5 m (see Fig. 1 of Walsby
& Schanz, 2002). From this time onwards the Planktothrix
population became mixed progressively deeper and for this
period further comparisons of z, and z are meaningless.

The comparisons between z and z, made above are based
on values of z, calculated from a single estimate of Q_ = 0.281
mol m™ (Fig. 3). Similar sets of analyses were based on values
of Q, that are 50% higher or lower than this estimate; the
results are indicated by the ancillary loci plotted above and
below z, in Fig. 4 (and subsequent figures). Because of the
exponential change in irradiance with depth, these large
changes in Q translate to rather small differences in the cal-
culated value of z_, with a maximum difference 0o£0.91 m and
a minimum of 0.36 m. The general solution is that when Q
is increased by the proportion x, the change in the calculated
value of z is given by the equation:
Az =1In[1/(1 + %]/ K] Eqn1
For example, when x= 0.5 and K| = 0.4 m™, z_ decreases by
1 m.

(b) 1 April-14 September 1999 Thermal stratification started
in early April after the winter period in which the Planktothrix
population was uniformly mixed through the top 60-100 m,
and even part to the lake bottom at 136 m. In late April and
early May a substantial part of the Planktothrix population
collected at the metalimnion: the maximum there can be
explained by movement from other depths, where the concen-
tration decreased (Walsby & Schanz, 2002). Because of the
weak thermal gradients, z, varied between 5 and 12 m over
this period and z_ was not well defined (the sampling was at
5-m intervals). Nevertheless, the calculated z, values (Fig. 5)
track the broad changes in z_ (and especially so later in
this period when the mixed depth became confined to the

© New Phytologist (2004) 162: 133-145 www.newphytologist.org
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shallower depths above z, and z). This supports the idea
that the initial formation of the metalimnetic maximum in
early May is caused by buoyancy regulation of 2 rubescens in
response to the irradiance. The total Planktothrix biomass,
integrated through the top 60 m of the water column, did not
change much during this period but in early June the popula-
tion collapsed, perhaps through parasitism or grazing, and
only 1% survived. The summer population developed from
this remnant, which survived mainly in a band between 15
and 30 m.

The Planktothrix population increased steadily throughout
the summer and most of it was confined to a 3-m thick layer
with z_varying between 10 and 13 m. For much of this period
z followed the general trend in z, which fluctuated daily
with the changing cloud cover (Fig. 5). The only days on which
there was a divergence of more than 2 m between z, and z
was on 9 and 19 July; apart from this, peaks and troughs in z,
followed six of the seven peaks and troughs in z shown in

Fig. 5.

Buoyancy changes of P. rubescens strain B9972
from Blelham Tarn

Measurements of buoyancy change were made in the course
of experiments conducted primarily to determine the growth
rate of P rubescens strain B9972 isolated from Blelham Tarn
(Davis & Walsby, 2002). Cultures were grown at 16°C in
12 : 12 h light—dark cycles over a range of photon irradiances
in the light phase and the % Fwas determined in the middle
of the light phase (between 5 and 7 h after the start of the light
period). The results for different irradiances are shown in
Fig. 6. The line of fit is the plot of a third-order polynomial
equation (y=—0.0189x7 + 0.1936x? —2.9188:x + 88.207, between
the limits 0 < x < 17), from which the irradiance supporting
50% floating was calculated, 11.7 pmol m™ s™!. Multiplying
this value by the length of the light period, 43 200 s, gives the
corresponding daily photon insolation, 0.507 mol m™. This
experiment differs from those conducted with 2 rubescens
9316, but reference to the data in Fig. 1 shows that the % F
half-way through the light period is similar to the mean value
over the 24 h, and this value is therefore taken as an estimate
of Q, for this strain, which can be used to calculate the neutral
buoyancy depth in Blelham Tarn.

