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Picophytoplankton Photoacclimation and Mixing in
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by

Jeffrey A. Dusenberry

Abstract

Fluctuations in light intensity due to vertical mixing in the open ocean surface
layer will affect phytoplankton physiology. Conversely, indicators of phytoplankton
photoacclimation will be diagnostic of mixing processes if the appropriate kinetics are
known. A combination of laboratory and field experimental work, field observations,
and theoretical models were used to quantify the relationship between vertical mixing
and photoacclimation in determining the time and space evolution of single cell optical
properties for the photosynthetic picoplankton, Prochlorococcus spp. Diel time-series
observations from the Sargasso Sea reveal patterns in single-cell fluorescence
distributions within Prochlorococcus spp. populations which appear to correspond to
decreasing mixing rates and photoacclimation during the day, and increased mixing at
night. Reciprocal light shift experiments were used to quantify the photoacclimation
kinetics for Prochlorococcus spp. fluorescence.

A laboratory continuous culture system was developed which could simulate
the effects of mixing across a light gradient at the level of the individual cell. This
system was operated at four different simulated diffusivities. Prochlorococcus
marinus strain Med4 fluorescence distributions show distinct patterns in the mean and
higher moments which are consistent with a simple quasi-steady turbulent diffusion-
photoacclimation model. In both, daytime photoacclimation drove the development of
a gradient in mean fluorescence, a decrease in variance overall, and skewing of
distributions away from the boundaries. These results suggest that picophytoplankton
single-cell fluorescence distributions could prove to be a useful diagnostic indicator of
the mixing environment.
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Introduction

In 1953, Sverdrup published his ideas concerning the critical depth theory. By
suggesting that mixing depth strongly influenced the physiology of cells by being the
primary determinant of whether or not cells attained enough light to sustain net
growth, he sought to explain when conditions would be suitable for phytoplankton
blooms. His observations and ideas opened up the field of study of the effects of
mixing on phytoplankton productivity and also physiology and ecology.

Phytoplankton are exposed to a constantly changing invironment in terms of
their light intensities, and this affects their physiology in a variety of ways. I focus
here on the picophytoplankton response to changes in light induced by vertical mixing.
I approach this from the dual perspectives of how we can use field observations to
further increase our understanding of mixing processes as seen by the picoplankton
and to further our understanding of the physiology of the picophytoplankton as they
respond to these changes. Ultimately, one hopes to explore how these processes
together help define biomass distributions, ocean color, and productivity.

Mixing processes have long been hypothesized as important determinants of
phytoplankton physiology and productivity, due primarily to the changing light levels
resulting from vertical movement in the water column. Just as deeper mixed layers
result in lower average light intensities experienced by the phytoplankton (Sverdrup,
1953), fluctuating light intensities attributed to turbulent diffusion, wave motions,
Langmuir circulation, cloud cover, etc. have been more recently shown to affect

productivity. However, while some investigators find increased productivity under
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fluctuating light intensities relative to static incubations (Marra, 1978; Walsh and
Legendre, 1983; Mallin and Paerl, 1992), others find no effect (Gallegos and Platt,
1982; Yoder and Bishop, 1985) or decreased productivity resulting from fluctuations
in light intensity (Randall and Day, 1987). Thus the mechanisms by which vertical
mixing (and resultant changes in light intensity) affect productivity are still poorly
understood.

Because phytoplankton absorb light energy that can enhance solar warming of
the surface layer, they have been implicated in feedback loops, thus exerting some
control over the physical dynamics (Simonot et al., 1988; Sathyendranath et al.,
1991). Unfortunately these processes are even less well understood and studied than
the effects of mixing on phytoplankton.

If mixing produces measurable and predictable effects on phytoplankton
physiology, we should be able to use observations of phytoplankton physiology to
infer mixing dynamics. This idea was one of the original motivations for pursuing
this thesis research. I thus present here a framework for investigating the implications
of vertical mixing on phytoplankton physiology and also the potential for the use of
physiological properties measured at the individual cell level to infer mixing processes.

The chapters presented here could have been arranged in a variety of ways. I
cross-reference between chapters and found it necessary to write each chapter as if
they were a little more independent (and thus a little more redundant) than would
usually be expected in a thesis. I decided to present field observations first (Chapter

I) to give the reader a "feel" for the real world. I then present in Chapter III some
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rather simple laboratory and field experiments aimed at quantifying the kinetics of
photoacclimation, a key component to relating vertical mixing to phytoplankton
physiology. A simple model was developed of the relationship between
photoacclimation and vertical mixing in determining the distributions of photo-reactive
physiological properties at the single-cell level. The simplified stationary solution to
this is presented in chapter IV, and gives the reader an idea of how the mean and
higher moments of the distribution of a photoacclimative property will vary as a result
of mixing rates. Moving back to the laboratory, I developed an apparatus which can
simulate a random walk across a light gradient at the single cell level. Four
investigations from this apparatus, representing four different mixing rates, and a
corresponding time-dependent model are presented in Chapter V. Finally, Chapter VI
suggests some avenues for future research and shows how the techniques developed
here extend to other fields.

This project has involved a tremendous amount of observations from field
time-series profiles and bottle experiments, not all of which was included here. Some
of this supporting data and analyses are presented in the appendices. Also in the
appendices are the numerical algorithms used in the model simulations in chapters III
and IV (appendices D and E). In addition, a method for relating cell volume to
forward angle light scatter measurements based primarily on observations of growth
rates, is used to further understand some of the normalizations used for
Prochlorococcus spp. populations. This method is outlined in Appendix B. Appendix

F is a paper, coauthored with Sheila Frankel, which was published in Limnology and
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Oceanography which describes modifications to the FACScan flow cytometer which

was the backbone of this thesis in terms of instrumentation.
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Field Observations of Picophytoplankton Single-Cell Optical
Properties

Abstract

Two diel time-series sampling schemes were undertaken to quantify the effects
of changing mixing dynamics on picophytoplankton optical properties. Both time-
series show a shoaling of the mixed layer due to surface warming and a rain-formed
mixed layer. These dynamics coupled with the diurnal cycle of solar irradiance, drove
the development of a gradient in mean red fluorescence of Prochlorococcus spp. via
photoacclimation. In addition, the distribution of fluorescence within field populations
responds to changing mixing and photoacclimation dynamics, with photoacclimation in
the absence of strong mixing generally resulting in reduced variance in fluorescence
within sample populations. Nighttime mixing in the absence of photoacclimation
reversed this process and resulted in increased variation of single-cell fluorescence.
Both the effects of physical boundaries and hysteresis in photoacclimation appear to
affect the third moment (skewness) of fluorescence, with boundaries causing optical
properties to be skewed away from the boundary and hysteresis causing overall
negative skewness. These observations show that the mean and variance, and possibly
the higher moments, of single-cell optical properties reflect the physical dynamics, and

should yield useful information regarding the light history of the population.
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Introduction

Since phytoplankton respond physiologically to changes in light intensity, their
physiological state is a function of their light history. The effects of light fluctuations
have been historically investigated primarily in the context of the effects of vertical
mixing (see Denman and Gargett, 1983 for review) on productivity (Marra, 1978a,b,
1980; Gallegos and Platt, 1982; Marra and Heinemann, 1982; Falkowski, 1983;
Walsh and Legendre, 1983; Lewis et al., 1984; Yoder and Bishop, 1985; Savidge,
1988).

An important implication of this physiological response is the potential to use
phytoplankton as tracers for mixing processes. The relationship between vertical
mixing and phytoplankton physiology has been explored primarily using bulk water
properties, including photosynthesis-irradiance relationships (Falkowski and Wirick,
1981; Lewis and Smith, 1983), carbon/chlorophyll ratios (Laws and Bannister, 1980,
Geider and Platt, 1986; Cullen and Lewis, 1988), xanthophyll cycling (Welschmeyer,
personal communication), photosynthetic unit size (Falkowski, 1983), enzyme activity
(Rivkin, 1990) and in vivo fluorescence (Therriault et al., 1990). Observations in the
Arabian Sea (Sathyendranath et al., 1991) and modelling efforts (Simonot et al., 1988)
also suggest that there may be feedback mechanisms operating so that the
phytoplankton influence the mixing processes by causing increased absorption of light
(heat) in the surface layer.

Theoretical single-cell models suggest a relationship between the variance of

photoacclimative properties and the mixing rates (Lande and Lewis, 1989; Falkowski
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and Wirick, 1981; Yamazaki and Kamykowski, 1991), with higher mixing rates
generally resulting in higher variance in the property investigated. Boundary effects
are expected to reverse this trend, so that variances decrease with increasing strength
of boundary effects (Lande and Lewis, 1989), and in a situation with both an upper
and lower boundary, the variance decreases with increasing diffusivity when boundary
effects extend throughout the mixed layer (Chapter IV, Fig. 3). One can thus ponder
the possibility of going beyond the bulk properties and trying to extract information
about mixing processes from the physiological properties of the individual cells
themselves. As I show later in Chapter IV, the use of the higher moments of the
distribution of photoacclimative properties should extend the dynamic range of the
sensitivity of this method beyond that possible with bulk properties with similar time-
scales of photoacclimation.

Flow cytometry, a technique imported into oceanography from the biomedical
arena, allows the rapid characterization of the optical properties such as light scatter
and fluorescence of individual cells. With this information, specific populations can
be identified and the mean and distribution of optical properties within these
populations can be quantified. A thorough overview of this technique can be found in
(Melamed et al., 1990; Olson et al., 1993; Shapiro, 1994). Early observations of
field samples revealed a strong difference in the signatures of populations of
Prochlorococcus spp. and Synechococcus spp. taken from within the surface mixed
layer compared to those taken from below (Fig. 1). The mean fluorescence and light

scatter are larger in the deeper sample, presumably due to photoacclimation to lower
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Figure 1 - "Typical" flow cytometric scattergram of a surface sample from the
Sargasso Sea. These samples are from 50 m (within the seasonal mixed layer) (left
panel) and 120 m (within the seasonal thermocline) (right panel) during the first cast
of the October 1989 Sargasso Sea time-series (35°25'N, 66°30'W). Each dot
represents a single cell, with populations of Synechococcus spp. and Prochlorococcus
spp. identified by their relative scatter and red fluorescence signals and the presence
(Synechococcus spp.) or absence (Prochlorococcus spp.) of orange fluorescence. The
"beads" are 0.57-um microspheres used as an internal calibration. Using
multiparameter data analysis, the mean and higher moments of optical properties
(scatter, fluorescence, or some combination thereof) can be determined. The 18°
rotation of the axes shows the translation used to normalize the red fluorescence (see

text, Fig. 2)
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light levels." Furthermore, the relatively isolated deeper sample shows a reasonably
strong correlation between red autofluorescence and forward angle light scatter.
Surface populations show a much weaker correlation. This was hypothesized to be the
result of the increased variation in light histories among the cells in the surface layer
relative to their deep counterparts, and, coupled with the change in mean values,
provided the motivation for pursuing this research.

To explore the relationship between mixing dynamics in the open ocean surface
layer and picophytoplankton optical properties, time-series observations were made
during two cruises to the Sargasso Sea. The surface mixed layer can exhibit a diurnal
shoaling of the thermocline due to the solar warming of the uppermost part of the
water column (Price et al., 1986; Woods and Barkmann, 1986; Brainerd and Gregg,
1993). This surface warming can restrict wind-driven mixing to the newly shoaled
mixed layer and reduce mixing below this layer (Price et al., 1986; Woods and
Barkmann, 1986; Brainerd and Gregg, 1993). By sampling this changing water
column over the course of a 24-hour or longer period, the effect of changes in the
mixing dynamics on the distributions of phytoplankton single-cell optical properties

can be explored.

"Because of the isolation of this population, this size difference may also be the result
of different population structure, with the brighter cells being genetically distinct from their
dim counterparts (Moore, personal communication). However, such changes in population
structure are not expected to occur on the time-scales investigated here (< 1 d), and thus the
population dynamics were assumed stable.
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Table 1 - Location and date of diel time-series observations carried out in the
Sargasso Sea.

Cruise Location Date Conditions
RV Oceanus 214 Sargasso Sea . .
(35°N, 66°W) October 1989 Oligotrophic
RV Endeavor 232 Sargasso Sea Deep Winter
(34°N, 68°W) January 1992 Mixing

Methods

Time series measurements were made on two cruises to the Sargasso Sea
(Table 1). During both of these cruises, CTD profiles and water samples were
collected while following an 8-m holey-sock drogue set at 25 m to try to sample the
same water mass. On average, samples were collected every two hours for a 24-hour
period. Samples were collected via Niskin bottles mounted on a rosette fitted with a
CTD; therefore, corresponding CTD measurements are available for each cast
sampled.

On the October cruise, Niskin bottles were quickly subsampled after collection,
taking care to minimize exposure to sunlight, and 2-ml samples from each depth were
fixed with 0.1% glutaraldehyde for ten minutes and then stored in liquid nitrogen for
later analysis in the lab (Vaulot et al., 1989; Olson et al., 1990). During the January
cruise, the samples were run on board ship, within 2 h of collection. Again, the
Niskin bottles were quickly subsampled after collection and samples were kept in the
dark and cool until analysis. Twelve samples were collected per profile, and it was
generally possible to run all of these before the next cast was ready.

All samples were analyzed using a FACScan flow cytometer (Becton-
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Dickinson). Scatter and fluorescence signals were collected and stored in a log-scaled
list mode, with one data point for each cell measured. Standard 0.57-um microspheres
(Polysciences) were used as an internal calibration, both to check instrument alignment
and to calculate the concentration of cells. Mean scatter and fluorescence signals were
normalized by dividing by the corresponding mean signal from the 0.57-um
microspheres. Within each cruise, the mean scatter and fluorescence signals from the
microspheres remained within 6 % of each other, suggesting minimal instrument drift,
if any.

After sample analysis and data collection, list mode data were further analyzed
using CYTOPC flow cytometry data processing software (D. Vaulot). Populations of
Prochlorococcus spp. and Synechococcus spp. as well as the 0.57-um microspheres
were identified based on their relative red autofluorescence, orange autofluorescence
(for Synechococcus spp.), right angle light scatter, and forward angle light scatter, and
list modes corresponding to each population were created. Using the Prochlorococcus
spp. data, the red fluorescence signal for each individual cell was normalized to the
cube root of the forward angle light scatter (Chapter III) by rotating the two-parameter
histogram of red fluorescence vs. forward angle light scatter (Fig. 1, 2). This
normalized red fluorescence was the parameter used to characterize the
photoacclimative state of the cells. Since this normalization was intended to remove
diel patterns in red fluorescence resulting from cell growth and division (Chapter III),
it does not necessarily correspond to the correlation between red fluorescence and

forward angle light scatter seen within Prochlorococcus spp. populations (Fig. 1) A
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single parameter histogram of the normalized red fluorescence was created for each
population sampled. From this histogram the mean and higher moments (see below)
were calculated (Sokal and Rohlf, 1981).

All flow cytometric data has intrinsic variability, due to measurement error. In
addition, the populations being measured contain "intrinsic" variation not directly
associated with variation in light history resulting from vertical mixing processes.
These include variations in cell size which are not accounted for in the normalization.
The normalization used here only reflects diel variation arising from cell growth and
division, and will not necessarily account for variation due to environmental factors
(including factors other than light) or genetic variation between members of a
population. To a first approximation, one can assume that this intrinsic variation is
log-normally distributed. Clearly the variance is sensitive to all forms of variation,
and the variance from different sources is simply additive to give the total variance.

