
Vol. 55: 271-278. 1989 MARINE ECOLOGY PROGRESS SERIES 
Mar. Ecol. Prog. Ser. 

Published July 27 

Distributions and photosynthesis of phototrophs 

John J. ~u l l en ' ,  Hugh L. ~ a c ~ n t y r e ' ,  David J. carlson2 

' Bigelow Laboratory fo r  Ocean Sciences, West Boothbay Harbor, Maine 04575, USA 
College of Oceanography. Oregon State University. Corvallis. Oregon 97331, USA 

ABSTRACT: An automatic sampler was used to collect water from the sea-surface microlayer and from 
10 cm below the surface during repeated transects in the Damariscotta estuary, Maine, USA. The 
fluorescence of chlorophyll a, ultraviolet absorbance, temperature and conductivity were measured 
continuously. Discrete samples were taken for measurements of chlorophyll concentration, in vivo 
fluorescence, and photosynthesis vs irradiance (P-I). Patterns observed dunng the transects were in 
substantial agreement w t h  a previous study of surface films in the Damariscotta estuary, but the spatial 
resolution was vastly better. Dissolved organic matter, as indicated by ultraviolet absorbance, and 
photosynthetic cells (in vivo fluorescence) showed similar patterns of enrichment in slicks. Chlorophyll 
concentrations were highest in slicks, with enhancements in some of 5 times or more over subsurface 
water. In clean regions, however, chlorophyll in the surface layer was often slightly depleted as  
compared to subsurface water. The photoautotrophs in surface films were photosynthetically competent 
and physiologically similar to those from 10 cm below the surface, with P-I curves quite typical for 
healthy phytoplankton. It is possible that photosynthesis in sea surface films was mildly inhibited by 
solar radiation, but severe stress from exposure to bright light was evident neither in fresh samples nor 
in those held in bottles at the surface for several hours. 

INTRODUCTION 

The sea-surface is the most observable feature of the 
ocean and all information obtained from airborne sen- 
sors comes from or through the sea-surface microlayer 
(SSM). The SSM is a n  interface, and as such it is 
physically distinct from the underlying water. It is 
ecologically distinct as well. Dissolved substances, par- 
ticulate matter and a wide variety of organisms can 
concentrate in the SSM, making some sea-surface films 
highly productive microhabitats (Hardy 1982). The air- 
water interface can also be  a stressful, extreme 
environment: incident solar radiation is harmful or 
even lethal to many organisms (Hardy 1982, Neale 
1987). 

There is a strong base of information on the distribu- 
tions and activities of microorganisms in sea surface 
films (Carlson 1982c, Hardy 1982, Williams et al. 1986). 
Numerous studies have described a microbial flora in 
the SSM that is distinct from that in the underlying 
water (review: Hardy 1982). It has also been observed 
that photoautotrophic biomass, a s  indicated by 
chlorophyll a, is concentrated in sea-surface films, 
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especially in visible slicks (Williams et  al. 1986 and 
references therein). Where the sea surface is not modi- 
fied by slicks, chlorophyll may be  depleted in the SSM 
(Carlson 1 9 8 2 ~ ) .  

Differences in phototrophic biomass and taxonomic 
composition between the SSM and the water column 
can arise from differential adherence of microorgan- 
isms to surface films, vertical migration of motile phyto- 
plankton, buoyancy, and different rates of net growth 
in the SSM as compared to the underlying water (cf. 
Hardy 1982). Because the dynamics of sea-surface films 
are poorly understood, the relative importance of each 
of these processes is not easily determined. It can be  
inferred nonetheless that the unique environment of 
the SSM influences the physiological and ecological 
characteristics of the biota. Also, it is likely that biologi- 
cal activities in the SSM modify the physical and chem- 
ical characteristics of the surface film. It is difficult to 
assess these biological and chemical processes, how- 
ever, because the residence times of particles in the 
sea-surface microlayer are not known. 

