1420

Limnol. Oceanogr., 45(6), 2000, 1420-1425
© 2000, by the American Society of Limnology and Oceanography, Inc.

Notes

In vivo estimation of the photosystem Il photochemical efficiency of individual
microphytobenthic cells using high-resolution imaging of chlorophyll a fluorescence

Abstract—Rates of primary production by intertidal micro-
phytobenthos within biofilms have been shown to be very
high. An essential step toward assessing the contribution of
individual species to this level of production is the in vivo
measurement of photosynthetic efficiency from individual
cells. A strong relationship between photosystem 11 photo-
chemical efficiency and the fluorescence parameter F'/F .’
(where F = F,/ — F’) has been established within higher
plants and unicellular algae. Calculation of F,'/F ' requires
measurement under constant light (at the F’ level of fluores-
cence) and during a pulse of saturating light (at the F,,/ level
of fluorescence). High-resolution imaging of chlorophyll fluo-
rescence at the F' and F,,’ levels has allowed the construction
of F,'/F,’  images from individual cells of several species of
diatom and Euglena sp. within intact biofilms. No species dif-
ferences in the values of F,'/F, were observed at low levels
of incident light. However, Euglena sp. showed significantly
higher F'/F,’ values at moderate to high incident light levels
than all of the diatom species. Endogenous rhythms of vertical
migration during tidal exposure and peaks in photosystem 11
photochemical efficiency at low tide could also be followed
using this technique. Clear differences were observed in the
migration of individual taxa to the surface of the biofilm. Im-
ages of F.'/F,' were also used to assess the scale of hetero-
geneity for this parameter. Overall, these data demonstrate that
high-resolution imaging of chlorophyll fluorescence is a valu-
able technique that allows for determination of the photosys-
tem Il photochemical efficiency from different microphyto-
benthic taxa within biofilms.

Microphytobenthos are the dominant primary producers
within cohesive intertidal and shallow subtidal sediment hab-
itats. Estimates of microphytobenthic primary production
range from 30 to 230 g C m~2 yr—* (Maclntire et a. 1996;
Underwood and Kromkamp 1999), a figure that represents
approximately 50% of the primary productivity of some es-
tuarine regions (Underwood and Kromkamp 1999). Micro-
phytobenthos also play an important role in the stabilization
of sediments, primarily through formation of biofilm struc-
tures that results from production of exopolymers (Paterson
1989; Smith and Underwood 1998).

Despite the importance of biofilms to the ecology and dy-
namics of intertidal systems, our understanding of the eco-
physiology of microphytobenthos is relatively poor. The
composition of biofilms is also known to change rapidly in
response to factors such as temperature, salinity, nutrients,
high light, and ultraviolet B (UVB; Blanchard et al. 1996;
Barranguet et al. 1998; Underwood et al. 1998, 1999). Biof-
ilm species composition varies throughout the annual cycle
(Underwood and Kromkamp 1999) and changes in species
composition have been suggested to explain differences in
photosynthetic performance (Blanchard et al. 1996; Kro-
mkamp et al. 1998).

Data from a number of studies indicate that conventional

(integrated) modulated fluorometry allows for the rapid and
reproducible measurement of meaningful fluorescence pa-
rameters, in situ and in vivo (i.e., within intact biofilms), at
temporal and spatial scales that are relevant to microphyto-
benthic ecology (Serddio et al. 1997; Hartig et al. 1998;
Kromkamp et al. 1998; Underwood et al. 1999). Thisisin
contrast to studies using microelectrodes, where adequate
replication within a short time period is problematic, and “C
and oxygen exchange techniques that require long incuba-
tions and involve substantial ateration of environmental
conditions (Underwood and Kromkamp 1999).