Both the skewness, g,, and kurtosis, g,, as defined in Sokal and Rohlf (1981):

T3

& ———~E(I’;s3 2 ()
T

& = ———‘_’_Z (Zs“ ) (2)

are sensitive to the magnitude of any superimposed intrinsic variation (which
contributes to s°), in the sense that additional sources of variability that have no

skewness or Kurtosis associated with them will effectively "dilute" the skewness or
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Figure 2 - Same samples presented in figure 1, replotted to show the 18° rotation used
to remove diel patterns due to growth and division from red fluorescence signals. The
y-axis represents the normalized red fluorescence and is equivalent to the red
fluorescence signal divided by the cube root of the forward angle light scatter signal
(since units are relative, translation was not considered). The x-axis is the rotated

forward angle scatter axis and is orthogonal to the normalized fluorescence.

42



Norm. Red Fl.

= Surface :
! Synechococcus ]

“ ._-‘-._,_-.--._-‘:..'_-.} .-
L AT s
- “c.".- .

e

E T
o 05 Ve v
E . ': !:.\ '-*.:.*

3 :

oa

= Prochlorococcus
:

1§ Deep

BN I Y IT!| DS AT T B W T M W W AT

43

ol o L)

Prochlérbboccus
x>~ Beads it _
0.57-um

Beads

Ty T—rrrrme v

vl ol 13 vl 1 L

L A2

sl




kurtosis attributable to mixing processes. This sensitivity can be removed in the case
of the skewness by using the third moment, (1/n)Z(T" - 1:)3, as an indicator of the
skewness in the population. Similarly, the sensitivity of the kurtosis to the intrinsic
variation can be removed by multiplying the kurtosis by the standard deviation raised
to the fourth power. This is equivalent to the fourth moment less three times the
standard deviation to the fourth power, (1/n)X(T - I:)4 - 3s*, identified here as the
"corrected" fourth moment.

The third and corrected fourth moments provide an indication of departures
from normality in the distribution (Fig. 3). While a zero third moment indicates a
symmetric distribution (such as the normal distribution), a positive third moment
indicates skewness to the right. A negative third moment indicates skewness to the
left. The corrected fourth moment is an indicator of the kurtosis, or the "peakedness"
of the curve. A negative corrected fourth moment indicates platykurtosis, or a flatter
curve than the normal while a positive corrected fourth moment indicates

leptokurtosis, or a more peaked curve than the normal, with data points concentrated

near the mean and at the tails.

Results

Oligotrophic, shoaling mixed layer:
During the October, 1989, Sargasso Sea cruise, there was a definite shoaling of
the mixed layer due to surface warming at midday (Fig. 4). During the afternoon, a

density gradient was present in the upper 40 m that wasn't present during the morning
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hours.

Prochlorococcus spp.? cell concentration, forward angle light scatter, red
fluorescence and red fluorescence normalized to the cube root of forward angle light
scatter were determined for this time series (Fig. 5). Forward angle light scatter shows
a striking pattern of increase during the daytime, presumably due to cell growth, and
decrease at night, presumably a function of cell division (Fig. 5b). Corresponding cell
density measurements give some support for this, with a slight increase in cell
numbers at the beginning of the experiment, when forward scatter is on the decline.
Mean red autofluorescence shows a pattern of homogeneous upper 50 m during the
early morning hours, followed by the development of a strong gradient of increasing
mean red fluorescence with depth by late afternoon. The development of this gradient
corresponds to the shoaling of the mixed layer in late morning and also the presence
of photoacclimation to the light gradient. Photoacclimation during the nighttime, if
present, will not lead to the development of a mean fluorescence gradient due to the
absence of a light gradient. Normalized mean red fluorescence (Fig. 5d) shows a
pattern very similar to that of the mean non-normalized red fluorescence, except that
the homogeneous early morning value is more "centered" with respect to the gradient

that develops later.

*Although Synechococcus spp. were also present in these samples, the analysis
presented here is restricted to the more abundant Prochlorococcus spp., which generally
outnumbered Synechococcus spp. by about 10:1. The rarer Synechococcus spp. were difficult
to quantify because not enough cells per sample could be analyzed within a reasonable time
(20 min).
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Figure 3 - Examples of frequency distributions with non-zero third and corrected
fourth moments. The normal distribution (zero third and fourth moments) is shown

for reference.
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Figure 4 - Density (sigma-t) contours of October 1989 Sargasso Sea time-series.
These contours show a weakening of density stratification during the nighttime and the
development of stratification by late morning. Daytime is from approximately 06:00

to 18:00.
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Figure 5 - Flow cytometric observations of Prochlorococcus spp. in the upper 50 m
from the October 1989 Sargasso Sea time-series. Cell concentration (a), mean forward
angle light scatter (b), mean red autofluorescence (c), and the mean red fluorescence
normalized to the cube root of the mean forward angle light scatter (d) were
determined using a FACScan flow cytometer. Fluorescence and scatter measurements

are all relative to 0.57-um microspheres ("beads").
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Deep winter mixing, rain formed mixed layer:

The January, 1992, Sargasso Sea time-series on the RV Endeavor cruise shows
a near homogenous water column in the upper 200 m (Fig. 6). This is capped by a
rain-formed stratified layer, as there was at least 1.8 cm of rain during the first few
hours of the experiment.

The winter time-series shows a pattern somewhat similar to the oligotrophic
time-series discussed above (Fig. 7). There is an increase in forward angle light
scatter during the day, with a decrease after dusk. These forward scatter signals are
also relatively large, suggesting a dampened pattern due to cell growth and division
relative to that seen during the October time-series. Mean red fluorescence signals
show the development of a gradient during the day presumably due to
photoacclimation, and a rapid destruction of this gradient in the evening. Due to the
reduced pattern in forward angle light scatter, the pattern in normalized red
fluorescence is similar to that of mean red fluorescence. Both show a diel pattern

superimposed on the gradient development/breakdown pattern.

Higher moments:

The higher moments, particularly the variance, show strong patterns during
both time-series (Fig. 8-9). Both time-series show a tightening of the distributions
(reduction of variance) during the daytime and an increase in the variance during the
nighttime. The decrease in the variance is attributed to photoacclimation and reduced

mixing during the daytime. The nighttime increase reflects the homogenization of the

52



water column in the absence of photoacclimation.

One exception to this trend is the increase in variance observed in late
afternoon during the October time-series near 20 m (Fig. 8b). This appears to be a
result of not (necessarily) increased mixing, but rather the increase in the gradient in
the mean seen at this time (Fig. 8a), as the variance is roughly proportional to not only
the mixing rates relative to photoacclimation but also to the square of the gradient in
the mean (Lande and Lewis, 1989). However, some mixing must be present in order
for the variance to increase. Complete cessation of mixing below the diurnal
thermocline would result in decreased variance throughout the water column.

The third and corrected fourth moments are more difficult to interpret. During
the October time-series (Fig. 8c,d), the third moment was predominately to the
negative (indicating skewness to the left). This may suggest that there is a non-linear
photoacclimative process that is contributing to this skewing, or that there is source of
intrinsic skew in these populations or in the measurement of their optical properties.
However, the January deep-mixing time-series does not show this same predominance
towards negative skewing. This time-series shows no overall pattern, however, there
is a region of negative skewness corresponding to the region just after the gradient in
the mean is established and it begins to break down.

The fourth moment shows strictly positive values during the October time-
series. These positive values indicate peaked distributions, which in this case are the
result of long tails on the distributions. This seems to be the dominant effect

operating during these observations, and its source is unclear. The lower values
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Figure 6 - Density (sigma-theta) contours during the January 1992 Sargasso Sea time-
series. The seasonal mixed layer extended to about 200 m during the entire
experiment, with a rain-formed mixed layer near the surface. At least of 1.8 cm of

rain fell during between 05:00 and 12:00 the first day.
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Figure 7 - Flow cytometric observations of Prochlorococcus spp. in the upper 75 m
from the January 1992 Sargasso Sea time-series. Cell concentration (a), mean forward
angle light scatter (b), mean red autofluorescence (c), and the mean red fluorescence
normalized to the cube root of the mean forward angle light scatter (d) were
determined using a FACScan flow cytometer. Fluorescence and scatter measurements

are all relative to 0.57-um microspheres ("beads").
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Figure 8 - Prochlorococcus spp. normalized red fluorescence mean (a), variance (b),
third moment (c), and corrected fourth moment (fourth moment less three times the
standard deviation, s, to the fourth power) (d) for the October time-series. All units
are in log-scaled channels (raised to the appropriate power) as collected and binned by
the data acquisition system. One decade corresponds to 64 channels. Normalization
was done by dividing each cell's red fluorescence signal by the forward angle light
scatter raised to the third power, and then the mean and higher moments were

determined from the resulting normalized fluorescence histogram.
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Figure 9 - Prochiorococcus spp. normalized red fluorescence mean (a), variance (b),
third moment (c), and corrected fourth moment (fourth moment less three times the
standard deviation, s, to the fourth power) (d) for the January time-series. All units
are in log-scaled channels (raised to the appropriate power) as collected and binned by
the data acquisition system. One decade corresponds to 64 channels. Normalization
was done by dividing each cell's red fluorescence signal by the forward angle light
scatter raised to the third power, and then the mean and higher moments were

determined from the resulting normalized fluorescence histogram.
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approach normality, with the kurtosis (corrected fourth moment divided by the
variance squared) about 0.3. The January time-series also shows no strong pattern in
the fourth moment, however, values are both positive and negative, indicating both
flattened and peaked curves. Most of the samples exhibit a kurtosis (not shown) in the
range from -0.1 to +0.1, which are not significantly different from zero based on an
error of ~0.1 as calculated using the method of Sokal and Rohlf (1981). The fourth
moment thus does not respond significantly to the changes in water column structure

seen here.

Discussion

These diel time-series observations suggest a strong effect of mixing and
resultant photoacclimation dynamics on the mean and variance of red autofluorescence.
The diel signal seen in red fluorescence, resulting from phased cell growth and
division, can be removed or reduced by using an appropriate normalization to forward
scatter (Chapter III). The dominant patterns in both the mean and variance seem to be
the result of photoacclimation during the day, which sets up a gradient in normalized
fluorescence and mixing at night which breaks down this gradient. Because
photoacclimation drives the normalized fluorescence towards a similar value at a given
depth, the distributions tend to tighten during the day. At night, the variance of the
distributions increases in both time-series, owing to mixing of the established gradient.

These results suggest limited utility for the third and fourth moments as

diagnostic tools of mixing processes. However, they may prove useful for detecting
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special features, such as the boundary effects, which can be seen in the third moment.
In addition, the overall negative third moment seen in the October time-series agrees

qualitatively with stationary model simulations which predict stronger overall negative
skewness in the presence of hysteresis (as represented with the logistic model, Chapter
IV, Fig. 4b). The fourth moment deviated significantly from zero only when skewing

was strong, and thus provided no information beyond that seen in the third moment.
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Photoacclimation in Photosynthetic Picoplankton and an
Analysis of Their Potential Use as Tracers for Vertical
Mixing

Abstract

In order to use picophytoplankton as tracers for vertical mixing, an appropriate
index of photoacclimative state and the kinetics of that parameter must be defined.
Several time-series of reciprocal light shifts to Prochlorococcus marinus strain Med4
or natural populations of Prochlorococcus spp. were undertaken to determine the
relevant kinetics. Laboratory experiments suggest that red fluorescence normalized to
the cube root of forward angle light scatter may be an appropriate indicator of
photoacclimation in Prochlorococcus spp. A logistic model for photoacclimation
(Cullen and Lewis, 1988) was found to fit the resulting time-series reasonably well,
with the most pronounced deviation from this model in the populations shifted to high
irradiances. Photoacclimative rates ranged from 0.9 to 3 d!, with the highest rate
observed in larger Prochlorococcus spp. The smaller Prochlorococcus type yield rates

that decrease with increasing temperature within the range studied (24 - 26 °C).
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Introduction

There have been several approaches in the past to quantifying mixing rates in
the ocean surface layer, including microstructure determinations of kinetic energy
dissipation (Osborn, 1978; Oakey and Elliot, 1982; Shay and Gregg, 1986;
Lombardo and Gregg, 1989; Moum et al., 1989) and measurements using tracers.
Properties which have been proposed or used as tracers include nutrient concentrations
(Garside, 1985), added chemical tracers such as dyes (Okubo, 1971) or radioisotopes
(Quay et al., 1980), and phytoplankton cells (Lewis et al., 1984). Phytoplankton cells
can be used as tracers if their physiological condition reflects their light (depth)
history. By quantifying the physiological response to changes in light intensity it is
theoretically possible to use field observations of physiological states to then infer
mixing dynamics.

Picoplankton, in particular Prochlorococcus spp., should make excellent tracers
for mixing processes because their small size (0.6 to 0.8 pum diameter) makes them
essentially neutrally buoyant and they are abundant and ubiquitous throughout much of
the world oceans (Chisholm et al., 1988; Olson et al., 1990). These organisms can be
studied with flow cytometry (see Chapter II) and their scatter and fluorescence
properties measured. Because fluorescence is a function of pigment content, it should
be indicative of the cell's light history, and should thus be useful in studying vertical
mixing.

The model commonly used to represent the effects of vertical mixing on the

vertical distribution of a photoacclimative parameter, I', is the reaction-diffusion
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equation (Lewis et al., 1984; Cullen and Lewis, 1988):

- 9K % 4T
& YR

@ 0 af Fw—r (1)
x  x )

where t is time and z is depth. Mixing of cells is parameterized by a vertical
diffusivity, K, and photoacclimation is usually specified as a first-order process, with
rate constant y. I is the fully acclimated value of the photoacclimative parameter. A
logistic formulation for the photoacclimative term (Cullen and Lewis, 1988) was used
here instead of a first-order formulation as it has the potential to account for hysteresis
seen in photoacclimation rates (Prézelin and Matlick, 1980; Geider and Platt, 1986).
It is necessary to quantify the kinetics of photoacclimation, both in terms of the
appropriate formulation and in the rate constant if one wishes to use phytoplankton

cells as tracers. In the absence of mixing, equation (1) becomes:

-

a . yI‘[F“’ - F]. @)

The kinetics of photoacclimation can be quantified by subjecting cultures or field
samples to shifts in light intensity and following the time course of change in the
relevant photoacclimative parameter. I attempt here to define the kinetics of

photoacclimation for the optical properties of the photosynthetic picoplankter
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Prochlorococcus marinus using laboratory based light shifts, and of natural
populations of Prochlorococcus spp. in the field by subjecting them to light shifts
under simulated in-situ conditions. Time course observations can then be fit to the
above model (Eq. 2) to estimate both the rate constant, Y, and the fully acclimated

value for the photoacclimative parameter, I'_..

Methods

Laboratory

Laboratory cultures of P. marinus, strain Med4 (Moore et al., 1995), were
acclimated to a range of light intensities and subjected to reciprocal light shifts to
quantify the kinetics of photoacclimation.