Studies of the SSM have been hampered by the 
shortcomings of discrete sampling: limited temporal 
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and spatial resolution, small volume available for ana- 
lyses, and restrictions on the variety of environments 
that can be sampled. Significant advances can be made 
by using new techniques for continuous sampling and 
for experimentation on small samples. The appropriate 
technology has been developed (Lewis & Smith 1983, 
Carlson et al. 1988). We describe here results of con- 
tinuous sampling of the SSM and underlying water and 
discuss experiments on samples from these strata. The 
emphasis is on photosynthetic microorganisms. A 
clearer picture of the distributions and activities of 
phototrophs in the SSM is developed. 

MATERIALS AND METHODS 

Sampling was performed in the Darnariscotta estu- 
ary, Maine, USA, during May and September 1987. 
The hydrography and morphology of the estuary have 
been described by McAlice (1977) and studies on sea- 
surface films in the  area have been published by Carl- 
son (1982a, b, c). An automated device, designated the 
SCUMS (self contained underway microlayer sampler, 
Carlson et al. 1988) was used for continuous sampling 
of the SSM and water from 10 cm below the surface. 
Sensors mounted on the SCUMS measured conductiv- 
ity and  temperature at  10 cm below the surface. Flow 
rate was about 100 m1 min-'. Given the surface area 
and rate of rotation of the cylinder, this flow is consis- 
tent with a layer of about 50 bim adhering to a glass 
plate (Carlson 1982a). Each stream was directed in 
series through a UV detector (280 nm) and a flow- 
through fluorometer (Turner Designs 10-005R with 
micro cuvette). The delay time in the system was less 
than 60 S. Samples were collected from the stream for 
further analysis and experimentation. For comparisons 
of sampling techniques, discrete samples of surface 
films in visible slicks were taken with a Nitex screen 
sampler (Carlucci et al. 1985) or a stainless steel screen 
sampler. Corresponding samples from 10 cm below the 
surface were obtained by submerging clean bottles. 

Concentrations of chlorophyll a, corrected for pheo- 
pigment, were determined fluorometrically on samples 
collected on Whatman GF/F filters and extracted in 10 
m1 90 "/o acetone in the dark for at least 24 h at 0 "C. To 
see if some of the pigment was resistant to extraction, a 
parallel series of samples was extracted in a 4 : 6 mix of 
DMSO (dimethylsulfoxide) and 90 % acetone (Welsch- 
meyer & Cullen unpubl.; cf. Shoaf & Lium 1976). No 
significant differences were found. A Turner Designs 
10-005R fluorometer was used for discrete measure- 
ments of the fluorescence of chlorophyll a in vlvo. 
Fluorescence was measured after 15 min adaptation in 
the dark and then again after exposure to 3 X 10-" M 
DCMU (3-[3,4-dichlorophenylj-1,l-dimethylurea in 

ethanol (Vincent et al. 1984). The initlal fluorescence 
reading (F) was made after 15 s in the fluorometer. 
Fluorescence in the presence of DCMU (Fd) was 
recorded after in the fluorometer. 

The method of Lewis & Smith (1983) was used to 
make measurements of photosynthesis as a function of 
irradiance (expressed as photosynthetically active 
photon flux density, PPFD; pm01 m-' S- ' ) .  Samples 
were inoculated with 14C-bicarbonate (final activity, ca 
3 ,uCi ml-9 and aliquots of 1 m1 each were dispensed 
into clean scintillation vials in an  incubator with a wide 
range of PPFD. Light was provided by 4 ENH projec- 
tion lamps and was measured with a Biosphencal 
Instruments QSL-l00 sensor inserted into a scintillation 
vial. The exact amount of label added was determined 
by subsampling into 7 m1 scintillation fluor (Ecolume, 
ICN) plus 0.2 m1 phenethylamine. Incubations were 
terminated after 20 or 30 min by turning off the lights 
and adding 50 p1 buffered formalin. Inorganic carbon 
was expelled by adding acid and agitating the vials in a 
hood. Total CO2 was assumed to be 2 mM. All meas- 
urements were corrected for quench and a time-zero 
control. No correction for isotope discrimination was 
made. 