Modulated chlorophyll fluorometry has been widely used
to investigate photochemical activity within higher plants.
For useful information to be retrieved, it is normally nec-
essary to measure the fluorescence signal under constant
light (F, or F" in the dark- and light-adapted states, respec-
tively) and the maximum level of chlorophyll fluorescence
(F,, or F,’ in the dark- and light-adapted states, respective-
ly), which has been achieved here by the application of sat-
urating, multiple turnover pulses. The fluorescence parame-
ter F//F,’ (where F; = F, — F') is of particular value,
because it is theoretically proportional to the yield of pho-
tosystem |1 (PS 1) photochemistry and has frequently been
shown to have a strong, quantitative relationship with the
quantum yield of CO, assimilation (¢.,) (Genty et a. 1989;
Di Marco et al. 1990; Krall and Edwards 1990; Edwards and
Baker 1993). Significant correlations between the apparent
efficiency of PS Il photochemistry (estimated from chloro-
phyll fluorescence) and the yield of O, evolution have aso
been observed in both phytoplankton (Falkowski et al. 1991;
Kolber and Falkowski 1993) and microphytobenthos (Hartig
et al. 1998).

The species composition of microphytobenthic biofilms
within the estuarine environment is know to vary both spa-
tially and seasonally and also in response to various anthro-
pogenic causes, such as organic pollution (Underwood 1994,
1997; Peletier 1996; Underwood et a. 1998). Though studies
on single speciesin culture and sediment slurries (Blanchard
et al. 1996; Hartig et a. 1998) have provided valuable data
on the response of microphytobenthos to changing environ-
mental conditions, the potential importance of light, nutrient,
and CO, limitation in vivo can only be assessed through
measurements on undisturbed biofilms at a scale appropriate
to the processes concerned (Kromkamp et a. 1998). This
type of investigation is complicated by the intimate relation-
ship between the biofilm and substratum, including rapid
attenuation of photosynthetically active photon flux density
(PPFD) within the sediment that restricts the majority of
photosynthesis to the top 200—400 um, and the typically
wide species diversity (Underwood and Kromkamp 1999).

The development of high-resolution chlorophyll fluores-
cence imaging, based around a fluorescence microscope (Ox-
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borough and Baker 1997a,b), has allowed measurement of
established fluorescence parameters at the subcellular level
in higher plants. The main aim of this study was to evaluate
this system as a noninvasive technique for determining the
relative PS Il photochemical efficiency of microphytoben-
thos on fine intertidal sediments. Fluorescence microscopy
has been employed in estimation of the maximum photo-
chemical efficiency at PS Il within single cells of pelagic
algae (Olson et al. 1996). However, this earlier system relied
upon the isolation of a single cell within the field of view
for each measurement and could not be used for estimation
of the operating efficiency of PS Il photochemistry (through
F,/F.") or for the simultaneous measurement of this param-
eter from a large number of cells.

In this study, chlorophyll fluorescence has been imaged at
steady state (F') from individual cells within intact biofilms
at PPFD values of between 60 and 800 umol m=2 s, Im-
ages were also taken at the F,, level of fluorescence, during
pulses of saturating light, within 2 s of each F’' image. From
these two images, plus appropriate corrective images (Ox-
borough and Baker 1997a), it was possible to construct im-
ages of F.'/F,’ from natural sediment biofilms that had been
subjected to minimal disturbance. It is possible to calculate
vaues of F,//F .’ at the level of individual microphytobenth-
ic cells with this system and, simultaneously, to follow the
patterns of vertical migration of different taxa.

All of the images used in this study were taken using a
10X objective that provides a pixel resolution of (2.14 pwm)?2
and covers an area of 0.82 mm X 1.24 mm (1.02 mm?2).
Exposure times for images of F were between 1 s at a PPFD
of 790 umol m=2 s~* and 15 s at a PPFD of 60 wmol m~2
st Images of F, were taken over the last 250 ms of a 600-
ms saturating pulse at 12,400 umol m=2 s, Using a com-
puter program written specifically for use with this system,
it was possible to construct an image of F;'/F,' and deter-
mine a mean value for this parameter within a few seconds
of the end of the F,’ pulse. Consequently, changes in F,'/
F,. could be followed in real time, ensuring that a steady-
state rate of photosynthesis had been attained at each PPFD,
where appropriate. Individual cells were isolated within im-
ages using editing tools built into the computer program
(Fig. 1). In many instances, a small degree of cell movement
occurred between imaging at F' and F,,’. This could usually
be compensated for by using a nudging facility within the
computer program (Fig. 1D). In thisinstance, the F, image
(green pixels) was nudged up one pixel, which led to a mar-
gina decrease in the range of pixel values within the fina
image of F//F," (not shown), but no measurable change in
the value of F,/F .