The experimental apparatus consisted of two water cooled Lexan® incubators,
and two banks of three "Very High Output" (VHO) Daylight fluorescent bulbs. One
incubator was located between the two light banks, and the second was situated on the
opposite side of one bank of bulbs, so that it received light from only one bank instead
of two. Blue screening (Roscolux blue #62 and #69) was used to control light levels
in different regions of the incubators. Four light levels were used: 620, 320, 110, and
54 4E m™s’, as measured using a Biospherical Instruments 47 sensor. The lights were
timed such that they came on two at a time. The uppermost bulbs were on from 08:30
to 19:30, the middle bulbs from 09:30 to 18:30 and the lower bulbs from 10:30 to
17:30. This is a discrete approximation to patterns in photosynthetically active

radiation (PAR) seen in the Sargasso Sea during a cruise there in October 1989 (data
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not shown). Temperature was maintained at 24 °C using a constant temperature
circulating water bath.

Cells were grown in modified K/10 media as specified in Chisholm et al.
(1992), except that the EDTA concentration was 10-fold more dilute (1.2 uM).
Seawater for the media was collected from Vineyard Sound off Cape Cod (MA).
Cells were grown in 25 ml of media in 25 X 150 mm borosilicate tubes, with 1 ml of
sample transferred to a new tube with fresh media when cell concentrations reached
approximately 10° ml™.

Eight cultures were grown at each light level and their concentration, light
scatter and fluorescence were monitored using a modified FACScan flow cytometer
(Dusenberry and Frankel, 1994) until they reached steady exponential growth for at
least three transfers (approximately 15 generations or three weeks). Once the cultures
were stabilized and therefore acclimated to their respective light levels, two cultures
from each light level were shifted to each of the three other light levels. This shift
was done during the dark phase of the light:dark cycle. In addition, two cultures were
kept at each light level to serve as controls. The cultures were then monitored using
the FACScan every 2 hours for a period of 2 days. At each sampling time point, flow
cytometric measurements of cell concentration, forward angle light scatter, right angle
light scatter and red autofluorescence (from chlorophyll) were made. Data was
collected in list mode, so that the signal for each parameter was recorded for every
cell. Subsequent analysis was done with CYTOPC flow cytometry analysis software

(D. Vaulot). All optical measurements were normalized to 0.57-ym microspheres

73



Table 1 - Cruises on which natural samples were incubated on deck under simulated
in-situ conditions. The depths given are the depths from which samples were collected
and the temperature is an average temperature in the incubators.

Surface
Depths Irradiance Temperature

Cruise Date Location (m) (uE m*s™) (°C)
RV Oceanus October 1989  Sargasso Sea 15, 48, 1700 25
214 (33°N, 66°W) 77 (Day 1)
RV Oceanus July 1990 Sargasso Sea 25, 55, 2200 26
221 (34°N, 61°W) 70
RV Moana August 1991 Equatorial 10, 40, 2000° 27
Wave Pacific 60
091-010 (0°, 140°W)

*Courtesy M. Fienholz

(Polysciences, Inc.), which were added to each sample as an internal standard.

Field

Field experiments were conceptually similar to the laboratory experiments.
Natural samples were collected from three different depths in the water column and
incubated on deck under simulated in-situ conditions in order to determine the time
course of photoacclimation in natural populations.

Experiments were done on several different cruises in the Sargasso Sea and in
the equatorial Pacific (Table 1). While the exact protocol differed slightly from cruise
to cruise, the experiments were essentially the same. Samples were taken from three
different depths corresponding to the estimated depths of the 50%, 10% and 3%
surface irradiance (Table 1). Acid cleaned GoFlos were used for sample collection to

minimize contamination. Samples were collected at approximately 03:00 local time,
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with the experiment beginning before dawn. After collection, samples were
transferred to acid cleaned 250-ml polycarbonate bottles and two bottles from each
depth sampled were placed into each of three water cooled screened on-deck
incubators corresponding to the light levels sampled. The incubators were screened
with neutral density screening on the Sargasso Sea cruises, and blue screening
(Roscolux #62 and #69) on the equatorial Pacific cruise. During each experiment,
2-ml samples were taken periodically (every 2-4 hours) from each bottle, fixed with
0.1% glutaraldehyde (Vaulot et al., 1989; Olson et al., 1990) and stored in liquid
nitrogen for later analysis in the lab. The experiments from the October Sargasso Sea
cruise and the equatorial Pacific cruise were then analyzed using a standard FACScan
flow cytometer. The July Sargasso Sea cruise was run on the modified FACScan
(Dusenberry and Frankel, 1994) similar to the lab samples above. In all experiments,
each sample was thawed individually and run immediately after thawing. Subsequent

data analysis was the same as in the laboratory samples.

Results

Laboratory

In the laboratory, one would expect to see a gradient in optical properties, such
as red fluorescence, across the light gradient the cells are acclimated to. After being
subjected to a change in light intensity, the cells are expected to show a course of
change towards the fully acclimated state corresponding to the new light level.

One of the dominant patterns seen the laboratory P. marinus, however, is a
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strong diel pattern in both forward angle scatter and red autofluorescence (Fig. 1-2).
This pattern is attributed to changes in scatter and fluorescence arising from cell
growth/cell cycle effects. Cell concentration measurements show a phasing of cell
division (Fig. 3) with cell division (which occurs at night) corresponding to periods of
decreasing mean scatter and fluorescence (Fig. 1-2).

While there is a noticeable pattern with the cultures at each light level showing
a convergence towards a common value, this rate of convergence is difficult to
estimate due to the strong diel signal present. Red fluorescence signals in the two
highest light levels (620 and 320 uE m™s™') show a twice-daily periodicity, with
maxima in fluorescence at both "dawn" and "dusk." The low light incubators (110
and 54 uE ms') show diel periodicity with maxima at the end of the light period. In
an attempt to factor out this diel periodicity (due to growth), I sought to determine if
fluorescence could be normalized to forward angle light scatter. A plot of the mean
red fluorescence signal against the mean forward scatter signal for the control cultures
shows a strong relationship for the lower light controls with mean red fluorescence o<
(mean forward scatter)"”® (Fig. 4). This relationship reflects only the diel pattern of
daytime increase and nighttime decrease in red fluorescence and scatter seen and does
not reflect the correlation seen between red fluorescence and forward angle light
scatter within Prochlorococcus spp. populations (Chapter II, Fig. 1). Since this diel
pattern in fluorescence and scatter in the low light controls (and in the high light
controls when only afternoon and early evening points are considered, Fig. 4) is

consistent with patterns in cell concentration (fluorescence and scatter decreasing when
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numbers increase, all due to cell division) one can assume that this particular pattern is
the result of cell growth and not photoacclimation. Red fluorescence can thus be
normalized to the cube root of fo;ward angle light scatter to remove or reduce the diel
pattern attributed to cell growth. It is this normalized red fluorescence that was used
as the photoacclimative parameter, I'.

Normalized red fluorescence signals (Fig. 5) show a strong reduction in the
periodicity of the signal, particularly in the low light bottles; this is expected as the
normalization was based on the behavior of the low light controls. The twice-daily
periodicity in the high light bottles was reduced to simple diel periodicity, with the
maxima at dusk removed. This is the part of the twice-daily periodicity in these
bottles that appears to be attributed to cell growth and division, based on cell
concentration (Fig. 3a, b). These two high light controls (Fig. 5a, b) show a marked
reduction in normalized fluorescence at the beginning of the photoperiod. This is
primarily due to a reduction of the red fluorescence signal (Fig. 2). This decrease in
fluorescence does not correspond to an increase in cell concentration (and thus does
not seem attributable to cell division), and mirrors an increase that occurs during the
dark period. This suggests that the photoacclimative process or processes acting at
high light are different than those at low light in the sense that the high light controls
show a depression in fluorescence during the light period and an increase at night
which is not observed in low light controls. It is not clear what this process is, be it
chlorophyll degradation and synthesis or a change in fluorescence yield due to some

photoprotective mechanism; however, similar results have been seen in the field
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Figure 1 - Time-series measurements of mean forward angle light scatter for P.
marinus strain Med4 during a laboratory reciprocal light shift experiment. Cells
acclimated to light intensities of 620 uE m?s™ (open circles), 320 uE ms™ (closed
circles), 110 pE m™s™' (open triangles) and 54 uE m™s"' (closed triangles) were shifted
to (a) 620 uE ms’, (b) 320 uE ms’', (c) 110 pE m™s™” and (d) 54 pE m™s™" prior to
the first sampling point. All values are relative to 0.57-um microspheres (beads)
which were used as an internal standard. Error bars represent one standard deviation,

and are not shown when smaller than the symbol size.
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Figure 2 - Time-series measurements of mean red fluorescence for P. marinus strain
Med4 during the reciprocal light shift experiment presented in figure 1. Cells
acclimated to light intensities of 620 uE m™s™ (open circles), 320 pE m>s™" (closed
circles), 110 pE ms (open triangles) and 54 uE m™s™ (closed triangles) were shifted
to (a) 620 uE ms™, (b) 320 puE m*s™, (c) 110 uE ms™ and (d) 54 uE m?s". All
values are relative to 0.57-pm microspheres (beads) which were used as an internal
standard. Error bars represent one standard deviation, and are not shown when smaller

than the symbol size.
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Figure 3 - Time-series measurements of cell concentration for P. marinus strain Med4
during the reciprocal light shift experiment presented in figure 1. Cells acclimated to
light intensities of 620 uE m™s™' (open circles), 320 uE m%s™ (closed circles),

110 pE m™s™" (open triangles) and 54 uE m™s™ (closed triangles) were shifted to (a)
620 uE ms™, (b) 320 uE ms™, (c) 110 uE m>s" and (d) 54 uE m™s". Error bars not

shown.
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Figure 4 - Correlation between mean red fluorescence and mean forward angle light
scatter for the control (unshifted) cultures in the laboratory experiment shown in
figures 1 and 2. Cultures were acclimated to irradiances of 620 uE ms™ (open
circles), 320 uE m”s" (closed circles), 110 uE m™s™ (open triangles) and 54 uE m™s™
(closed triangles). Solid lines show regression results; dotted lines connect data
points sequentially. Regressions on the 620 pE m?s™* and 110 uE m™s" treatments
excluded points from 03:00 to 11:00. Error bars represent one standard deviation, and

are not shown when smaller than the symbol size.
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Figure 5§ - Time-series measurements of mean red fluorescence normalized to the cube
root of the mean forward angle light scatter signal for P. marinus strain Med4 during
the reciprocal light shift experiment presented in figure 1. Cells acclimated to light
intensities of 620 uE m™s™ (open circles), 320 uE m™s™ (closed circles), 110 yE ms™
(open triangles) and 54 pE m™s™ (closed triangles) were shifted to (a) 620 uE ms”,
(b) 320 uE m*s, (c) 110 uE m?s" and (d) 54 uE m?s"'. All values are relative to
0.57-um microspheres (beads) which were used as an internal standard. Error bars
represent one standard deviation, and are not shown when smaller than the symbol
size. Solid lines are a least squares fit to the logistic formula for photoacclimation

(Eq. 2), which yields a rate, 7y, of 2 d', and fully acclimated values, I'_, as shown.
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during on-deck bottle incubations (see below) and in in-situ observations from a
strongly stratified surface layer (Appendix A). Greene et al. (1994) show similar
patterns in their "maximum change in the quantum yield of fluorescence" as measured
using fast repetition rate fluorometry during a time-series in the equatorial Pacific.
Mean normalized red fluorescence during the first day was fit to the logistic
model of photoacclimation (Eq. 2) using a commercially available least squares
algorithm (Jandel Scientific, 1992) (Fig. 5). The rate constant was assumed to be the
same for all treatments, and the fully acclimated normalized fluorescence, I"_, was
allowed to vary between light levels but assumed to be the same for all shifts to the
same light intensity. This fit yields a rate, vy, of 2 d"', and fully acclimated values of
normalized fluorescence as shown in figure 5. Overall, the fit is reasonably good,
with the exception of the high light controls. The convergence in the high light
incubator is less than that predicted. Limiting the fit to just the 620 puE ms™
treatment or using a simple first-order model yields no improvement if the assumption
of convergence to a common value is maintained (results not shown). This indicates
that more than one mechanism is operating at different intensities and thus a single

relatively simple first-order or logistic model is inadequate.

Field:
Sargasso Sea, Oligotrophic, October 1989
Prochlorococcus spp. in the surface waters of the Sargasso Sea during the

October 1989 cruise shows a strong pattern/diel signal during the first 24 hours of the
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experiments which is similar to that seen in the laboratory (Fig. 6-8). Again, light
scatter patterns correspond to changes in cell number, with increasing scatter during
the day, and decreasing at night when the cells divided. Unfortunately, stormy
weather (noontime I, = 200 pE m™s™) arrived the second day and the cells show only
a slight response at the highest light level with very little change in the 10% and 3%
incubators. By the third day, the storm had started to clear up and the pattern in
scatter, fluorescence, and cell division was again evident.

Red fluorescence was normalized to the cube root of the forward angle light
scatter, and the values show a marked reduction in the diel pattern associated with cell
growth and division (Fig. 9). Consistent with the weather patterns discussed above,
we see the strongest photoacclimative effect during the first day, with very little
photoacclimation during the second day. The limited acclimation seen during the
second day shows the 50% light level acclimating to a lower light intensity than they
were acclimated to the previous day. Photoacclimation is again evident on the third
day.

Mean normalized red fluorescence during the first day was fit to the logistic
model (Eq. 2) as was the laboratory data (see above). This fit is problematic due to
the limited sampling resolution; however, resolution is sufficient to estimate a rate of
1.4 d' and fully acclimated values for normalized fluorescence as shown in figure 9.
Within the limits of the resolution, the fits appear quite reasonable. There is a
suggestion of lack of convergence in the 50 % incubator, similar to that seen at high

light levels in the laboratory (Fig. 5a).
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Figure 6 - Time-series measurements of mean forward angle light scatter for
Prochlorococcus spp. during a simulated in-situ reciprocal light shift experiment
carried out during the October 1989 cruise to the Sargasso Sea. Populations collected
from 15 m (open circles), 48 m (closed circles) and 77 m (open triangles) were
incubated on-deck in neutral density screened incubators yielding (a) 50 %, (b) 10 %
and (c) 3 % of the incident irradiance (I;). All values are relative to 0.57-um
microspheres (beads) which were used as an internal standard. Error bars represent

one standard deviation, and are not shown when smaller than the symbol size.
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Figure 7 - Time-series measurements of mean red fluorescence for Prochlorococcus
spp. during the simulated in-situ reciprocal light shift experiment represented in figure
6. Populations collected from 15 m (open circles), 48 m (closed circles) and 77 m
(open triangles) were incubated on-deck in neutral density screened incubators yielding
(a) 50 %, (b) 10 % and (c) 3 % of the incident irradiance (I,). All values are relative
to 0.57-um microspheres (beads) which were used as an internal standard. Error bars
represent one standard deviation, and are not shown when smaller than the symbol

size.
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Figure 8 - Time-series measurements of cell concentration for Prochlorococcus spp.
during the simulated in-situ reciprocal light shift experiment presented in figure 6.
Populations collected from 15 m (open circles), 48 m (closed circles) and 77 m (open
triangles) were incubated on-deck in neutral density screened incubators yielding (a)
50 %, (b) 10 % and (c) 3 % of the incident irradiance (I,). Error bars represent one

standard deviation, and are not shown when smaller than the symbol size.
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Figure 9 - Time-series measurements of mean red fluorescence normalized to the cube
root of the mean forward angle light scatter for Prochlorococcus spp. during the
simulated in-situ reciprocal light shift experiment presented in figure 6. Populations
collected from 15 m (open circles), 48 m (closed circles) and 77 m (open triangles)
were incubated on-deck in neutral density screened incubators yielding (a) 50 %, (b)
10 % and (c) 3 % of the incident irradiance (I;). All values are relative to 0.57-um
microspheres (beads) which were used as an internal standard. Error bars represent
one standard deviation, and are not shown when smaller than the symbol size. Solid
lines are a least squares fit to the logistic formula for photoacclimation (Eq. 2), which

yields a photoacclimation rate, v, of 1.4 d!, and fully acclimated values, ", as shown.
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Sargasso Sea, Oligotrophic, July 1990