The neutral buoyancy depth in Blelham Tarn

Davis et al. (2003) recorded the vertical distribution of P
rubescens in Blelham Tarn from August 1999 to October
2000. This lake is much smaller, shallower and less stable than
Lake Ziirich and although the population of P rubescens strati-
fied in the metalimnion in the summers of both years, it did
so at shallower depths, 2—6 m (Fig. 7). The top of this shallow
layer was more susceptible to penetration by wind-driven
mixing and consequently some filaments were always present
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Fig. 6 Percentage of filaments floating (% F) in the middle of the
light phase in cultures of P. rubescens strain B9972 kept at different
photon irradiances during the 12-h light period of a light—dark cycle.
The irradiance supporting 50% buoyancy is indicated by a cross.

in the epilimnion. Nevertheless, the population maximum
occurred in the metalimnion during late spring and summer
and the values z_ and z, could be compared over this period
(Fig. 7).

The stratification of P rubescens coincided with the onset of
thermal stratification in mid-April 2000 (Davis ez /., 2003b);
during the first month z_ varied between 3.0 and 4.9 m, within
the broad depth band occupied by the organism. During the
month of May the population became more sharply stratified
at a depth of about 5 m; the mean value of z increased to
5.2 m, corresponding closely to the depth of the population
maximum. In June the upward movement of the stratified
population followed the decrease in z, after about 1 wk: the
mean value was 3.7 m for the month of June and 3.0 m for
the first 2 wk of July, when the population reached its min-
imum depth (Fig. 7). The similarity between z, and z_ held
until the population disappeared in early September, possibly
because of parasitism by chytrids and grazing (Davis ez al.,
2003b).

General discussion

Insolation for neutral buoyancy in other cyanobacteria

Although light-driven buoyancy regulation has been demon-
strated in many other cyanobacteria, there have been few
direct measurements of the irradiance that results in neutral
buoyancy. Another strain of 2 rubescens from Lake Gjersjoen,
Norway, grown under continuous light, showed neutral
buoyancy atabout 5 pmol m™ 57!, equivalent toa Q, of 0.43
mol m™ (Walsby ez al, 1983a), intermediate between the
values for the two strains investigated here. The values of Q_
might be different for cultures grown on light—dark cycles
because cyanobacteria use light less efficiently under continu-
ous illumination (Foy e al., 1976). Walsby & Booker (1980)
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showed that in cultures of Anabaena flos-aquae grown in
continuous light, neutral buoyancy occurred at 13 pmol
m™ s, equivalent to a Q, of 1.12 mol m™. An explanation
for this higher value is that the photosynthetic production of
carbohydrate, on which buoyancy loss depends (Oliver, 1994),
will be less efficient at very low irradiances in Anabaena, which
lacks phycoerythrin and has a lower light-affinity coefficient
(buta higher E, value) than Plankzothrix (Van Liere & Walsby,
1982). A consequence of the higher Q_ in Anabaenais that z,
is more likely to occur above the stable thermocline region.
Lund (1959) found that during the summer in Esthwaite
Water, Anabaena circinalis was largely restricted to the epi-
limnion while Planktothrix (Oscillatoria) agardhbii var. isothrix
was stratified in the metalimnion.

Although irradiance is the main controlling factor of
buoyancy, other factors, such as temperature and nutrient
availability, must also affect Q,, because they also affect the
photosynthetic accumulation of carbohydrate and the syn-
thesis of gas vesicles, the major determinants of buoyant density
(Oliver & Walsby, 1984). It has been shown that enrichment
with both combined nitrogen (Klemer, 1978) and phosphate
(Konopka ez al., 1987a, 1987b) stimulated the increase in gas-
vesicle content and buoyancy at low irradiances. There has
been no direct investigation of the effect of nutrient concen-
tration on Q : the expected trend would be for Q  to increase
at high nutrient concentration and to decrease with nutrient
limitation. Our measurements of Q_ were made in cultures
containing nutrients at concentrations higher than occur in
these lakes; it is therefore unlikely that Q@ would be any higher
in the lake.

Similarity between z, and z,,

The general agreement between z, and z for P rubescensin Lake
Ziirich and Blelham Tarn supports the theory that buoyancy
regulation in response to irradiance explains how the organism
stratifies in the metalimnion of a lake. The value of £, calcu-
lated from the measured Q, predicts the depth to which the
organism will migrate, explains the major changes in z_ over
the season of stratification, and the gross differences between
the depths of the Planktothrix layer in the two lakes.