The photosynthesis vs irradiance (P-I) equation of 
Platt et  al. (1980) was used to model photosynthesis as a 
function of light: 

where 

Pi (g C [g chl a ] - '  h-') = instantaneous rate of photo- 
synthesis normalized to chlorophyll a at  PPFD i; P, (g C 
[g chl a]-' h-') = maximum rate of photosynthesis in 
the absence of photoinhibition; a (g C [g chl a]-' h-' 
[~.~mol m-' S-']- ') = initial slope of the P-I curve; (3 (g C 
[g  chl a]- '  h-'  [pm01 m-' S- ' ] - ' )  = parameter chosen to 
characterize the degree of photoinhibition. 

Photosynthesis is normalized to chlorophyll, but for 
convenience the superscript B has been omitted. Pa- 
rameters were fit simultaneously using the multivariate 
secant method (Ralston & Jennrich 1978) of the NLIN 
procedurc of SAS (SAS Institute Inc. 1985). For fitting 
the data, the intercept, PO, (g C [g  chl a]- '  h-') was 
included as a parameter and subsequently subtracted 
from estimates of Pi as one would do with a dark bottle 
value. The parameter PO is not a reliable measure of 
respiration because of limitations of tracer methodol- 
ogy (Jassby & Platt 1976, Peterson 1980). Rather, the 
inclusion of PO increases the amount of variability 
explained and improves the distnbution. of residuals 
By subtracting PO from estimates of Pi rather than leav- 
ing it in, the modelled photosynthesis in the dark is 
always zero. 

The realized maximal rate of photosynthesis, P,,, 
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(g C [g chl a]- '  h-'), was calculated using the following 
equation (Platt et  al. 1980): 

The error associated with P,,, was determined (Davis 
& Cullen unpubl.) according to the principles described 
by Zimmerman et  al. (1987). 

RESULTS 

Continuous records of UV absorbance, in vivo 
fluorescence, temperature and salinity graphically 
describe features of the SSM and underlying water. 
Exemplary data from part of one transect are presented 
in Fig. 1. The water surface during the transect was 
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Fig. 1. Records from l km of a transect in the Damariscotta 
estuary, 14 September 1987, ca 13:30 h. Samples are from the 
SSM and 10 cm below the surface. (A) Temperature and 
salinity (%o) at 10 cm below the surface; (B) ultraviolet absorb- 
ance (note offset of 10 cm record); (C) fluorescence of 

chlorophyll a in vivo 

quite clean, with only a few visible slicked streaks. 
Surface waves were about 15 cm, most with breaking 
crests. It is likely that generalizations reported here will 
be modified as larger temporal and spatial scales are 
considered. 

Ultraviolet absorbance is primarily attributable to 
dissolved organic con~pounds,  some of which are con- 

centrated in surface slicks (Carlson 1982b, c). During 
transects in the Damariscotta estuary, patches of high 
UV absorbance (Fig. 1B) could be  visually identified as 
slicks. These features corresponded to discontinuities 
in the records of temperature and salinity at 10 cm 
(Fig. 1A). Ultraviolet absorbance in the surface layer 
varied independently of that in the subsurface water. 
Slight depletion of UV-absorbing compounds in the 
surface layer was observed in clean areas. The general- 
ity of surface depletion of UV absorbance has not yet 
been determined. 

The fluorescence of chlorophyll a was maximal in the 
slicks, corresponding well to UV absorbance. Like UV 
absorbance, fluorescence in the SSM was much more 
variable than and not closely correlated to fluorescence 
in the underlying water (Fig. 1C). Measurements of 
chlorophyll on discrete samples verify that the high 
fluorescence in slicks represents particulate chlor- 
ophyll a (Fig. 2). Enrichment ratios (SSM/subsurface) 
were less than 1.0 over wide expanses of clear water 
but much higher than 1 in patches. 

Numerous spikes were observed in the absorbance 
record but not in fluorescence (Fig. lB, C). These 
spikes are attributable to small bubbles which were 
observed visually during sampling. The bubbles were 
lined up in rows at the surface and may have also been 
transported to the underlying water. The cuvette in the 
fluorometer was much larger than that in the UV detec- 
tor, so small bubbles had little effect. The relative 
smoothness of the fluorescence record is thus not sur- 
prising. 