A mid summer cruise to the Sargasso Sea (RV Oceanus 221, Table 1) yielded
Prochlorococcus spp. with patterns in forward angle light scatter measurements (Fig.
10) similar to that seen on the October cruise. However, the corresponding red
fluorescence measurements (Fig. 11) do not show a drop when the mean value of the
forward angle light scatter drops, suggesting a lack of cell division, and that the
change in forward angle light scatter reflects a shrinking of cells during the nighttime.
This observation is consistent with patterns of cell density (Fig. 12) which show an
overall decrease in cell numbers throughout the experiment. However, the density
measurements at the 50% I light level (Fig. 12a) show a either a faster decrease in
cell numbers during the daytime than at night or a slight increase at night (shift from
50 % 1,, Fig. 12a). This pattern could be attributed conditions where cell division at
night compensates for grazing at that time. One should expect mean fluorescence to
decrease during cell division, and this does not appear to occur (Fig. 11a). This may
indicate that same process that caused the increase in fluorescence seen in the
laboratory P. marinus during the night is also operating here, but that its effects are
masked by cell division. Alternatively, the lack of a decrease in fluorescence may
suggest that loss rates are higher during the light period than during the dark, either
due to higher grazing during the day or light-induced cell loss. While this is further
supported by the faster rates of loss (particularly during the second day, Fig. 12) at
higher light levels, the nighttime increase in cell concentration in the 50 % to 50 % I,

shift (Fig. 12a) supports the first alternative.
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Weather patterns were very consistent, with clear days throughout the
experiment (noontime I, = 2200 uE m™s™"). Normalized fluorescence (Fig. 13) shows
strong acclimation during the first day, as seen on the October Sargasso Sea cruise
(Fig. 9), with apparent convergence in the 50 % and 10 % incubators by the second
day. On the second and third day, the high light incubator show patterns similar to
the high light laboratory incubator, with a sharp decrease in normalized red
fluorescence in the early morning, with subsequent increases in normalized
fluorescence during the evening and nighttime. The raw mean red fluorescence
shows an increase during the daytime (after the initial drop) (Fig. 11) which ceases
during the evening. This increase can thus be attributed to growth, and the flat
normalized fluorescence curve supports this. The nighttime increase in normalized
fluorescence appears to be the result of a near constant pigment concentration within a
shrinking cell.

Fits of the time course of mean normalized fluorescence to the logistic model
(Eq. 2) yield a rate of 0.9 d”', the slowest rate estimated here, with fully acclimated
values as shown in figure 13. Fits are again reasonable, with no consistent deviation.
However, the slow rate constant underestimates the increase observed in the 25 m

sample (50 % 1) shifted to lower light intensities.

Equatorial Pacific, High Nutrient Low Chlorophyll Region, August 1991
The third field experiment was carried out using samples from the equatorial

Pacific (Table 1). This region is characterized as a "high nutrient, low chlorophyil"
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Figure 10 - Time-series measurements of mean forward angle light scatter for
Prochlorococcus spp. during a simulated in-situ reciprocal light shift experiment
carried out during the July 1990 cruise to the Sargasso Sea. Populations collected
from 25 m (open circles), 55 m (closed circles) and 70 m (open triangles) were
incubated on-deck in neutral density screened incubators yielding (a) 50 %, (b) 10 %
and (c) 3 % of the incident irradiance (I;). All values are relative to 0.57-um
microspheres (beads) which were used as an internal standard. Error bars represent

one standard deviation, and are not shown when smaller than the symbol size.
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Figure 11 - Time-series measurements of mean red fluorescence for Prochlorococcus
spp. during the simulated in-situ reciprocal light shift experiment represented in figure
10. Populations collected from 25 m (open circles), 55 m (closed circles) and 70 m
(open triangles) were incubated on-deck in neutral density screened incubators yielding
(a) 50 %, (b) 10 % and (c) 3 % of the incident irradiance (I;). All values are relative
to 0.57-um microspheres (beads) which were used as an internal standard. Error bars
represent one standard deviation, and are not shown when smaller than the symbol

size.
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Figure 12 - Time-series measurements of cell concentration for Prochlorococcus spp.
during the simulated in-situ reciprocal light shift experiment represented in figure 10.
Populations collected from 25 m (open circles), 55 m (closed circles) and 70 m (open
triangles) were incubated on-deck in neutral density screened incubators yielding (a)
50 %, (b) 10 % and (c) 3 % of the incident irradiance (I,). Error bars represent one

standard deviation, and are not shown when smaller than the symbol size.
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Figure 13 - Time-series measurements of mean red fluorescence normalized to the
cube root of the mean forward angle light scatter for Prochlorococcus spp. during the
simulated in-situ reciprocal light shift experiment represented in figure 10.
Populations collected from 25 m (open circles), 55 m (closed circles) and 70 m (open
triangles) were incubated on-deck in neutral density screened incubators yielding (a)
50 %, (b) 10 % and (c) 3 % of the incident irradiance (I,). All values are relative to
0.57-um microspheres (beads) which were used as an internal standard. Error bars
represent one standard deviation, and are not shown when smaller than the symbol
size. Solid lines are a least squares fit to the logistic model for photoacclimation (Eq.
2), which yields a photoacclimation rate, ¥, of 0.9 d!, and fully acclimated values, T,

as shown.
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region, and also has surface temperatures greater than the previous two experiments.
Forward angle light scatter (Fig. 14) shows increasing forward scatter during the
daytime, with a decrease at night. As in the lab, the decrease in forward angle light
scatter corresponds to an increase in cell number (Fig. 15).

Red fluorescence seems to show a combination of the processes seen earlier.
All three light levels show a decrease in red fluorescence during the early morning
hours of the experiment (Fig. 16). The 10% and 3% I, incubations also have a
decrease in red fluorescence at the beginning of the dark period (Fig. 16b,c), which
corresponds to cell division (Fig. 15b,c). However, the 50% I, incubations do not
show this trend (Fig. 16a). Instead, red fluorescence appears to be relatively flat
during the nighttime, following a slight increase in the evening. While this would
seem to suggest that there is no cell division, this could be a combination of cell
division which results in a decrease in mean red fluorescence and the process resulting
in the nighttime red fluorescence increase seen in the laboratory. These two process
effectively cancel each other out, and there is a suggestion of an increase in red
fluorescence which precedes the increase in cell number (Fig. 15a, 16a).

Red fluorescence was normalized to the square root of forward angle light
scatter. The square root was chosen because these cells are larger (as indicated by
their forward angle light scatter) than those in the experiments discussed above, and
the larger cell suggests a less steep relationship between forward angle light scatter
and volume (Appendix B). The cube root normalization represents a normalization of

the red fluorescence to approximately the cross-sectional area of the cell for the
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smaller cells (Appendix B). These cells are similar to Synechococcus spp. in forward
scatter; so I assume that forward scatter is approximately proportional to the radius to
the fourth power for these cells as I did for Synechococcus spp. (Appendix B). The
appropriate normalization of red fluorescence to the cross-sectional area then becomes
red fluorescence normalized to the square root of forward angle light scatter.

Mean normalized fluorescence fitted to the logistic model (Eq. 2) yields good
fits (Fig. 17), with a rate, 7, of 3 d”' and fully acclimated values of normalized
fluorescence as shown in figure 17. This is the highest rate seen here, and it may
reflect a difference in physiology between the large and small Prochlorococcus cell
types. Alternatively, it may be an artifact resulting from apparent lack of
photoacclimation which results in increased normalized fluorescence; each treatment
in this experiment yielded a decrease in normalized fluorescence over time.

Estimates of the value of normalized fluorescence of fully acclimated cells is
approximately linear with depth above 100 uE m?s" (Fig. 18). The two experiments
which were done on the unmodified FACScan (Dusenberry and Frankel, 1994) show a
much larger range in the fully acclimated normalized fluorescence (Fig. 18, upper
axis). The scales chosen here suggest that the change in fluorescence yield between
the two instrument configurations is approximately five-fold (relative to 0.57-um

microspheres).! The two Sargasso Sea experiments show relatively high values of the

'If true, this differs from the 2.5-fold decrease in cell fluorescence relative to 0.57-pym
microspheres for the modified FACScan relative to the unmodified instrument reported by
Dusenberry and Frankel (1994) for a relatively dim population of P. marinus. 1 believe this
indicates that the decrease in fluorescence relative to 0.57-um microspheres can be greater for
brighter cells.
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Figure 14 - Time-series measurements of mean forward angle light scatter for
Prochlorococcus spp. during a simulated in-situ reciprocal light shift experiment
carried out during the August 1991 cruise to the equatorial Pacific. Populations
collected from 10 m (open circles), 40 m (closed circles) and 60 m (open triangles)
were incubated on-deck in neutral density screened incubators yielding (a) 50 %, (b)
10 % and (c) 3 % of the incident irradiance (I,). All values are relative to 0.57-um
microspheres (beads) which were used as an internal standard. Error bars represent

one standard deviation, and are not shown when smaller than the symbol size.
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Figure 15 - Time-series measurements of cell concentration for Prochlorococcus spp.
during the simulated in-situ reciprocal light shift experiment presented in figure 14.
Populations collected from 10 m (open circles), 40 m (closed circles) and 60 m (open
triangles) were incubated on-deck in neutral density screened incubators yielding (a)
50 %, (b) 10 % and (c) 3 % of the incident irradiance (I,). Error bars represent one

standard deviation, and are not shown when smaller than the symbol size.
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Figure 16 - Time-series measurements of mean red fluorescence for Prochlorococcus
spp. during the simulated in-situ reciprocal light shift experiment presented in figure
14. Populations collected from 10 m (open circles), 40 m (closed circles) and 60 m
(open triangles) were incubated on-deck in neutral density screened incubators yielding
(a) 50 %, (b) 10 % and (c) 3 % of the incident irradiance (I,). All values are relative
to 0.57-um microspheres (beads) which were used as an int;emal standard. Error bars
represent one standard deviation, and are not shown when smaller than the symbol

size.
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Figure 17 - Time-series measurements of mean red fluorescence normalized to the
square root of mean forward angle light scatter for Prochlorococcus spp. during the
simulated in-situ reciprocal light shift experiment presented in figure 14. Populations
collected from 10 m (open circles), 40 m (closed circles) and 60 m (open triangles)
were incubated on-deck in neutral density screened incubators yielding (a) 50 %, (b)
10 % and (c) 3 % of the incident irradiance (I,). All values are relative to 0.57-um
microspheres (beads) which were used as an internal standard. Error bars represent
one standard deviation, and are not shown when smaller than the symbol size. Solid
lines are a least squares fit to the logistic model for photoacclimation (Eq. 2), which

yields a photoacclimation rate, , of 3 d”', and fully acclimated values, I"_, as shown.
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Figure 18 - Estimates of the fully acclimated values of normalized red fluorescence
based on fits of the logistic model (Eq. 2) to the data presented in figures 5, 9, 13 and
17, plotted as a function of irradiance. The upper axis corresponds to the October
1989 Sargasso Sea cruise (closed triangles) and the August 1991 Equatorial Pacific
cruise (closed circles); these experiments were run on the FACScan prior to
modification. The lower axis corresponds to the July 1990 Sargasso Sea cruise (open
triangles) and the laboratory experiment (open circles), which were run on the
modified FACScan (Dusenberry and Frankel, 1994). Both Sargasso Sea experiments
(triangles) were done using neutral density screened incubators, while the Equatorial
Pacific experiment and the laboratory experiment (circles) were done using blue
screening on the incubators. Light intensities for neutral density screened incubators
(triangles) were corrected to the equivalent photon flux as in the blue screened
incubators in the 420 to 500 nm range. The solid line represents a regression for the

laboratory experiment: I'_ = 0.40Inl + 3.0 (> = 0.99).
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fully-acclimated normalized red fluorescence at the lowest light levels used in these
experiments. These two experiments were done in neutral density (as opposed to blue)
screened incubators. For the same overall light intensity (3 % 1) neutral density
screening absorbs much more in the blue region than the blue screening. Since blue
light is absorbed more efficiently, the neutral density screened incubators are
effectively much lower intensity than the blue screened incubators. This is the most
probable explanation for the sharp increase seen in the fully acclimated normalized
fluorescence at low light levels in neutral density screened incubators.

The fitted photoacclimative rate varies from 0.8 d"' to 3 d' (Fig. 19), with a
decrease in the rate with increasing temperature among the small Prochlorococcus cell
type (all experiments except the equatorial Pacific). The largest value for these cells
corresponds to the laboratory culture of P. marinus strain Med4, and the 24 °C
temperature corresponds to the maximal growth temperature reported for this strain
(Moore et al., 1995). The lower values seen in the field experiments may indicate that

these populations are also growing at a supra-optimal growth temperature.

Discussion

All of these experiments combine to suggest that the photoacclimation kinetics
for P. marinus normalized fluorescence can be approximated using a logistic kinetic
formulation (Cullen and Lewis, 1988). The rate constants estimated vary by more
than a factor of three, but these results (for the small Prochlorococcus cell type)

suggest that the rate is a decreasing function of temperature within the range of
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temperature observed (24 °C to 26 °C). Further experiments are necessary at lower
temperatures (< 24 °C) to more completely characterize the photoacclimation kinetics,
and to determine where the maximum in photoacclimation rate lies.

Strains of the larger Prochlorococcus spp. have now been isolated (Moore,
personal communication), so further laboratory experiments using these cells should
clarify the relatively high rate of change in normalized fluorescence observed in the
equatorial Pacific experiment. In addition, an appropriate normalization for these cells
must be determined experimentally.

The fully acclimated normalized fluorescence values, however, appear linear
with the logarithm of light intensity from irradiances of 1200 uE m™s"' down to
approximately 50 pE ms™* for blue light (100 uE m™s" for white light); however,
differences in machine configuration and cell size need to be considered. The actual
slope of this relationship is a function of the machine configuration and cell size, with
the modified FACScan yielding a relationship (for the laboratory experiment) of ' =
0.401nI + 3.0 (r* = 0.99), where I is the irradiance (Fig. 18). If the attenuation
coefficient of light, k, is known, this relationship can be represented as a function of
depth, and will produce a linear relationship between I, and depth if k is constant.
However, there is a suggestion that the slope of the I_-irradiance curve is steeper at
high light levels, so this curve should not be extrapolated to irradiances above
1000 yE m?s™.