Concerning possible effects of temperature, the metalim-
netic Planktothrix population often straddles layers of different
temperatures and the temperature also varies at the popula-
tion peak: in Lake Ziirich it was at 9°C in early July and 17°C
in mid September, 1995. It seems unlikely, therefore, that
temperature provides an essential cue for the stratification
depth, although it will modulate the response to irradiance.
Concerning possible effects of nutrients, neither nitrate nor
soluble phosphate was limiting during the main growth
period in Lake Ziirich (Walsby & Schanz, 2002). Similarly in
Blelham Tarn, the elements most likely to limit phytoplankton
biomass were not exhausted from the water column (Davis
et al., 2003b).
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Difference between the two lakes

The calculation of z, provides a quantitative explanation
for the differences in depth of stratification of the Planktothrix
populations in the two lakes. During the main period of stratifi-
cation, 1 June—1 September, the mean depth of the P rubescens
maximum in Blelham Tarn is z = 3.6 m, which compares
with the mean calculated value, z, = 3.1 m. The correspond-
ing mean values in Lake Ziirich are much greater, z = 11.2 m
and z, = 11.0 m. A small part of the difference is caused by the
higher Q, value of the Blelham Tarn strain: if this is substituted
in the calculation for Lake Ziirich, the mean of z, is decreased
from 11.0 to 9.5 m. The residual threefold difference must be
caused by the underwater light field. Since there is only a small
difference between the mean daily insolation at the water
surface over this period (29.0 mol m™ in Blelham Tarn and
31.4 mol m™ in Lake Ziirich), the remaining difference in z,
must be caused by the greater light attenuation in the more
eutrophic Blelham Tarn: over the same period, the mean K
between depths of 2 and 6 m was 1.2 m™! in Blelham Tarn,
compared with only 0.42 m™" in Lake Ziirich. The higher K,
in the epilimnion of Blelham Tarn is partly caused by
the higher concentration of phytoplankton supported by the
more eutrophic conditions and the Plankrothrix population
itself contributes to the K| there. This in turn affects the
stratification depth, as can be demonstrated by the following
calculation.

Measurements made on populations in different lakes
indicate that the relationship between Planktothrixbiovolume
concentration (/V) and light attenuation is:
K= 0.1(NV/em® m3)m™! Eqn2
(Walsby ez al., 2001; Davis et al., 2003b). During late May in
Blelham Tarn, part of the Planktothrix population became
entrained in the epilimnion (Fig. 7), where the concentration
increased by 2 cm® m™3: this would have raised the K by
0.2 m™". If K had been uniform through the surface layer, then
the depth of z, would have been:
z, =1In(Q,/Q)/K; Eqn 3
An increase in K from 0.68 to 0.88 m™! would have had the
effect of decreasing z_ from 6.0 to 4.6 m. The decrease in z,
caused by the observed entrainment of part of the population
could therefore have caused the stratified layer to move up. At
the end of June, as more of the population became entrained
in the surface mixed layer, K was increased further and the
underlying stratified population moved up even nearer the
surface. The same effect is seen in Lake Ziirich during September
(Fig. 5) where there is a marked decrease in g, once the
population has become entrained in the surface layer.

Another consequence of self-shading is a local steepening
of the light gradient within the stratified population: for
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example, in Blelham Tarn on 4 July 2000 the 2 rubescens
population reached a maximum of 32 cm?® m™ at a depth of
3.5 m and at that depth K] exceeded the background attenu-
ation at other depths by 3.2 m™! (Davis ez 4/, 2003b). For a
Planktothrix filament regulating its buoyancy according to the
irradiance, this will affect the depths at which buoyancy is lost
and gained.

Conditions required for stratification in the metalimnion

Metalimnetic stratification of cyanobacteria does not occur
in eutrophic lakes because the light attenuation by the high
concentration of phytoplankton in the epilimnion reduces
the neutral buoyancy depth to less than the mixed depth. A
formal quantitative explanation is provided by calculations
based on equations 2 and 3. An extreme example is provided
by Lake Rotongaio, New Zealand. The very high concentration
of phosphorus (total P, 266 mg m™; dissolved reactive P,
147 mg m™; Vincent, 1989) supported the development in
the surface mixed layer of an Anabaena population exceed-
ing 40 cm® m™3, which would have generated a K] exceeding
4 m™!, similar to that observed (Walsby et 4/, 1989). Adopting
values for Q,= 30 molm™ and Q, =1.12 mol m™ (as for
A. flos-aquae), then the predicted value of z, would have been
0.82 m (Walsby et al., 1989 calculated an equilibrium depth
of 0.88 m using the computer model of buoyancy regulation
of Kromkamp & Walsby, 1990). This depth was exceeded by
z, ., because of convectional mixing of the cooled surface layer
at night, and the organism was therefore dispersed through
the epilimnion (Walsby ez al., 1989).