Experiments were conducted to see if the SCUMS 
sampler or the detectors damaged or poisoned the 
phototrophs from the SSM. The P-I relationship and 
fluorescence of chlorophyll a in vivo were measured to 
assess the physiological status of the autotrophs 
(Cullen et al. 1986). Other samplers were used as 
controls, with the recognition that some differences are 
to be  expected because of patchiness and differences in 
film thicknesses sampled (Carlson 1982a). In each of 3 
direct comparisons (Table 1; see also Carlson et  al. 
1988), the SCUMS sample compared favorably to the 
control, although in one comparison (14 Sep),  P,,, from 
the SCUMS sample was about 23 % lower than that 
from the Nitex screen sample. Measurements of 
DCMU-enhanced fluorescence soon after sampling 
and after incubations of several hours showed no pro- 
gressive decline, indicating little toxicity or any other 
progressive inhibition in samples from the SCUMS or 
the stainless steel screen sampler (data not shown here; 
see Cullen et al. 1986). 

If the surface layer assemblage were stressed by 
exposure to bright light, it would be expected to have 
relatively poor photosynthetic performance (i.e. low 
values of a and P,,,: cf. Neale 1987). Photosynthetic 
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Fig. 2. Measurements of chlorophyll a concentration on sam- 
ples taken during transects. Each transect was a return trip 
down the estuary, covering ca 9.5 km. Samples were taken 
periodically from the SCUMS sampler outflow. Lines connect 
the means of each pair of determinations: they are not 
intended to suggest patterns between s a m p h g  points. (0)  

SSM; (0) 10 cm below the surface. (A) 9 September 1987; (B) 
11 September 1987; (C) 14 September 1987 

parameters for surface layer samples were generally 
lower than those for the paired bulk water samples, but 
not by a large amount (Table 1): the ratio of P,,, for the 
SSM to P,,, for the bulk water averaged 0.89 (SD = 

0.16, n =  l 1  pairs). Generally, the P-I relationships for 
samples from the SSM and underlying water were 
similar to those observed for samples from the water 
column in temperate latitudes (Harrison & Platt 1986). 
There was therefore no obvious indication of severe 
stresses in the SSM assemblage, nor was there any 
suggestion that the SSM assemblages were specially 
adapted as compared to those just below the surface. 

Other measurements of photosynthesis by SSM 
assemblages were reviewed by Williams et  al. (1986). 

Measurements of in vivo fluorescence reflect some 
aspects of the physiology of microalgae, particularly 
responses to bright light (Vincent 1980, Vincent et al. 
1984, Neale & ficherson 1987, Cullen et al. 1988). After 
exposure to bright light, microalgae exhibit a decline of 
fluorescence yield with a characteristic time scale of 
about 10 to 30 rnin (Vincent 1980, Cullen & Lewis 
1988). We measured fluorescence yield (flow-through 
in vivo fluorescence/extracted chlorophyll a )  for a 
number of paired samples during each transect (Fig. 3). 
For most of the transects, no consistent reduction of 
fluorescence was observed in surface layer samples, 
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Fig 3.  Fluorescence yleld (in vivo fluorescence/extracted 
chlorophyll d )  of samples taken dunng transects. Results are 
expressed in relative units, comparable between transects. 
Same transects as in Fig. 2:  (A) 9 September 1987; (B) 
11 September 1987; (C) 14 September 1987. ( 0 )  SSM, [ - , l  10 cm 
below the surface. Some of the variability in SSM determina- 
tions is due to the difficulty of sampling transient peaks of 

fluorescence during transects 
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Table 1 Companson of SSM and subsurface assemblages from the Damanscotta estuary, Maine, USA Chlorophyll a concen- 
tration and photosynthesis vs irradiance for paired samples Numbers In parentheses are standard errors of the estlmate Units 
chlorophyll a ,  pg I - ' ,  P,,,, g C (g  chl a) - '  h- ' ,  a and p,  g C (g  chl a) - '  h-' (pm01 m-' S - ' ) - '  Abbreviations for SSM samplers Ni = 