High light levels show the most consistent deviation from the logistic model,

and nighttime increases in both red fluorescence and normalized red fluorescence
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Figure 19 - Estimates of the photoacclimation rate for normalized red fluorescence
based on fits of the logistic model (Eq. 2) to the data presented in figures 5, 9, 13 and

17, plotted as a function of temperature. Symbols correspond to those used in figure
18.
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occur at these high light levels (Fig. 2, 4). The mechanism for this is unclear;
however, two possibilities present themselves. Pigment concentrations may account
for the change, suggesting that there is destruction of pigment during the daytime and
synthesis during the afternoon and nighttime. Alternatively, the fluorescence yield
may be decreasing due to a photoprotective mechanism, possibly similar to
xanthophyll cycling seen in some eukaryotic phytoplankton (Demers et al., 1991). An
understanding of the processes acting here would be facilitated by further diel studies

of pigment concentrations and fluorescence at high light intensities.
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Steady State Single-Cell Model Simulations of
Photoacclimation in a Vertically Mixed Layer

Abstract

Model simulations of the effects of vertical mixing and photoacclimation were
done for both first-order and logistic representations of photoacclimation kinetics, in
order to quantify the effects of vertical mixing and/or hysteresis on the higher
moments of a photoacclimative parameter. Steady state was assumed as to simplify
the model and provide a starting point for further investigations. In the simple mixed
layer modelled here, hysteresis (as represented by the logistic model of
photoacclimation) yields populations which are more surface acclimated at high
mixing rates than the simulation without hysteresis. In both models, patterns in the
mean value of a photoacclimative parameter show a simple gradient at slow mixing
relative to photoacclimation which breaks down with increasing mixing and as the
mixed layer approaches homogeneity. Corresponding to this pattern, the variance and
higher moments of the photoacclimative parameter all show trends which are

diagnostic of mixing rates or boundary effects.
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Introduction

Phytoplankton photoacclimation has been studied extensively in the context of
vertical mixing, both experimentally (Marra, 1978a,b, 1980; Gallegos and Platt, 1982;
Falkowski, 1983; Lewis et al., 1984b; Yoder and Bishop, 1985; Savidge, 1988) and
theoretically (Platt and Gallegos, 1980; Falkowski and Wirick, 1981; Woods and
Onken, 1982; Lewis et al., 1984a; Cullen and Lewis, 1988; Lande and Lewis, 1989).
Both approaches have been aimed at quantifying the effects of vertical mixing on
phytoplankton physiology and consequently productivity. In addition, there is a
potential to use phytoplankton as tracers for vertical mixing processes via their light-
sensitive physiological responses (Lewis et al., 1984a).

Traditionally, studies of using phytoplankton as tracers have focussed on bulk
property approaches such as analysis of photosynthesis-irradiance relationships
(Falkowski and Wirick, 1981; Lewis and Smith, 1983), carbon to chlorophyll ratios
(Laws and Bannister, 1980; Geider and Platt, 1986; Cullen and Lewis, 1988),
reaction center size (Falkowski, 1983), photosynthetic enzyme activity (Rivkin, 1990)
or in vivo fluorescence (Therriault et al., 1990), with only a few authors presenting
single-cell models (Falkowski and Wirick, 1981; Lande and Lewis, 1988; Yamazaki
and Kamykowski, 1991). The latter, while computationally more difficult, have been
argued to be more accurate when non-linear processes are involved (Woods and
Onken, 1982; Lande and Lewis, 1988); conversely, differences between single cell
models and bulk property models can be small when linear processes are studied

(Lande and Lewis, 1988).

130



Relatively new instrumentation, in particular flow cytometry (Yentsch et al.,
1983; Olson et al., 1985; Li and Wood, 1988), allows the quantification of optical
properties of individual cells, and therefore the quantification of the distribution of
these properties among a population of cells. With an appropriate theoretical
framework, the benefits of such observations are two-fold: one can use these
measurements to better understand how phytoplankton are responding to changes in
their physical environment, and conversely, one can use the physiological response as
an indicator of changes in the physical environment.

I present here a comparison of two single-cell models of phytoplankton
photoacclimation in the context of vertical mixing. The first model is a simple first-
order model which has commonly been used in studies of photoacclimation in a
vertically mixed environment (Lewis et al., 1984a), but which has been found
inadequate to express hysteresis sometimes seen in photoacclimation kinetics (Prézelin
and Matlick, 1980; Geider and Platt, 1986; see also Chapter III). The second model
is a logistic model which is an alternative to the first-order model which is one means
of expressing hysteresis (Cullen and Lewis, 1988).

Both models presented here are oversimplifications, primarily due to
assumptions of steady-state and constant diffusivity with depth (see Model
Assumptions, below). The purpose here is to develop an understanding of how the
higher moments of a photoacclimative parameter will respond to mixing rates and
boundary conditions. Thus the work presented here is a "first cut" towards developing

time-dependent (i.e. diffusivity, photoacclimation, or mixed layer changing with time)

131



or depth-dependent (i.e. diffusivity changing with depth) models of photoacclimation-
diffusion processes. This approach provides a framework, albeit limited due to the
assumption of steady state, for interpreting results presented elsewhere, particularly
field in-situ observations (Chapter II). It also shows the diagnostic potential for using

higher moments of some photoacclimative property as indicators of mixing processes.

Model Assumptions

Photoacclimation:

Photoacclimation was assumed to follow one of two kinetic processes: first
order (Falkowski, 1980, 1983, 1984; Rivkin et al., 1982; Post et al., 1984; Lewis et
al., 1984a) or logistic (Cullen and Lewis, 1988) with a rate constant, 7. With first
order kinetics, the time dependence, t, of a bulk or mean photoacclimative parameter,

T, is given by:

— =y(, -0 (H

where I'_ is the fully acclimated value of the parameter under consideration. The
logistic formulation, introduced by Cullen and Lewis (1988) to parameterize hysteresis
seen in photoacclimation rates (Prézelin and Matlick, 1980; Geider and Platt, 1986;

see also Chapter III), is represented as:

ar —qur
2 =T 2)
5 - Y T )
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The fully acclimated value of the photoacclimative parameter, I, is assumed
in both models to be linearly related to the logarithm of light intensity. For simplicity,
[ further assume a constant attenuation coefficient for light (ignoring color dependence
(Jerlov, 1976)) and a constant surface irradiance, so that I'_ becomes a linear function
of depth, z:

F_=bz+a 3)

where a and b are constants.

Mixed Layer:

I assume a simple box model of the surface mixed layer with depth, h, and
with mixing parameterized by a vertical diffusivity, K,, which is constant throughout.
Both upper and lower boundaries are considered reflecting, with no flux conditions
imposed at both. The depth of the mixed layer is further assumed to be less than the
depth of the euphotic zone, such that cells at all depths experience sufficient light to

drive photoacclimation.

Model Design:
Traditionally, these two processes, mixing and photoacclimation, have been
represented by a one-dimensional reaction diffusion equation of the form:
or &T

— =K-—+yT_-T 4
a vge YT, - 1) 4)
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where the second term on the right side represents the first-order form of

photoacclimation and can be replaced with the logistic formulation (Eq. 2).

From the individual cell's point of view, Eq. 4 can be rewritten in terms of the

variables I' and z:

ig- - y(T. -T), and 5)

£ . K 6)

where &, is a "white noise" term used to represent the turbulent vertical movement.

These equations can be combined into a two-dimensional Fokker-Planck equation (see

Gardiner, 1985) for the probability density function of cells in I'- and z- space:

oN __d ~ ' *N

A similar approach with the logistic formulation for the photoacclimative kinetics

yields:
N ®)

For the purposes of this analysis, steady state was assumed. These systems

approach steady state on time scales of v (Lande and Lewis, 1988), thus the

assumption of steady state is valid for those situations which have been under similar
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conditions for y"' time. For faster modes of photoacclimation, such as for parameters
of photosynthesis-irradiance relationships with time-scales as short as a few hours
(Lewis et al., 1984a) the assumption of steady state may be quite reasonable. For
parameters which change more slowly, such as chlorophyll to carbon ratios (Cullen
and Lewis, 1988) or cellular chlorophyll content (Falkowski, 1984; Post et al., 1984),
it will prove necessary to utilize a time-dependent model (such as in Chapter V), as
the daily photoperiod alone is not sufficiently long to allow steady state to be attained.
However, the steady state approximation provides a good first approach to the problem
and facilitates comparisons between the two models and evaluation of the potential to
use individual cells as living tracers for mixing. From this point, development of a
time-dependent model is straightforward, albeit computationally intensive.

Field data contains variation due not to mixing processes, but to measurement
error during analysis or variation due to other environmental or genetic factors.
Assuming this variability to be log-normally distributed (as in Chapter II), discussion
of the higher moments of the photoacclimative parameter, I', will be facilitated by the

introduction of T™:

I = log,, ©)
This also corresponds directly to flow cytometric data acquisition, where use of
logarithmic scales is the norm.

Substituting eq. (9) into eqgs. (7) and (8) and setting the time derivatives to zero

(for steady state) yields:
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Equations (10) and (11) can be used to derive the probability distributions of cells as a
function of I and z at steady state.

Reflecting boundary conditions

oN

5 =0 (12)
were imposed at both the upper and lower boundaries, corresponding to the ocean
surface and the base of the mixed layer. This assumes no mixing across these
boundaries. ForI'>T_, and " <T_,, N was set to zero, and the integral over I' at
each depth was constrained to 1.

Deviations from normality in the above probability distributions can be
quantified by determining the skewness and kurtosis in the distributions (see Chapter
II, Fig. 3). The skewness gives an indication of the asymmetry of the distribution,
with negative skewness (skewed to the left) indicates a drawn out left tail on the
distribution with positive skewness (skewed to the right) suggesting a relatively drawn

out right tail. The kurtosis is an indicator of the flatness or peakedness of the curve.

Negative kurtosis (platykurtosis) indicates a flat distribution, with positive kurtosis
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(leptokurtosis) suggesting a peaked distribution.

The sensitivity of the skewness and the kurtosis (as defined in Sokal and Rohif,
1981) to intrinsic (non-mixing) variation was removed by using the third moment as
an indicator of skewness and the fourth moment less three times the standard deviation
to the fourth power as an indicator of kurtosis (Chapter II). The model presented here
does not incorporate this intrinsic variation directly, thus it is necessary to use
indicators which are insensitive to the presence of such variation. The removal of this
sensitivity necessitates the assumption that the intrinsic variation be normally
distributed on the same scale that the higher moments are measured on, hence the use
of the log scale.

The error in the higher moments from flow cytometric analyses, however,
increases with increasing intrinsic variation. Significance of the model results was
determined using the methods presented in Sokal and Rohlf (1981), assuming a sample
size of 5000 events and intrinsic variation of 19 % of the mean, which represents the
least variation for normalized fluorescence seen in isolated field samples (data not
shown). The gradient with depth in the fully acclimated value of the photoacclimative
parameter, I"_, will also affect significance, with the results increasingly significant for
stronger gradients. A ten-fold increase in I" over the depth of the mixed layer was

used in estimating significance.

Results

Equations (10) and (11) were solved numerically using a finite difference
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approximation (Appendix D) for a series of values of Ky'h?, the ratio of the
photoacclimative time-scale, y', to the mixing time-scale K,y'h* (Fig. 1).

With the probability density functions derived from eqgs. (10) and (11), it is
straightforward to derive the mean and higher moments (Fig. 2-5). The mean values
(Fig. 2) show a simple pattern of a strong gradient for low values of K,y 'h? which

breaks down with increasing K,y 'h™.

This breakdown of the gradient occurs first at
the boundaries and then propagates inward as the extent of the boundary effect
increases. The major difference between the mean values predicted by the two models
is the value of T for the homogeneous mixed layer, with the logistic model producing
mean values which are more nearly surface acclimated than those in the first-order
model. This is due to hysteresis, which as represented here, results in faster
acclimation for a shift to high light levels than the reciprocal shifts to low light levels.
The first-order model, lacking hysteresis, produces homogeneity at a mean value for r
corresponding to the mean depth within the mixed layer.

Model results of the variance due to mixing only (Fig. 3) show similar patterns
for both the first order (Fig. 3a) and logistic (Fig. 3b) formulations. Variance due to
other sources is additive to this variance. Because of the curvature in I"_ (a linear
relationship with depth on a log-scale) the variance begins to increase with increasing
K,Y'h? at an intermediate depth near the surface. As increasing K,y 'h? yields higher
variances overall, boundary effects serve to keep the variance near the boundaries to a

minimum, with the maximum variance in the interior (see also Lande and Lewis,

1988). As the mixed layer becomes homogeneous at high K,y'h?, the variance begins
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to decrease with increasing Kyy'h™.

This is due to the inability of the cells to
acclimate to rapidly changing light levels, thus they acclimate to some average
intensity experienced. In addition, because of the hysteresis in the logistic model, the
region of maximum variance is also closer to the surface than in the first-order model.
Due to the additive effect of variance from non-mixing processes, this variance due to
mixing becomes an insensitive indicator of K,y 'h? when the variance attributed to
photoacclimation/mixing processes is much less than that due to other processes.

The third moment, an indicator of skewness, is independent of the
superimposed variation (which in itself has a third moment equal to zero). Thus no
adjustments need to be made to account for changes in the third moment resulting
from non-mixing processes. The third moment (Fig. 4) shows the extent of boundary
effects, as its effect is strongest at the transition range between the near homogeneous
boundary region and the and the interior region with the strong gradient. As was the
case with the variance, the use of the log scaling exaggerates this effect near the
surface and minimizes it near the base of the mixed layer.

The corrected fourth moment (the fourth moment less three times the standard
deviation to the fourth power) (Fig. 5) complements the third moment. The region of
the most negative fourth moment (platykurtosis) corresponds to the area between the
maxima and minima in the third moment. The distribution approaches bimodality in
this region (Fig. 1, K,y'h? = 0.051) due to a "meeting" of the boundary effects from

the upper and lower boundaries.
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Figure 1a - Probability density of a photoacclimative parameter as a function of depth
generated by the first-order photoacclimation-diffusion model (Eq. 10), for a range of
values of Kyy'h? Both depth and the photoacclimative parameter were made non-
dimensional. Depth was expressed as a fraction of the mixed layer depth, h. The
photoacclimative parameter was expressed as the range from the surface fully
acclimated value of the parameter (1";,,) to the fully acclimated value at the base of the
mixed layer (I“;’m). Contours are evenly spaced between zero and the maximum for

each simulation.
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Figure 1b - Probability density functions as in figure la for the logistic
photoacclimation-diffusion model (Eq. 11), for a range of values of Kyy'h% Both
depth and the photoacclimative parameter were made non-dimensional. Depth was
expressed as a fraction of the mixed layer depth, h. The photoacclimative parameter
was expressed as the range from the surface fully acclimated value (I"va) of the
parameter to the fully acclimated value at the base of the mixed layer (T};.). Contours

are evenly spaced between zero and the maximum for each simulation.
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Figure 2 - Contours of mean photoacclimative parameter, I', as a function of depth
(relative to the mixed layer depth) and K,y 'h? for the first-order (a) and logistic (b)
photoacclimation models. The photoacclimative parameter was made non-dimensional

as in figure 1, and the contours are expressed in units of T, _ - T

.
,00
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Figure 3 - Contours of the variance in the photoacclimative parameter, I, as a
function of depth (relative to the mixed layer depth) and K,y 'h? for the first-order (a)
and logistic (b) photoacclimation models. The photoacclimative parameter was made
non-dimensional as in figure 1, and the contours are expressed in units of (T, - [}..)%

Values greater than 2.4 x 10 are significant (see Methods).
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Figure 4 - Contours of the third moment of the photoacclimative parameter, I, as a
function of depth (relative to the mixed layer depth) and Ky h? for the first-order (a)
and logistic (b) photoacclimation models. The photoacclimative parameter was made
non-dimensional as in figure 1, and the contours are expressed in units of (I, . - T;.)".