Klemer (1978) found that in Perspex columns suspended
in Deming Lake, Minnesota, filaments of P (Oscillatoria)
agardhii var. isothrix moved up into the epilimnion when the
columns were shaded and also when the enclosed water was
enriched with combined N (supplied as NHCI). Enrichment
may affect the vertical distribution in two ways, through its
direct effect on buoyancy in this organism (Klemer, 1978) and
by the indirect effect of increased growth causing a rise in light
attenuation.

Planktothrix rubescens formed a metalimnetic population
each summer for many years in Lake Ziirich, but it disappeared
for a few years in the late 1960s when the lake became eu-
trophic (Schanz & Thomas, 1981). This disappearance may
also be explained by the increase in light attenuation by
phytoplankton in the surface layers that caused the Plank-
tothrix filaments to rise into the epilimnion where they were
outcompeted by other organisms.

Depth of stratification and the optimal depth
for growth

The occurrence of P rubescensin deep layers of lakes suggested
to earlier investigators that it was both a cold stenotherm
(Ruttner, 1937) and a shade-requiring organism (Findenegg,
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1943), which would not tolerate the higher temperatures and
irradiances in the epilimnion. Investigations in culture, however,
showed not only that it grows at temperatures of 25°C and
photon irradiances up to 200 pmol m™2 5! (equivalent toa Q
of 8.6 mol m™) but it grows fastest under these conditions
(Bright & Walsby, 2000; Davis & Walsby, 2002). The con-
ditions where it stratifies, temperatures of 8—18°C and Q, of
0.5 mol m™2, are therefore not optimal for its growth. Why
has this behaviour evolved?

Consider first the fate of Planktothrix filaments with a higher
Q,, that attempt to stratify where the irradiance and tem-
perature are optimal: because these conditions occur well above
the thermocline region, the filaments will be entrained in the
surface mixed layer (as do the Anabaena spp. considered above).
These filaments, with a maximum growth rate of p_ <
0.35 d™! (Davis & Walsby, 2002), would be outcompeted by
A. flos-aquae, with p_ = 0.8 d™! (Van Liere & Wialsby, 1982)
and by many diatoms, cryptophytes and chlorophytes with
growth rates exceeding 0.8 d™! (Reynolds, 1984). Planktothrix
filaments that lose buoyancy when Q exceeds 0.5 mol m™2,
however, will stratify in the metalimnion where the irradiance
is too low for many of the other phytoplankton; some diatoms
could grow under these conditions but they lack buoyancy and
would sink through the steep density gradient in the metal-
imnion. The development by P rubescens of alow Q  resulting
in stratification at depths providing suboptimal conditions free
of competitors therefore constitutes an evolutionarily stable
strategy. Moreover organisms that stratify in the metalimnion
are less susceptible to removal by flushing than phytoplankton
in the epilimnion, particularly in small lakes such as Blelham
Tarn, which have a short retention time (Davis ez a/., 2003b).

Although stratification depends on z, coinciding with the
thermocline region, this coincidence is not uncommon. The
establishment of a thermocline also depends on the gradient
of radiation and the lowest depth of the thermocline region,
where the irradiance is 1-2% of the surface irradiance, may
initially be similar to z . Because of wind-induced mixing,
however, the depth of the seasonal thermocline will be further
extended (Spigel & Imberger, 1987), broadening the density
gradient below that required for cyanobacterial stratification.
The relationship between the depth of the thermocline and
the gradient of irradiance will vary in different lakes and may
result in the selection of Planktothrix variants that have
different values of Q , and hence of z,.

In both of the lakes studied, P rubescens is capable of
growth when it becomes entrained in the epilimnion and if
there are few competitors present when this happens, the
population may continue to increase (Reynolds ez al., 1984;
Walsby & Schanz, 2002; Davis ez al., 2003b).
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