Measurements were made on a number of samples of in-
tertidal biofilms, collected during March and April 1998. The
data presented in Figs. 2, 3, and 4 are from two such sam-
ples. The first was collected on 18 March 1998 from Colne
Point, Essex, U.K. and imaged on 19 March 1998 (sample
M19), while the second was collected Alresford Creek, Es-
sex, U.K. on 1 April 1998 and imaged on 2 April 1998
(sample A02). Sampling occurred during daytime low tides
and involved removing the top 1 cm of sediment using a flat
metal plate and carefully placing it in a petri dish, ensuring
minimal disturbance of the sediment surface. Sediment sam-
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ples were maintained at in situ temperatures under natural
illumination and imaging was undertaken during the subse-
quent daytime low tide period, in synchrony with the en-
dogenous vertical migratory rhythm of the microphytoben-
thos.

Figure 2A and C are F,,’ images from samples A02 and
M19, respectively, taken once a steady state had been
reached at a PPFD of 200 umol m-2 s* (after at least 30
min). The species composition of the surface assemblage of
sample A02 was diatom rich, being composed of Plagiotro-
pis. vitrea (66%); small Navicula, predominantly N. phyllep-
ta (Kutz.) and N. flanatica (Grun) (16%); Pleurosigma an-
gulatum (7%); Nitzschia sigma (Kitz.) W. Smith (5%);
Gyrosigma littorale (4%); and Euglena sp. (4%). Converse-
ly, sample M19 was comparatively rich in Euglena sp., the
overall composition being Euglena sp. (40%); P. vitrea
(29%); P. angulatum (18%); G. littorale (3%); Diploneis
didyma (Ehrenberg) Cleve (3%); and small Navicula, pre-
dominantly N. phyllepta and N. flanatica (3%). Figure 2B
and D are false color images of F,'/F,’ from the same areas
of samples A02 and M19 as Fig. 2A and 2C, respectively.

To determine the level of variation within the images
shown in Fig. 2, regions were isolated using quadrats of
different sizes. The quadrat sizes used were 25 X 25 pixels
(2,862 um?), 50 X 50 pixels (11,499 um?), 75 X 75 pixels
(25,760 wm?), 100 X 100 pixels (45,796 um?), and 150 X
150 pixels (103,041 wm?). Twelve independent quadrats of
each size were placed at random locations within images. A
single mean value for F,'/F " within each quadrat was cal-
culated using the sums of all values of F,/ and F’ within
each quadrat; i.e, as (XF,/ — XF')/3F,/, rather than the
mean of X2([F,) — F']/F.) (Fig. 3A,B). Because the inte-
grated means were calculated after summing all values with-
intheF,’ and F' images, these measurements are analogous
to those made by a conventional (integrating), modulated
fluorometer. A second mean value was calculated for cells
that could be isolated at the sediment surface within each
quadrat (Fig. 3A,B). The coefficient of variation (CV) of F'/
F.. was calculated for each quadrat size; from both the in-
tegrated mean values and the cells isolated at the sediment
surface (Fig. 3C,D). There were significant declines in the
CV of F,/F,’ with increasing spatial scale for both types
of biofilm and both types of mean values. The dependence
of CV on quadrat size was most apparent with the mean
values derived from cells isolated at the biofilm surface of
sample M19. It is clear, from these data, that the variation
within an image is unlikely to contribute, significantly, to
the standard error about the mean of samples from different
sites or different regions of the same site.