Values greater than 2.0 x 107 or less than -2.0 X 10° are significant (see Methods).
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Figure 5 - Contours of the fourth moment, less three times the standard deviation to
the fourth power, of the photoacclimative parameter, I, as a function of depth (relative
to the mixed layer depth) and K,y 'h? for the first-order (a) and logistic (b)
photoacclimation models. The photoacclimative parameter was made non-dimensional
as in figure 1, and the contours are expressed in units of (I“",, - r;‘,,,)‘. Values greater

than 4.0 x 10 or less than -4.0 x 10 are significant (see Methods).
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Discussion

The variance and higher moments of a photoacclimative parameter show
distinct patterns that vary as a function of relative photoacclimation and mixing time-
scales (KyYy'h?), and should thus be useful as indicators of vertical mixing processes.
While the mean value is fairly sensitive near the boundaries (Fig. 2), it is a relatively
insensitive indicator of mixing in the interior, sensitive only in the range of K,y 'h?
values near 0.1. While it is still necessary to choose photoacclimative parameters that
change on time-scales commensurate with the mixing time-scale (Lewis et al., 1984a),
the variance and higher moments show increased sensitivity at a wider range of
Kyy'h? values (Fig. 3-5), and thus add dynamic range to the potential use of
physiological properties as indicatérs of mixing processes. As is the case in bulk
property models (Lewis et al., 1984a) the use of additional parameters with different
photoacclimation rates, 7y, will serve to further increase the dynamic range of the
method by effectively shifting the patterns seen in figures 2 through 5 along the
K,Y'h? axis.

The sensitivity of using single-cell photoacclimative properties for quantifying
mixing rates is limited by the presence of other sources of variation in I". Field
measurements of variance in I among a population of phytoplankton cells will be
dominated by the largest source of variability. It is therefore necessary to choose a
photoacclimative parameter with the largest depth gradient (i.e. I'_/T",,) relative to the

variance which can be attributed to sources other that photoacclimation/mixing
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processes.

Boundary effects also play an important role in determining the distributions of
a photoacclimative parameter. Similar to the Lande and Lewis (1988) model, these
results show increasing variance with increasing mixing in the absence of boundary
effects, and decreasing variance as one gets closer to the boundary. In the presence of
two boundaries, however, the variance in a photoacclimative parameter as predicted by
either model will eventually begin to decrease with increasing mixing rates (Fig. 3) as
boundary effects extend throughout the mixed layer. Boundary effects are also visible
in the third moment of the photoacclimative parameter, with the transition region
between the boundary region and the interior showing maxima or minima in the third
moment.

The model presented here is an overly simplistic one; however, it provides an
insightful starting point for understanding the possible effects of mixing processes on
single-cell photoacclimative properties, and the interpretation of observed distributions
of a photoacclimative property in the context of vertical mixing. Future enhancements
to this model include time-dependent photoacclimation kinetics (to reflect the daily
photoperiod) and time- and space-dependent variation in mixing rates (to reflect diel
variations in mixed layer dynamics). A quasi-steady random walk model (steady
mixing on a light:dark cycle) is presented in Chapter V and gives an indication of the
time evolution of the mean and higher moments of a photoacclimative parameter that

might be expected under the daily photoperiod.
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Experimental Analysis of the Simulated Effects of
Vertical Mixing on Picophytoplankton Fluorescence:
A Calibration for Field Applications
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Experimental Analysis of the Simulated Effects of Vertical
Mixing on Picophytoplankton Fluorescence: A Calibration
for Field Applications

Abstract

In order to quantify the effects of mixing across a light gradient on the mean
and higher moments of picophytoplankton single-cell photoacclimative properties ,
laboratory simulations were carried out using a mixostat apparatus. This apparatus,
operating on principles often used in chemostats and cyclostats, is a continuous culture
system which is capable of simulating a random walk across a light gradient. This
random walk is simulated at the individual cell level, so that the effects of mixing
should be evident in the distribution of photoacclimative properties within a
population.

Laboratory simulations of four different mixing rates yield characteristic diel
patterns (10:14 light:dark cycle) in the mean and variance of normalized red
fluorescence of the picophytoplankter Prochlorococcus marinus strain Med4. All four
simulations show increasing gradients in the mean normalized red fluorescence during
the daytime due to photoacclimation, and a breakdown of this gradient during the dark
due to mixing. The corresponding variance also decreases during the day as a result
of photoacclimation, and increases at night at the system is homogenized.

The system was modelled using a simple time-dependent photoacclimation
diffusion model. Model results for the mean and the variance were similar to those
found in the mixostat. These results provide a qualitative basis for interpreting field
observations of picophytoplankton optical properties with respect to the mixing

environment.
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Introduction

Because phytoplankton photoacclimate on a time scale relevant to vertical
mixing, it is important to understand both these processes to interpret and model
profiles of primary productivity, and to interpret ocean color measurements.

Moreover, an understanding of vertical mixing and surface photoinhibition is necessary
for interpreting the effects of increased UV radiation on phytoplankton.

Light-sensitive biological properties have been recognized as potential
indicators for mixing processes for some time. To date, most of the work in this area
has focussed on the use of properties measured on a bulk water sample. These include
photosynthesis-irradiance relationships (Falkowski and Wirick, 1981; Lewis and
Smith, 1983), carbon/chlorophyll ratios (Laws and Bannister, 1980; Geider and Platt,
1986; Cullen and Lewis, 1988), xanthophyll cycling (Welschmeyer, personal
communication), photosynthetic unit size (Falkowski, 1983), photosynthetic enzyme
activity (Rivkin, 1990) and in vivo fluorescence (Therriault et al., 1990). Using bulk
properties as indicators of mixing processes suffers from limitations that they depend
on species composition of the sample and may be expected to vary spatially and
temporally. In addition, the time scales of photoacclimation and vertical mixing must
be similar, otherwise the parameter being measured will not be a sensitive indicator of
mixing rates (Lewis et al., 1984). The use of flow cytometric measurements of
picoplankton optical properties circumvents to some degree both of these limitations
(Chapter IV).

The general model used here to represent the effects of vertical mixing on the
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vertical distribution of a photoacclimative parameter, I', is the reaction-diffusion

equation (Lewis et al., 1984; Cullen and Lewis, 1988):

r r T _-T
IO 9gdl, yr[ - ) (1)

-}

where t is time and z is depth. Mixing is parameterized by a vertical diffusivity, K,
with photoacclimation parameterized as a logistic process (Cullen and Lewis, 1988)
(Chapter III). The purpose of this study was to use single cell optical properties from
cells grown in a controlled mixing environment (K and boundary conditions known)
to calibrate and verify a single-cell version of this model of the effects of vertical
mixing on picoplankton optical properties.

In the past, most studies of phytoplankton physiological responses to
fluctuating light levels have involved placing cultures under a fluctuating light source
(Marra, 1978a) or with bottle incubations of field samples which were cycled up and
down in the water column (Marra, 1978b). Kirkpatrick et al. (1990) have developed
the SUPA ("Self-contained Underwater Photosynthesis Apparatus") which contains a
culture vessel and can be moved in response td water motion (i.e. it can take a random
walk in the water column). In each of these approaches, an entire population of cells
was subjected to fluctuations in light intensity, and relevant physiological parameters,
usually productivity, measured.

In order to investigate the effects of fluctuating light at the single cell level, it

becomes necessary to simulate fluctuating light levels from the viewpoint of a single
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cell. Gallegos and Platt (1982) introduced the SEDA ("Simulated Eddy Diffusion
Apparatus”), which uses a cyclic pumping mechanism to simulate a random walk
across a light gradient. Individual cells in this system cycle independently, and not as
the entire population. We have developed a continuous culture system based on

similar principles as an experimental analog to the upper ocean surface layer.

Mixostat Apparatus

Methods

A set of linked chemostat-like apparati were used to simulate a random walk
through a light gradient similar to that which would be experienced by cells under the
influence of vertical mixing (Fig. 1). This is a closed system of six interconnected
250-ml polycarbonate bottles fitted with a neck fashioned from a Plastipak® syringe
(Becton-Dickinson) (useable volume = 350 ml). The system was housed in an air
cooled light box whose temperature varied with room temperature but was
approximately 21-23°C. Eight "High Output" cool white fluorescent bulbs were used
as a light source. The second through the sixth bottles were screened with increasing
layers of blue filters (Roscolux #62 and #69). Light levels, measured using a
Biospherical Instruments Inc. QSL-100 4w sensor were 500, 260, 110, 50, 24, and
11 uEin m? s respectively. This represents equivalent depth intervals between
bottles, h, of approximately 15 m for an attenuation coefficient measured in the
Sargasso Sea (35°25'N, 66°30'W, October 1989) of 0.05 m'.

Mixing is simulated by using positive air pressure to force a known volume of
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fluid from each bottle to the next. Air pressure was regulated so that during each
cycle 10 ml of the culture from the darkest bottle was transferred to the next, where it
mixed with the contents of that bottle. Then 10 ml of culture from that bottle is
transferred to the néxt and so on until it accumulates in the unscreened bottle. The air
pressure is then reversed, and the same amount of fluid (but not same fluid) is
transferred back. As a cell has a particular probability of being transferred to an
adjacent bottle or remaining in its current bottle during each cycle, this sets up a
random walk at the single cell level along the light gradient. A vertical diffusivity,

Ky, can be calculated from (Gallegos and Platt, 1982):

x - Fa-Ph? o

v T
where F equals the fraction of fluid transferred each cycle (volume fluid
transferred/volume per bottle), h is the depth difference represented by the difference
in screening between adjacent bottles, and T, is the total cycle length. Four cycle
lengths of 2, 4, 16, and 32 min. were chosen, representing diffusivities of 600, 300,
80, and 40 cm’s™' respectively.

The mixostat was also operated as a continuous culture system, similar to a
chemostat or cyclostat. Fresh media was added at the darkest screened bottle, and
overflow culture is removed at the same bottle (Fig. 1). In a conventional chemostat,
the growth rate (at steady state) is equal to and controlled by the dilution rate,

assuming the dilution rate is less than the maximum growth rate as determined by

165



Figure 1 - Schematic of mixostat apparatus. This is a closed system of six
interconnected bottles which are successively screened to represent the light gradient
that occurs with depth in the water column. Continuous culture growth dynamics are
maintained, similar to a chemostat or cyclostat, by a continuous inflow of fresh media
at the darkest screened bottle and waste removal at the same bottle. Fresh media
(nutrients) is transferred to the other bottles by the mixing dynamics of the system.
Vertical mixing is simulated using a cyclic pumping mechanism. Air lines at both
ends of the system are operated by solenoid valves which alternate the incoming air
flow between the darkest and brightest bottles in the system. During each cycle
positive pressure is applied to the darkest end bottle causing a small fraction of the
culture in that bottle to be transferred to the next bottle up, where it mixes with the
contents of that bottle. That same amount of fluid (but not the same fluid) is then
transferred to the next bottle in the series and so on until the fluid accumulates in the
brightest bottle. The air pressure is then reversed and the process repeats in the
opposite direction. Because a cell in the system has a given probability of being
transferred out of its current bottle into an adjacent bottle (or remaining in its current
bottle) during each cycle, this sets up a random walk at the individual cell level across

the light gradient.
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external variables such as light or temperature. The situation where the growth rate
and the dilution rate are equivalent is based on the assumption of instantaneous mixing
throughout the culture vessel, so that nutrients introduced and cells produced are
evenly distributed throughout the vessel. By design, the mixostat violates this
assumption. An overall dilution rate (flow rate/total system volume) for a mixostat
system which is comparable to the maximum growth rate in the system will cause the
darkest screened bottle to experience an effective dilution rate (flow rate/volume per
bottle) which exceeds the maximum growth rate. The washout rate in the darkest
bottle will thus exceed the growth rate, and the difference (at steady state) will be
made up by cells coming in from the second darkest bottle. Thus a gradient in cell
number across the bottles will be established (see Mixostat/Mixed Layer Model,
below). Furthermore, the net overall growth rate in the system will be significantly
less than the dilution rate. As the mixing rate increases, the assumption (for chemostat
theory) of instantaneous mixing is approached, and the growth rate approaches the
overall dilution rate. The dilution rate in the mixostat is analogous to the flux term,
D, in the model presented below. A media inflow rate of 1 ml min" was chosen as it
gave an overall dilution rate of 0.69 d' (total system volume = 2100 ml). Thus at
high mixing rates, cell growth approached 1 doubling per day.

Prochlorococcus marinus strain Med4, isolated from the surface waters in the
Mediterranean Sea, was used because it is one of the hardier strains we have in culture
and seems surface adapted (Moore et al., 1995) Cells were grown in modified K/10

(-Cu) media as in (Chisholm et al., 1992), except that the EDTA concentration was 10
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fold more dilute (1.2 uM) and urea was added. In order to reduce cell densities to a
manageable level for flow cytometric analysis, nitrogen concentrations were reduced
approximately 16-fold to a combination of 3.1 uM NH, and 0.6 pM urea, yielding a
N:P ratio of 0.37. As cell densities responded to changes in nitrogen loading, nitrogen
appears to be the limiting nutrient in the system.

Cells were monitored using a modified FACScan flow cytometer (Dusenberry
and Frankel, 1994) to determine cell concentration, light scatter and red
autofluorescence (due to chlorophyll). Data were collected in list mode, allowing
quantification and data manipulation at the single cell level. Subsequent analysis was
done with CYTOPC flow cytometry analysis software (D. Vaulot). All optical
measurements were normalized to 0.57-um microspheres (Polysciences, Inc.) which
were added to each sample as an internal standard.

The system was operated on a 10:14 light:dark cycle. For each mixing rate,
the system was operated until no changes in cell concentration or fluorescence were
observed for at least 9 days, with samples taken at the same time (mid-afternoon) each
day sampled. Upon reaching this "quasi-steady" state, a time-series of samples were
collected over the 24-hour photoperiod and analyzed using the FACScan.

Red fluorescence signals were normalized to the cube root of the corresponding
forward angle light scatter signal by rotating the two-parameter histogram 18° (Chapter
I, Fig. 1-2). A single parameter histogram of the normalized red fluorescence was
then created, and the method of Sokal and Rohlf (1981) was used to calculate the

higher moments. The third moment was used as an indicator of the skewness of the
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population and a corrected fourth moment (the fourth moment less 3 times the
standard deviation to the fourth power) was used as an indicator of the kurtosis. This
was done to remove sensitivity to intrinsic variation (assuming such intrinsic variation

to be log-normally distributed) (Chapter II).

Results

Time-averaged cell concentration gradients across the bottles show a strong
dependence on mixing rates (Fig. 2). As should be expected, high mixing rates yield
more nearly homogeneous cell concentrations, while low mixing rates show a decrease
in cell number with decreasing light level (bottle) due to the washout effect in the
lowest light bottle. In addition, at the two higher mixing rates, nutrient supply to and
washout from the brighter bottles are faster, thus yielding lower overall cell
concentrations as would be expected from simple chemostat theory (Bazin, 1981).

Patterns of growth and fluorescence in the system also showed a strong
dependence on mixing rates (Fig. 3-6). In all experiments, photoacclimation during
the day drove the development of a gradient in normalized fluorescence across the
bottles. During the dark period, mixing in the absence of photoacclimation reduced
this gradient, and at higher mixing rates, was able to eliminate it.