N ~ t e x  screen sampler St = Stainless Steel sampler, SC = SCUMS The ratio of SSM 10 cm for Beta is not presented as it is not 
meaningful 

Date/t~me Sampler Chlorophyll p",,, o( 0 
SSM l 0  cm Rat10 SSM l 0  cm RaUo SSM l 0  cm Ratio SSM 10 cm 

9May  11:45h Ni 

9May  12:40 h SC 

l l M a y  l l : 4 5 h  St 

l 1  May 12:40h SC 

14 Sep 09:35 h SC 

14 Sep 10: lOh Ni 

15Sep 08:lOh SC 

15Sep l l : 3 0 h  SC 

l 5 S e p  13:40h SC 

18Sep 10:45 h SC 

18Sep  14-00 h SC 

Mean 
Standard deviation 

although it was difficult to compare chlorophyll with 
fluorescence for samples from slicks, because slicks 
appeared as rapid transients during sampling. 

Photosynthetic performance and fluorescence yield 
should reflect photoinhibition by surface PPFD and 
recovery at reduced PPFD. Simply, if the assemblage in 
the SSM is not fully adapted to sea-surface irradiance 
(i.e. it is sensitive to solar radiation unattenuated by 
seawater), photosynthetic processes will be inhibited 
during a static incubation at the sea surface whereas if 
the assemblage is already inhibited in situ, it will 
recover during an incubation in reduced light. 

To explore the possibility that phototrophs in the 
SSM are photoinhibited in situ, we performed man- 
ipulative experiments. Samples were obtained from the 
SSM and 10 cm below the surface, incubated at the 
surface or under reduced light for several hours, and 
analysed for P-I, chlorophyll, and fluorescence. Results 
from one experiment suggest that the bright light at the 
sea surface was harmful neither to the SSM assem- 
blage nor to the phytoplankton from 10 cm below the 
surface (Figs. 4 and 5). Four samples were examined: 
'Fresh 1' was sampled by SCUMS at 10:43 h on 18 Sep 

1987. Part of the sample was analysed and the remain- 
der was placed in 2 polycarbonate bottles. One ('High 
Light') was floated at the surface under bright sunlight 
(about 2200 m01 m-' S-') for 3.5 h ,  then analysed. The 
other ('Low h g h t ' )  was screened (8 O/O transmission 
plastic film) and incubated just below the surface for 
4 h until analysis. If the Fresh 1 SSM sample had been 
photoinhibited in situ, it would be  expected to recover 
during the low light incubation. No such recovery was 
observed (Figs. 4 and 5). The assemblage did respond 
to manipulation, however: p, the photoinhibition pa- 
rameter, declined to 0 during the incubation in bright 
light (Cullen & Lewis 1988). 

It was hoped that the experimental results could be 
used to infer the residence time of algal assemblages in 
the SSM. A sample ('Fresh 2') was taken by SCUMS at 
14:00 h. Physiological differentiation in a natural light 
g r a l e n t  can be interpreted in terms of vertical 
exchange between the SSM and underlying water 
(Lewis et  al. 1984, Cullen & Lewis 1988). Ideally, the 
SSM and bulk samples from Fresh 2 would show 
physiological differentiation countered by natural ver- 
tical exchange whereas the High Light and Low Light 
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Fig. 4. Photosynthesis vs irra&ance: results from manipulative experiment, 14 September 1987. (A) Sample 'Fresh 1' was obtained 
from the SCUMS at 10:43 h and P vs I was measured at 11:03 h (B) Sample 'Fresh 2' was obtained from the SCUMS at 14:02 h and 
P vs I was measured at 14.17 h. (C) 'Low Light' was a subsample of 'Fresh 1' incubated at 8 "10 surface PPFD until 14:43 h (D)  High 

hgh t '  was another subsample incubated at the surface and harvested at 15:23 h 
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Fig. 5. Results from manipulative experiment, 14 September 1987. Parameters of photosynthesis-irradiance curves (P,,,, a, P) and 
fluorescence yields (Fd chl-l) for paired samples originally taken from the SSM and 10 cm. Same designations as Fig. 4. Error bars 

are standard errors 
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samples would show the maximal physiological differ- 
entiation associated with constant exposure to high and 
low PPFD. The incubated samples did show physiologi- 
cal differences that were consistent with adaptation to 
high and low light (P,,,, positively correlated with 
PPFD, goes to zero in high light; Cullen & Lew~s 
1988), but differences were small and results for o: were 
variable (Fig. 5). The SSM and bulk samples from Fresh 
2 were less differentiated than the incubated samples, 
but we cannot say with confidence that vertical 
exchange was responsible. 