In sample A02, the integrated means of F,'/F,’ were sig-
nificantly higher than the means derived from cells isolated
a the biofilm surface, at all quadrat sizes (ANOVA P <
0.01) (Fig. 3A). This observation is likely to be due to a
significant fluorescence contribution from cells at depth,
where values of F'/F, are likely to be lowered as the result
of attenuation of incident PPFD by the sediment. In contrast
to the data from sample A02, there was no measurable dif-
ference between the values of F,'/F ' from cells isolated at
the biofilm surface of the Euglena-rich biofilm (sample
M19) and integrated means from the whole film (Fig. 3B).
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Fig. 1. Method used to determine values of F,/F,’ for individual cells within biofilms. Part A
shows a grayscale image taken at the F’ level of fluorescence through the 40X objective. The inset
shows the cell that has been isolated for analysis. Part B shows the first stages of editing that involve
the exclusion of low-value pixels using a low-cut filter. Part C shows the cell after the next stage of
editing that involves deleting individual pixels and groups of pixels using other editing tools built into
the program. Part D(i) shows the F’ image of the cell overlapped with the F.” image of the same
cell (isolated in the same way asthe F’ image). Part D(ii) showsthe F' and F,, images after nudging
to improve overlap (red pixels). Part E shows an image of F,/F,’, constructed using the F" and F,/
images in Part D. Values of F,'/F,’ are only calculated at locations where the F' and F, images
overlap. Part F shows severd isolated cells at their original locations within the F image.
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Fig. 2. Low-resolution (X 10 objective), composite images from
samples A02 (A and B) and M19 (C and D). These images were
used to produced the data in Figs. 4 and 5. A and C are images
taken at F,'. B and D are images of F,'/F,’. See Fig. 1 and main
text for details of how images B and D were constructed. The fre-
guency histograms with each image show the distribution of values
of either F' or F//F, (left histogram) and how these values are
mapped to the palette (right histogram).
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Fig. 3. A and B show the effect of increasing sample area on
the mean values of F/F,’ from samples A02 and M19, respec-
tively, while C and D show the effect of increasing sample area on
the coefficient of variation from samples A02 and M 19, respective-
ly. Points are mean values from all of the cells at the biofilm surface
that could be isolated within each quadrat or integrated values from
all the pixels within each quadrat.

Euglena species are frequently abundant within cohesive
sediments during the summer months (Underwood 1994,
Kromkamp et al. 1998), often overlying the epipelic diatoms
(Paterson et al. 1998). In this context, the lack of any mea-
surable difference between the two means may be something
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Fig. 4. Light curves for four different taxa within sample M 19.
Ten cells of each of the four taxa were isolated at each light level
from atotal of nine images; three images from different regions of
each of three subsamples of sample AO2. Error bars are shown when
these were larger than the data symbols.
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of a coincidence; the generally higher F,'/F ' values of Eu-
glena cells at a particular PPFD, combined with the in-
creased representation of diatoms at depth within the sedi-
ment (where PPFD is lower), result in similar values for F '/
F. .

The data in Fig. 4 show values of F//F ' that were cal-
culated for individua cells of three diatoms (P. angulatum
[Quekett] W. Smith, P. vitrea [W. Smith] Cleve and G. lit-
torale [W. Smith] Cleve), and the euglenid, Euglena sp.
within the same focal plane of sample A02, at four PPFDs
between 60 and 790 umol m-2 s For each image, the
sample was preilluminated at 790 umol m=2 s~* for 30 min,
and images taken were from the highest to the lowest PPFD
used. Ten cells of each of the four taxa examined were iso-
lated from a total of nine images. At the lowest PPFD (60
pwmol m=2 s7%) dl four taxa had similar values of F,'/F .
Euglena sp. exhibited values of F,/'/F ' that were higher than
G. littorale at 200 wmol m=2 s7* (analysis of variance [AN-
OVA] < 0.05) and higher than all three diatom taxa at 500
pumol m=2 st and 790 wmol m=2 st (ANOVA < 0.05).
Although these data indicate that absorbed excitation energy
is used more efficiently at PS Il in cells of Euglena sp., at
high PPFD, this may simply be due to a lower PS Il ab-
sorption cross section within these cells and does not nec-
essarily reflect a higher quantum efficiency of incident light
use. However, these data do fit well with the dominance of
this taxa during summer months (Underwood 1994; Kro-
mkamp et al. 1998). It is clear, from these data, that the
system described can be used to resolve relatively subtle
differences in the value of F,/F,’ among taxa, within an
intact system.