The higher mixing rate experiments (300 and 600 cm® s') show an interesting
phenomenon not seen elsewhere in my research. Cell numbers increase in early
morning prior to the increase in forward angle light scatter during the day (Fig. 5 - 6).

The reduction in forward angle light scatter that occurs during the dark phase occurs

170



more slowly than the reduction seen in the lower mixing rates. In addition, while
forward angle scatter increases throughout the day, the mean red fluorescence
stabilizes, resulting in the normalized fluorescence showing a drop for all bottles about
halfway through the light period. There is also an overall increase in normalized
fluorescence during the nighttime which is also suggested by the low mixing rate
experiments (Fig. 3-4). This increase appears to be the result of cell shrinkage as
there is a slight decrease in red fluorescence during the night and a greater decrease in
forward angle scatter.

These results suggest that cell growth patterns in the nutrient limited mixostat
show either a lack of phasing of cell division (or non-detectable phasing) or that
division does not occur at dusk. This differs fundamentally from growth patterns in
light limited batch culture, which show division at dusk (Chapter III). Interestingly
enough, this difference appears to be greatest at fast growth rates (i.e. fast mixing
rates), where a division burst occurs early in the light period. This suggests that
nutrient limitation results in cell cycle arrest later in the cycle than does light
limitation (or that light limitation doesn't arrest until after division). Another
possibility is that release from arrest may be faster in nutrient limited cells as opposed
to light limited cells. Most likely, it seems that nutrient limitation prevents cells that
have been light blocked early in their cycle (i.e. cells that divided at dusk) from
dividing before the following dusk, and these cells are thus more nearly ready to
divide at the beginning of the light phase, and do so at that time.

Because these samples were analyzed via flow cytometry, the variance and
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Figure 2 - Time averaged cell concentrations for laboratory mixostat experiment for
diffusivities of 40 cm’s™ (open circles), 80 cm’s™ (closed circles), 300 cm?s™' (open
triangles), and 600 cm’s™ (closed triangles). "Error" bars represent the variation seen
in cell concentrations during the 24-hour experiment. The vertical axis shows the

approximate gradient seen in light intensity across the bottles.
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Figure 3 - Time series observations of P. marinus optical properties in the mixostat
apparatus operated at a simulated diffusivity of 40 cm’s”. Aliquots were analyzed via
flow cytometry to determine (a) cell concentration, (b) forward angle light scatter, and
(c) red autofluorescence due to chlorophyll. Red fluorescence values were also
normalized to the cube root of forward angle light scatter (d) to remove potential cell

cycle patterns in red fluorescence (Chapter II).
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Figure 4 - Time series observations of P. marinus optical properties in the mixostat
apparatus operated at a simulated diffusivity of 80 cm’s”. Aliquots were analyzed via
flow cytometry to determine (a) cell concentration, (b) forward angle light scatter, and
(c) red autofluorescence due to chlorophyll. Red fluorescence values were also
normalized to the cube root of forward angle light scatter (d) to remove potential cell

cycle patterns in red fluorescence (Chapter II).
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Figure 5 - Time series observations of P. marinus optical properties in the mixostat
apparatus operated at a simulated diffusivity of 300 cm’s™". Aliquots were analyzed
via flow cytometry to determine (a) cell concentration, (b) forward angle light scatter,
and (c¢) red autofluorescence due to chlorophyll. Red fluorescence values were also
normalized to the cube root of forward angle light scatter (d) to remove potential cell

cycle patterns in red fluorescence (Chapter II).
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Figure 6 - Time series observations of P. marinus optical properties in the mixostat
apparatus operated at a simulated diffusivity of 600 cm?’s™. Aliquots were analyzed
via flow cytometry to determine (a) cell concentration, (b) forward angle light scatter,
and (c) red autofluorescence due to chlorophyll. Red fluorescence values were also
normalized to the cube root of forward angle light scatter (d) to remove potential cell

cycle patterns in red fluorescence (Chapter II).
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higher moments of normalized fluorescence for the populations in each bottle can be
determined (Fig. 7-10). As discussed earlier, the mean values of normalized
fluorescence (and raw red fluorescence) show a development of a gradient during the
light period due to photoacclimation. The distributions in the high light bottles also
tighten during the day and widen at night as seen by the variance of these distributions
(Fig. 7-10b). This daytime tightening is an indicator of both photoacclimation and
boundary effects, both of which result in tightening of distributions. The apparent lack
of such tightening in the low light bottles (bottles | and 2) suggests that there may be
a cutoff light intensity, below which photoacclimation will not occur. It may also be
partly due to the washing out of cells from bottle 1 (darkest bottle) resulting in a
greater influence of cells higher light bottles in the population found in bottle 1.

If the upper and lower boundaries in the system were reflective, we would
expect to see a skewing of the distributions away from the boundaries (Chapter IV).
Thus we would expect to see a positive third moment in the higher light bottles and a
negative third moment in the low light bottles. However, what we see is a general
pattern of negative third moment throughout, with only the slowest mixing rates
showing near zero or slightly positive values of the third moment in the high light
bottles. The third moment does, however, become increasingly negative as one moves
to lower light levels, as expected.

The third moment also shows a diel pattern at all mixing rates. During the
"daytime," the gradient in the third moment is the strongest, and this gradient breaks

down after the lights go off. This complements the pattern seen in the mean, and is
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expected if the gradient in the third moment is driven by photoacclimation. In the
absence of photoacclimation (when the lights are off) mixing destroys the gradient.
The corrected fourth moment (the fourth moment less three times the standard
deviation to the fourth power) also shows a diel response in the mixostat (Fig. 7-10d),
which is most pronounced at the higher mixing rates. The slowest mixing rate,
40 cm?’s” (Fig. 7) shows negative corrected fourth moment in the interior bottles,
suggesting that the distribution is a flattened one. This is expected in a mixing
environment when upper and lower boundaries exist and mixing is sufficient to just
allow boundary effects to extend into the interior region. In effect, the boundaries are
cutting off the tails of the interior distributions. This variable show minimal change in
the 80 cm’s™' experiment, suggesting a lack of sensitivity to mixing and
photoacclimation induced changes. However, at the high mixing rates, the corrected
fourth moment is reduced during the nighttime, as is intuitively expected from the
homogenization of the cells throughout the bottles. Again, this appears to be the result
of boundary effects, which prevent photoacclimation to light levels above or below
those present within the range in the bottles, thus effectively removing the contribution

of the tails of these distributions.

Mixostat / Mixed Layer Model

The modelling approach here is two-fold. I seek to represent the growth
dynamics of the system as this will determine the distribution of cell number among

the bottles. Then we apply this analysis to develop a quasi-steady photoacclimation
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Figure 7 - Time-series contours of the mean and higher moments of normalized red
fluorescence from the mixostat simulation operated at 40 cm’™'. Shown here are the
(a) mean, (b) variance, (c) third moment, and indicator of skewness, and (d) the fourth
moment less three times the standard deviation raised to the fourth power, an indicator
of kurtosis. Units are in the log scale channel size of data collection, based on 64

channels per decade.
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Figure 8 - Time-series contours of the mean and higher moments of normalized red
fluorescence from the mixostat simulation operated at 80 cm’s!. Shown here are the
(a) mean, (b) variance, (c) third moment, and indicator of skewness, and (d) the founh‘
moment less three times the standard deviation raised to the fourth power, an indicator
of kurtosis. Units are in the log scale channel size of data collection, based on 64

channels per decade.

186



(sinoy) Aeq jo swi|

00-80 0020 00:0¢ 00t 00:80

DOIX Y-

L0126

L01X1'9

OIXLL

OLXg'L

D1X5'|

oixee

L01X62

LIX9'E

Reaais
LIxey  Ed

(,ueyo) sg - Juswopn v (p)

(,ueyo) soueuep (q)

0080 00°¢c0 00:02 O00:¥L 00:80

-~

OLX0'8-
OLX6'G-
OLX6°E

ot

© O <+ ™ o

o1x1g | .
(;ueyo) yuawop e (0)

>—

01X2'9
01X9°/
Oixpg k

O1X€'6

© v < O «

(ueyo) uesyy (e)
- A .
mec._o 08 = )Y | .ﬁmwwox__\/_

IBquinN ajlog

187



Figure 9 - Time-series contours of the mean and higher moments of normalized red
fluorescence from the mixostat simulation operated at 300 cm®s™. Shown here are the
(a) mean, (b) variance, (c) third moment, and indicator of skewness, and (d) the fourth
moment less three times the standard deviation raised to the fourth power, an indicator
of kurtosis. Units are in the log scale channel size of data collection, based on 64

channels per decade.
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Figure 10 - Time-series contours of the mean and higher moments of normalized red
fluorescence from the mixostat simulation operated at 600 cm’s™. Shown here are the
(a) mean, (b) variance, (c) third moment, and indicator of skewness, and (d) the fourth
moment less three times the standard deviation raised to the fourth power, an indicator
of kurtosis. Units are in the log scale channel size of data collection, based on 64

channels per decade.
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diffusion model of the mean and higher moments of P. marinus light scatter and

fluorescence.

Model Assumptions: Growth Model

The growth model was developed as the continuous analog to the mixostat
continuous culture system discussed above. This was modeled as a continuous system
instead of a discrete system representing the six actual bottles in the mixostat system
so that the equations presented here can be readily incorporated into a
photoacclimation-diffusion model for a continuous mixed layer.

The model assumes a surface layer of depth, h, with constant mixing
throughout parameterized by a constant diffusivity, Ky. Fresh nutrients are supplied
across the boundary, but it was necessary to assume that cell densities below this layer
are zero. Thus the flux of cells is strictly out of the mixed layer. In a continuous
system subject to these assumptions, cell concentration, n, and substrate (nutrient)

concentration, S, can be modelled with one-dimensional diffusion equations:

on Kazn

E‘ = v; +ll.n ‘Dna(Z‘h) (3)
as &*S pun

— =K~ -—+D(S, - $)8(z-h €]
D -k - DS, - 5)-h) |

where n and S are cell and substrate concentrations, respectively, t is time, z is depth,

K, is the vertical diffusivity, p is the growth rate of cells, Q is the cell quota for S and
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D is the effective dilution rate. The dirac delta terms represent flux out of the system
across the lower boundary, and the flux of fresh substrate into the system at the same
boundary. Growth is assumed a function of substrate concentration according to

Monod kinetics:

o= — (5)

where ., is the maximum growth rate (at a given light intensity) and k, is the half-
saturation constant. It was assumed that k, and Q were independent of depth and
constant, ignoring growth dependence of Q (see Model Results: Growth Model
below). Data from Moore et al. (1995) and growth rates from the laboratory
experiment in Chapter III were fitted to an empirical relationship for p,, similar to that

used by Platt et al. (1980) for photosynthesis:

s 1-e —al/ﬂf,,)e -Blly,, (6)

where I is the light intensity, o and P are empirical constants, and p; is the maximum
growth rate at saturating light intensities. Values of o = 3.8 x 10%, B = 2.8 x 10 and
p = 0.62 d"' were obtained by non-linear curve fitting software (Jandel Scientific,
1992).

Reflective boundary conditions were imposed at both the upper and lower

boundaries:

M0 atz=0h (7
&
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Equations (3) through (8) define the growth dynamics for the continuous box model
approximation to the mixostat system.

The growth model was solved for various substrate quotas ranging from 1.7 x
10"° to 6.7 x 107'° moles N per cell, representing C:N ratios in the range of 6 to 11
(R. Olson, personal communication) and cell diameters of 0.6 to 0.8 um (Chisholm et
al., 1988). Carbon content of P. marinus was assumed similar to Synechococcus spp.
at 200 fg C um™ (Waterbury et al., 1986). There was still one to many unknowns at
this point, so surface cell concentrations were taken as equal to the daily average in
the unscreened bottle in the corresponding laboratory experiment.

Model simulations were done for diffusivities of 600, 300, 80, and 40 cm?s,

corresponding to those diffusivities done experimentally in the lab.

Model Assumptions: Photoacclimation - Diffusion Model

Superimposed upon the dynamics of cell growth is the photoacclimation of
individual cells in response to changes in light intensity induced by vertical mixing.
Equation (1) was used to represent the time rate of change in a photoacclimative
parameter, I'. The fully acclimated value of the photoacclimative parameter, I"_, is
represented as a linear function of depth (Appendix C, see also Chapter III).
Reflective boundary conditions for I', similar to those for n and S in the growth
model, are also imposed:
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Cell concentrations derived from the mixostat growth dynamics model were
used to as an input to the photoacclimation diffusion model, which was solved using a
finite difference numerical algorithm (Appendix E). The photoacclimation-diffusion
model necessarily incorporates the 10:14 light:dark cycle, and a quasi-steady state
solution was sought based on the 24-hour photoperiod such that each day is the same
as the previous day. A photoacclimation rate, 7, of 3.5 d" was used for the light
period (Appendix C). The photoacclimation rate was assumed to be zero during the
dark phase. Model simulations were done for diffusivities of 600, 300, 80, and 40

cm’s™!, again corresponding to those diffusivities done experimentally in the lab.

Model Results: Growth Model

This model predicts a strong dependence of cell concentrations on K, (Fig. 11).
Cell numbers show an increasing depth (bottle) gradient with decreasing mixing rates,
as expected since mixing tends to homogenize the bottles. While both S and p were
found to be sensitive to Q (Fig. 12, 13), cell concentration profiles depend primarily
on the diffusivity, and were relatively insensitive to Q (Fig. 11). Time averaged cell
concentrations from the mixostat show patterns very similar to that predicted by the
model presented here (Fig. 2, 11).

The growth model predicts growth rates at the higher mixing rates (Fig. 13c, d)

equivalent to light limited growth rates. Because the mixostat maintained steady-state
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Figure 11 - Cell concentrations predicted by the growth model for diffusivities of (a)
40 cm’, (b) 80 cm’™, (c) 300 cm’s™ and (d) 600 cm’s™. Lines represent cell quotas
of 1.7 x 107** mol N cell”! (solid), 4.5 x 10"® mol N cell”' (long dash) and 7.2 x 10
mol N cell' (short dash). Lines were not shown if cell quotas were too large for
incoming nutrient concentrations to support cell concentrations observed in the
unscreened bottle in the corresponding mixostat experiment. Symbols are time-

averaged concentrations from the mixostat observations (Fig. 2).
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Figure 12 - Substrate (nitrogen) concentrations predicted by the growth model (as in
figure 11) for diffusivities of (a) 40 cm’s™', (b) 80 cm’s”, (c) 300 cm’s™" and (d)

600 cm’s™'. Lines represent cell quotas of 1.7 x 10™'° mol N cell”! (solid), 4.5 x 10
mol N cell! (long dash) and 7.2 X 10"® mol N cell (short dash).
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Figure 13 - Growth rates predicted by the growth model (as in figure 11) for
diffusivities of (a) 40 cm’s™, (b) 80 cm’, (c) 300 cm?™ and (d) 600 cm?s". Lines
represent cell quotas of 1.7 x 10™'® mol N cell” (solid), 4.5 x 10" mol N cell"! (long
dash) and 7.2 x 10"® mol N cell’ (short dash). Light limited growth rates (based on
Moore et al., 1995) are indicated. In (c) and (d), all simulations yielded growth rates

that closely approximated the light limited growth rate.
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cell concentrations during these two simulations (no washout), this indicates a
maximum growth rate in the mixostat greater than the 0.62 d' (estimated from batch
culture experiments) used here. There is no reason, a priori, to expect cultures under

fluctuating light regimes to exhibit growth rates equivalent to those in steady light.