Somewhat different results for the High Light incu- 
bations might have been obtained if quartz bottles 
(transparent to environmental ultraviolet radiation) had 
been used rather than polycarbonate bottles (opaque to 
UV-B radiation). Subsequently, we have made the 
appropriate comparisons (Cullen et  al. unpubl.). 
Results show that the ultraviolet radiation screened by 
polycarbonate does affect surface layer phototrophs, 
but the effect of polycarbonate containers has little 
bearing on the interpretations presented here. 

DISCUSSION 

The continuous transects of UV absorbance, in vivo 
fluorescence, temperature and salinity are remarkably 
informative. Most important, perhaps, is the finding 
that UV absorbance and in vivo fluorescence show 
similar patterns of enrichment in the SSM. The implica- 
tion is that the mechanisms important to the formation 
and maintenance of sea-surface slicks act similarly on 
dissolved organic compounds and microalgal cells. 
Techniques such as cross-spectral analysis might be  
useful in attempts to interpret such patterns effectively. 

At the present stage of our analysis, we have 
observed no patterns in the distributional data incon- 
sistent with previous studies in the Damariscotta estu- 
ary (Carlson 1982b, c). The temporal and spatial resolu- 
tion of our transects is orders of magnitude better, 
however (about 175 000 data), and we expect to 
develop new insights as analysis proceeds. 

The physiological characteristics of phototrophs near 
the sea surface were examined in a number of ways 
during our study. Results were fairly consistent, indi- 
cating only mild stress associated with exposure to 
bright Light at  the sea surface, probably because both 
surface and near-surface assemblages were well 
adapted to bright light. The apparent inhibition of 
photosynthesis at the SSM was somewhat less than that 
reported by Williams et al. (1986) for samples from 
waters off the western coast of Baja California. There 
were no consistent indications in our data that the 
photoautotrophs in the SSM were physiologically dis- 
tinct from the phytoplankton. Clearly, the question 

should be  examined in other ways such as floristic 
analysis and determination of pigments by HPLC. 

Because the assemblages of phototrophs were rela- 
tively unresponsive to experimental manipulations of 
irradiance, it was difficult to use experimental results 
for inferring the res~dence time of microalgae in the 
SSM. There were, however, several weak indications 
that the residence times were fairly short, i.e. much less 
than a day. First, there were no indications of pro- 
nounced physiological differentiation in the SSM; sec- 
ond, results of the manipulative experiment (Figs. 4 
and 5) were consistent with vertical exchange with a 
temporal scale less than several hours; finally, the 
energetic motions associated with tidal currents in the 
estuary may have led to rapid turnover of sea-surface 
films. In other environments, such as the open ocean, 
where scales and forcing functions are expected to be  
different than in our study area, much clearer results 
might be obtained. 

CONCLUSIONS 

The study of chlorophyll and photosynthesis in sea- 
surface microlayers is at  a stage comparable to that of 
phytoplankton ecology when continuous measure- 
ments of fluorescence were introduced (Lorenzen 
1967). At first, previously recognized patterns were 
observed, but with much greater resolution than could 
be obtained by discrete sampling. Later, the capacity 
for continuous measurement was exploited quite effec- 
tively: horizontal patterns were described by spectral 
analysis (Denman & Platt 1976), and the mechanisms 
involved in formation and maintenance of vertical pat- 
terns were examined (Cullen 1982). It is likely that 
continuous measurement of features in the SSM will 
also be quite useful in future studies, especially in work 
related to remote sensing of the sea. 
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