Although F,'/F ' is a useful parameter, it is not synony-
mous with primary productivity, the calculation of which
requires knowledge of a number of other factors including:
the PPFD incident at the surface of the biofilm and the rate
at which PPFD decreases with depth; the depth of cellswith-
in the sediment; the absorptivity of cells within the sediment;
and the efficiency of CO, assimilation for individual taxa,
calculated through measurement of F,'/F .

The PPFD at the surface can be monitored using a light
meter, while PPFD at depth either can be measured directly
using fiberoptic microsensors (Kuhl and Jorgensen 1992,
1994; Underwood and Kromkamp 1999) or determined
through calculation, using an extinction coefficient for the
sediment. Depth of cells within the sediment can be deter-
mined through calibration of the microscope focusing ring
or subsequent freezing of sediments and analysis using low
temperature scanning electron microscopy (Paterson et al.
1998). Although absorptivity of cells cannot be measured in
situ, Hartig et al. (1998) have shown that it is possible to
determine values from cultures of isolated cells. Current ev-
idence suggests that the relationship between F.'/F,' and
¢co, May be variable among species: although Hartig et al.
(1998) observed reasonable linearity between F/'/F,’ and
¢co, IN diatom cultures, data from a number of other algal
studies have shown significant deviations from linearity (Fal-
kowski et al. 1986; Kroon 1994; Présil et al. 1996; Barran-
guet et al. 1998). Consequently, accurate assessment of pri-
mary productivity by different taxa may require that the
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nature of the relationship between ¢, and F;'/F,’ be de-
termined for each taxa present within a biofilm.

In conclusion, the chlorophyll fluorescence imaging tech-
nique described here represents a significant step forward in
the development of methods for assessing the contribution
of different taxa to the overal level of primary productivity
within intact biofilms. The most important feature of this
system is the ability to determine the PS Il photochemical
efficiency through F,'/F, from alarge number of individual
cells. Tranglating values of F,'/F,’ from individual cells to
rates of primary production will be a complex process be-
cause the attenuation of light with depth, the depth of cells,
the absorptivity of cells and the taxa-specific relationships
between F,'/F,/ and ¢, all have to be taken into account.
However, techniques already exist for the measurement of
these parameters, and it would seem to be an achievable aim.
In addition, it is likely that the ability to measure F,'/F ' at
the level of individual cells will be of great value in the
study of the factors determining the species composition of
biofilms under different combinations of environmental con-
ditions.

K. Oxborought

A. R. M. Hanlon

G. J. C. Underwood
N. R. Baker

Department of Biological Sciences
University of Essex
Colchester CO4 3SQ, United Kingdom
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On the dispersal of riverine colored dissolved organic matter over the

West Florida Shelf

Abstract—We investigated the optical properties of surface
water in areas of the West Florida Shelf influenced by riverine
discharge and by the occurrence of a phytoplankton plume.
Results of absorption and fluorescence spectroscopy analyses
and determination of dissolved organic carbon (DOC) concen-
tration showed that the injection of riverine colored dissolved
organic matter (CDOM) strongly affected the optical proper-
ties and DOC concentrations over the shelf. Riverborne nutri-
ents contributed to an increase in primary productivity. How-
ever, during the study period, the increase in primary
productivity did not result in the production of significant
amounts of CDOM.

Fluorescence spectroscopy results showed that optical prop-

erties of riverine CDOM were lost close to the mouth of the
rivers. A simple mathematical model describing mixing be-
tween riverine and marine end-members demonstrated that
most of the observed changes in optical properties of CDOM
along salinity gradients can be explained by mixing. Labora-
tory mixing experiments between riverine water and seawater
indicated that flocculation of organic matter during estuarine
mixing did not affect the optical properties of CDOM.

Remote-sensing studies of the Gulf of Mexico using his-
torical data from the Coastal Zone Color Scanner show a
recurrent, seasonal chlorophyll bloom over the West Florida
Shelf (WFS) every year between February and May (Gilbes