Model Results: Photoacclimation-Diffusion Model

Similar trends are evident in all four of the mixing rates modelled (Fig. 14-17).
In each, a gradient in the mean value develops during the day as a result of
photoacclimation; this gradient begins to break down immediately upon darkness,
with the highest mixing rate (600 cm’s™) achieving homogeneity within the first few
hours of darkness, similar to the results seen in the mixostat. Also as seen in the
mixostat, the slower mixing rates were unable to attain homogeneity during the dark
phase as modelled.

The variance further reflects the mixing dynamics. The nighttime variance
decreases with increasing mixing rates (within the range explored here), due to the
homogenization of a weaker gradient in I. Higher mixing rates during the day
prevent the development of a strong gradient in I', mixing during the night simply
homogenizes an already more nearly homogeneous mixed layer. In addition, patterns
of change in the variance in I" during the light period show an initial tightening of the
variance in all four mixing rates studied. This tightening is significantly faster than
the change in the mean values, in agreement with Lande and Lewis's (1988) finding

that the variance responds at a time scale of 2y
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At the higher mixing rates, the variance begins to increase after this initial
tightening. This is analogous to Lande and Lewis' (1988) finding that the variance
was proportional to Kb*y" (at steady state, in the absence of boundary effects), where
b was the gradient (dT"_/0z) in the fully acclimated photoacclimative property. Here,
in a time-dependent model, the development of a gradient in the mean must precede
the increase in variance. This increase in variance at the end of the light period is not
as pronounced in the slower mixing rates modelled (Fig. 14-15), showing that both
sufficient mixing and a gradient in the mean of the photoacclimative property are
necessary to increase the variance in a photoacclimative property.

The third moment, an indicator of the skewness of the distribution, shows
positive values at the surface boundary and negative values at the lower boundary as
would be expected from boundary effects (Fig. 14-17c) (see also Chapter IV). This
skewing shows a maxima and minima away from the boundaries rather than at the
boundaries, similar to results seen in stationary model simulations (Chapter IV, Fig. 4).
These maxima and minima correspond to a transition between the near boundary
homogeneity seen in the mean and the sharper gradient seen in the interior. It thus
gives a direct indication of boundary effects. The mixostat shows a slight, but rather
limited semblance to these patterns (Fig. 7-10c).

The "corrected” fourth moment (Fig. 14-17d) shows patterns that complement
those seen in the third moment. The interior region shows more negative corrected
fourth moment, suggesting flattened distributions. This is expected from the interior

gradient in the mean values coupled with the reflective boundary effects. The
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Figure 14 - Model simulations (Eq. 7 and 8) of the mean and higher moments of a
photoacclimative property, I, in a mixed layer with a diffusivity of 40 cm’s™, and a
photoacclimative rate, 7, of 3.5 d'. Plots show the (a) mean, (b) variance, (c) third
moment, and (d) fourth moment less three times the standard deviation raised to the
fourth power. A 10:14 light-dark cycle was used, with the black boxes representing
the period when the lights are "off" in the model. The photoacclimation rate was
assumed to be zero during this dark period. Units are a non-dimensional log-scaling
of the ratio between the photoacclimative optimum, I, at the base of the mixed layer

to that at the surface.
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Figure 15 - Model simulations (Eq. 7 and 8) of the mean and higher moments of a
photoacclimative property, I', in a mixed layer with a diffusivity of 80 cm’!, and a
photoacclimative rate, 7, of 3.5 d'. Plots show the (a) mean, (b) variance, (c) third
moment, and (d) fourth moment less three times the standard deviation raised to the
fourth power. A 10:14 light-dark cycle was used, with the black boxes representing
the period when the lights are "off" in the model. The photoacclimation rate was
assumed to be zero during this dark period. Units are a non-dimensional log-scaling
of the ratio between the photoacclimative optimum, I, at the base of the mixed layer

to that at the surface.
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Figure 16 - Model simulations (Eq. 7 and 8) of the mean and higher moments of a
photoacclimative property, I', in a mixed layer with a diffusivity of 300 cm’s™, and a
photoacclimative rate, v, of 3.5 d"'. Plots show the (a) mean, (b) variance, (c) third
moment, and (d) fourth moment less three times the standard deviation raised to the
fourth power. A 10:14 light-dark cycle was used, with the black boxes representing
the period when the lights are "off" in the model. The photoacclimation rate was
assumed to be zero during this dark period. Units are a non-dimensional log-scaling
of the ratio between the photoacclimative optimum, I'_, at the base of the mixed layer

to that at the surface.
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Figure 17 - Model simulations (Eq. 7 and 8) of the mean and higher moments of a
photoacclimative property, I, in a mixed layer with a diffusivity of 600 cm’s™!, and a
photoacclimative rate, vy, of 3.5 d'. Plots show the (a) mean, (b) variance, (c) third
moment, and (d) fourth moment less three times the standard deviation raised to the
fourth power. A 10:14 light-dark cycle was used, with the black boxes representing
the period when the lights are "off” in the model. The photoacclimation rate was
assumed to be zero during this dark period. Units are a non-dimensional log-scaling
of the ratio between the photoacclimative optimum, I, at the base of the mixed layer

to that at the surface.
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boundaries effectively limit contributions at the tails of the interior distributions.

Both the mean and higher moments show attenuated gradients with increasing
mixing. This seems to be a result of the range of values chosen to be modelled here.
Stationary model results (Chapter IV, Fig. 3-5) show maxima and minima for the
higher moments (as a function of the ratio of photoacclimation and mixing time
scales) in a region of intermediate mixing rates. The lowest diffusivity modelled here,
40 cm’s!, corresponds to a value for the ratio of the photoacclimative time scale to the
mixing time scale, Kyy'h?, of 1.8 x 10?, which is near the region of maxima and
minima in the stationary model (Chapter IV, Fig. 3-5). I would therefore expect that
higher mixing rates should result in weaker gradients in the higher moments with time
.and depth as seen here. I would further expect that slower mixing rates than the 40
cm’s” modelled here should yield a similar response (i.e. weaker gradients with

decreasing mixing rates).
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Discussion

Using a variation of the standard cyclostat and the SEDA apparatus of Gallegos
and Platt (1982), a system was developed which can be used to simulate the effects of
a random walk among individual phytoplankton cells. Nutrient supply, light levels
and light gradient, and mixing rates can all be regulated independently, simulating
differing mixing environments. The system can simulate the random walk, and
produces picoplankton fluorescence distributions in P. marinus strain Med4 which
have characteristics consistent with both model and field observations.

Model analysis suggests that gradients in cell concentrations in the laboratory
experiment are primarily influenced by mixing rates, and relatively insensitive to
nutrient uptake kinetics. This system shows how we might expect a nutrient that is
supplied from below the mixed layer (or perhaps from above - through the air-sea
interface) to affect growth within the mixed layer. Picoplankton cell concentrations in
the field tend to be homogeneous (in our observations) throughout the mixed layer,
indicating either rapid mixing at some point during the day to reestablish homogeneity
or that (net) growth rates in the field show insufficient gradient with depth to drive a
gradient in cell number.

Mixing rates and photoacclimation have a significant effect on picoplankton
single cell light scatter and fluorescence properties and their distributions. This effect
can be predicted using a simple single cell one-dimensional photoacclimation-diffusion
model. The laboratory, model, and field data show similarities, particularly in the

variance of the photoacclimative parameter. All show tightening of distributions
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(decreased variance) during the daytime due to photoacclimation and homogenization
of these distributions with resultant increase in variance during the nighttime due to
mixing in the absence of photoacclimation. A cruise to the Sargasso Sea time-series
shows a region of relatively high variance in Prochlorococcus spp. normalized red
fluorescence at the end of the day (Chapter II, Fig. 8b, 20 m). This effect is also
predicted by the quasi-steady model presented here, with increasing variance in the
photoacclimative parameter following the development of a gradient in the mean (see

Model Results: Photoacclimation-Diffusion Model above).
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Future Directions

I present in this thesis a framework for investigating the implications of vertical
mixing on phytoplankton physiology and also the potential for the use of physiological
properties measured at the individual cell level to infer mixing processes. This thesis
presents several avenues for future research, in each of the modes used in this work:

field, laboratory, and modelling efforts.

Field

Field observations of picophytoplankton single cell light scatter and
fluorescence properties coupled directly with microstructure measurements of mixing
dynamics should facilitate calibration and validation of modelling efforts. Calibration
and validation efforts are currently limited to laboratory experiments under controlled
mixing rates.

Another interesting aspect of field studies is the characterization of
Synechococcus spp. light scatter and fluorescence properties. Because of the limited
sample volumes analyzed for the purposes of this research, Synechococcus spp.
population data is sparse. Prochlorococcus spp. generally outnumber the
Synechococcus spp. by a factor of 3-10 in the locales sampled here. Use of faster
sample flow rates on the flow cytometer would allow quantification of sufficient
numbers of Synechococcus spp. to obtain accurate estimates of the distribution of
optical properties within a sample population. The benefits of looking at

Synechococcus spp. data are two-fold: it allows validation of model efforts with a
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second, independent organism, and it facilitates physiological comparisons of
Synechococcus spp. and Prochlorococcus spp.

Field time-series observations from mixing environments not presented here
would also help round out the field picture. Unfortunately, it is difficult to plan what
will happen in the field before beginning a sampling program. One interesting
situation for study would be a deep-mixed layer without diurnal stratification.
However, such mixed layers are typically found under conditions unfavorable for over-
the-side shipboard research (high winds, high seas). An additional situation which
should lead to a better understanding of high light photoacclimation kinetics is to
study a well stratified surface layer (i.e. shallow seasonal mixed layer) (see Appendix
A). In the past, such systems have been difficult to study due to a lack of necessary
sensitivity in instrumentation to study the dim surface cells. Improvements in
instrument sensitivity (Olson et al., 1990; Dusenberry and Frankel, 1994) should make

dim Prochlorococcus spp. from stratified surface waters easier to detect and quantify.

Laboratory

As discussed in Chapter III, acclimation to high light levels appears to be
fundamentally different than acclimation to "intermediate” light levels, even if cells
were previously acclimated to a low light level. This is especially evident in the
apparent increase in normalized fluorescence during the nighttime for the high-light
shifted cells in the experiment presented in Chapter III. At intermediate intensities,

the dominant mechanism appears to be more of a dilution effect (increase in forward
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angle light scatter or size) rather than a degradation effect (decrease in red
autofluorescence) as seen at higher light levels. In order to fully understand the
kinetics of acclimation to a fluctuating light environment, these processes need further
quantification.

The mixostat apparatus has several extensions into future research. It is an
ideal tool for studying the effects of continuous random movements through a light
gradient on any number of phytoplankton physiological properties or productivity. Of
particular interest is the kinetics of change in pigment concentrations in a dynamic
environment, and the relationship between these changes and productivity.

Because the mixostat is a continuous culture system and can generate
simultaneous light and nutrient gradients, ecological studies can be conducted
involving the coexistence of two or more types or species of organisms. With slight
modifications, is should also be possible to incorporate temperature gradients, further
increasing the usefulness of the system. As an example, the coexistence of several
strains of Prochlorococcus marinus or of Prochlorococcus spp. and Synechococcus
spp. can be explored under conditions of different nutrient and light levels. If
appropriate organisms are selected, it is conceivable that both should be able to occupy
the apparatus at steady-state, with each organism in its own "niche" within the

mixostat.

Modelling

The modelling efforts presented in this thesis can be improved upon in several
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ways. The stationary model presented in Chapter IV could be extended to a time
dependent model. Given some initial conditions, one could thus track the change in
distributions of photoacclimative properties with time. In addition, a depth and time
dependence of the diffusivity, Ky, can be incorporated. Both of these changes allow
for a more realistic representation of the physical dynamics of the open ocean.
Another aspect of future model efforts is the inclusion of different eddy sizes
into the model instead of using the simple parameterization of a diffusivity. This

would allow separation of the length and time scales for mixing.
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Chapter II Ancillary Data

Sargasso Sea, Oligotrophic, January 1992

I present here raw data for Prochlorococcus spp. light scatter and fluorescence
from a time-series of samples taken from the Sargasso Sea (26°51'N, 67°44'W) in
January 1992. The sample collection and data analysis methods are the same as in
Chapter II for the deep-mixed layer time series. These results are from a well
stratified oligotrophic region (Fig. 1), and were included as an appendix rather than in
Chapter II because the FACScan was not sufficiently sensitive to detect all of the
extremely dim Prochlorococcus spp. from the near surface samples. However, these
populations exhibit interesting patterns in light scatter and fluorescence that are worth
noting for their similarities to laboratory results (see below).

This time-series shows a markedly different diel pattern in Prochlorococcus
spp. mean forward angle light scatter and red fluorescence (Fig. 2). Because part of
the surface populations (during the day, Fig. 2) were not detected during flow
cytometric analysis, surface cell concentrations will be underestimated while red
fluorescence will be overestimated. Prochlorococcus spp. forward angle light scatter
remains essentially constant, unlike the strong patterns seen during the time-series
presented in Chapter II (Chapter II, Fig. 5, 7). These cells display more than a factor
of two larger signal in forward angle light scatter than those in the October Sargasso
Sea time-series (Chapter II, Fig. 5). In this larger forward scatter region, the forward

scatter signal may respond less strongly to cell size (Appendix B). As a result,
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Figure 1 - Density (sigma-theta) measurements from a time-series of profiles taken in
the Sargasso Sea (26°51'N, 67°44'W) in January 1992. Near surface values were
unreliable. However, there is a suggestion of near homogeneity in the upper 20 m
during the first day, with a thermocline immediately below. The second day has a
deeper seasonal thermocline, indicating a change in water mass. During this second
day, there is also an indication of surface warming during the day, resulting in a

shoaling of the mixed layer.
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Figure 2 - Flow cytometric observations of Prochlorococcus spp. for the upper 50 m
from the same time-series of figure 1. Cell concentration (a), mean forward angle
light scatter (b), mean red autofluorescence (c), and the mean red fluorescence
normalized to the cube root of the mean forward angle light scatter (d) were
determined using a FACScan flow cytometer. Fluorescence and scatter measurements

are all relative to 0.57-pm microspheres ("beads").
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changes in forward scatter corresponding to cell division could be significantly less
strong. Cell division may also not be phased or the growth rate may be insufficiently
large to cause a detectable pattern in forward angle light scatter (Appendix B).

Because of the lack of change in the forward angle light scatter signal, the
normalized red fluorescence (Fig. 2d) shows essentially the same patterns as the mean
non-normalized red fluorescence (Fig. 2c). Both show a depression in fluorescence
beginning at dawn and continuing until early afternoon on both days. This depression
is similar to that seen in the laboratory in batch cultures of Prochlorococcus marinus
strain Med4 grown at high light intensities (> 320 uE m’s" or about 40 - 50 m here)
(Chapter III, Fig. 2, 5) and in field bottle incubations at near surface intensities
(Chapter III, Fig. 16, 17).

The water column during the first day of this time-series is more strongly
stratified than that seen in the October Sargasso Sea time-series discussed in Chapter
II. Cells near the surface would thus be expected to spend more time at (or be
"trapped” at) high light intensities. These observations seem to indicate that this
strong depression followed by an increase in red fluorescence occurs when cells are

"trapped" at high light intensities, either in bottles or due to stratified conditions.
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