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ABSTRACT: The photosynthetic behavior of the dinoflagellate Gonyaulax tamarensis was investigated 
using single-cell isolation techniques at various stages during growth in a natural bloom in Salt Pond, 
Massachusetts, USA, and in laboratory cultures. Cell-specific photosynthetic capacity (PrnaxCen) 
increased from 0.25 to 0.32 ng C cell-' h-' during bloom development, then dropped sharply to 0.19 ng 
C cell-' h-' a few days prior to bloom decline. For G. tamarensis cultures grown to nitrogen depletion, 
both Pmax,,,, and cell-specific light harvesting efficiency (aceu) decreased several-fold as soon as NOSin 
the media fell to zero. Several lines of evidence are presented that suggest that nitrogen limitation 
played an important role in the decline of the G. tamarensis bloom despite the fact that ambient 
n~trogenous nutrient concentrations did not become depleted In the pond. 

INTRODUCTION 

Blooms of dinoflagellates can causc visual discolora- 
tion of water (red tides) and, on occasion, episodes of 
shellfish toxicity or fish mortality when toxic species 
are present. A variety of biological and environmental 
factors have been implicated in the initiation, mainte- 
nance, and decline of these blooms, but the complexity 
of the problem and the numerous dinoflagellate species 
involved have hindered prediction and modelling 
efforts. Some of the factors that have been identified as 
being potentially important include hydrodynamic 
events (Margalef et al. 1979, Cullen et al. 19821, d e l  
vertical migration (Eppley et  al. 1968, Cullen & Horri- 
gan 1981, Anderson & Stolzenbach 1985), life cycle 
events (Anderson et  al. 1983), temperature, salinity, 
nutrient and/or trace metal effects (Hartwell 1975, 
Prakash 1975, Anderson & Morel 1979, Watras et al. 
1982) and grazing (Fiedler 1982, Huntley 1982, Watras 
et al. 1985). One of the obvious limitations in determin- 
ing the cause of either the initiation or decline of a 
bloom in nature is the difficulty in separating effects on 
growth of the red-tide dinoflagellate per se from the 
effects on the phytoplankton assemblage as a whole. 

On Cape Cod, Massachusetts, USA, there are a 
number of small, shallow embayments (or salt ponds) 
that were subject to large blooms of the toxic dino- 
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flagellate Gonyaulax tarnarensis (also known as Pro- 
togonyaulax tamarensis and Alexandrium tamarense) 
during the early 1980s. Some of these blooms were 
sufficiently large and toxic to close the shellfishery for 
months at a time. These salt ponds have been exten- 
sively studied because they support isolated blooms of 
G. tarnarensis for which advective losses are small 
enough for cyst and motile cell dynamics to be studied 
throughout bloom events (Anderson & Wall 1978, 
Anderson & Morel 1979, Anderson et al. 1983, Watras 
et al. 1985). In these embayments, outbreaks of G. 
tamarensis typically begin when spring warming 
causes germination of benthic resting cysts. G. 
tamarensis appears to be successful in these ponds 
because its swimming and migration behavior leads to 
cell accumulations below the surface layer which is 
removed on the ebb tides (Anderson & Stolzenbach 
1985, Garcon et al. 1986). 

The localized nature of these Cape Cod blooms have 
made them ideal for predictive modelling efforts. One 
simple model (Watras et al. 1982) was able to accu- 
rately predict the general timing and rate of the bloom 
development phase in several salt ponds, based only on 
temperature and salinity regulation of growth. How- 
ever, the timing and extent of the sudden population 
decreases as the blooms terminated could not be pre- 
dicted using these 2 variables only. When grazing by 



Mar. Ecol. h o g .  Ser. 42: 303-309, 1988 

zooplankton was included in the model, it was shown 
that there could be an effect on the occurrence or 
timing of a bloom but that grazing was not a dominant 
factor in bloom decline (Watras et al. 1985). The loss of 
cells due to the induction of sexuality, gamete fusion, 
and cyst formation and deposition was seen to be the 
major determinant in bloom termination (Anderson et 
al. 1983). Since laboratory studies of Gonyaulax 
tamarensis have demonstrated the link between sexual 
induction and nutnent limitation (Anderson et al. 1984, 
Anderson & Lindquist 1985), we hypothesized that nu- 
trient stress, parhcularly nitrogen limitation, is an 
important factor in the decline of blooms in Cape Cod 
ponds, and that one of the manifestations of limitation 
would be a change in the photosynthetic competence, 
and hence vigor, of the cells. Because seasonal changes 
in the natural light field may also cause changes in the 
photosynthetic response, we attempted to separate ni- 
trogen and light effects. We conducted our field studies 
in one Cape Cod salt pond that had exhibited a number 
of relatively severe blooms and for which much was 
known about its recent physical and chemical history 
(Watras et  al. 1982, Anderson et al. 1983, Anderson & 
Stolzenbach 1985). 

METHODS 

Field studies. The study area was Salt Pond, East- 
ham, Massachusetts, USA. Salt Pond has an average 
depth (low tide) of ca 3.5 m, and an average salinity of 
31 %o. The pond is connected to the ocean by a narrow 
inlet channel, which restricts tidal flushing. Other 
features of the pond are given in Anderson et al. (1983) 
and Anderson & Stolzenbach (1985). 

Depth-integrated water samples were collected du- 
ring May and June 1983 between 0700 and 0800 h by 
lowering a rigid PVC sampling tube to near bottom, 
closing the tube, and transferring the sample to a 
carboy. On each sampling day, approximately 6 such 
samples were collected from different locations around 
the pond. Temperatures of the depth-integrated sam- 
ples were recorded. Prior to transporting the sample to 
the laboratory, a portion was filtered in the field and 
stored frozen in acid-cleaned high-density polyethy- 
lene bottles for nutrient determinations (Strickland & 
Parsons 1972). 

The carboy was transported to the laboratory in dim 
light. Approximately 2 h elapsed between collection of 
the sample and the beginning of experiments. In the 
laboratory the sample was subdivided for analysis in 
the following way. Gonyaulax tamarensis cells were 
concentrated from a 500 m1 aliquot by filtering onto a 
10 pm Nitex net and immediately washing the cells off 
the filter with 5 m1 of 0.2 pm filtered seawater From 

this sample G. tamarensis cells were enumerated under 
250 X magnification in a Palmer-Maloney counting 
chamber (Anderson et al. 1983). 

The remaining water sample (selected sampling 
dates only) was split into five 450 m1 portions for photo- 
synthesis measurements. The samples were placed in 
polycarbonate bottles and positioned in a water-cooled 
incubation tank. A bank of GE 120W 'Miser' incandes- 
cent floodlights provided a range of intensities, with 
excess illumination attenuated by one or more layers of 
fiberglass window screening secured on the outside of 
the tank. Light scatter between compartments in the 
tank was prevented by opaque baffles. Photosyntheti- 
cally available radiation (quantum scalar irradiance) 
was measured inside each sample bottle with a sub- 
mersible quantum probe with a 4 n collector (Biospher- 
ical Instruments QSL-100). 

The photosynthetic determinations were begun by 
adding Hl4C0% to each polycarbonate bottle to a final 
concentration of 0.9 mCi 1-l. During the 5 h incubation 
period subsamples of 10 m1 were collected at 0.5, 1, 3, 
and 5 h to determine the amount of radioactivity incor- 
porated by the entire phytoplankton assemblage. After 
5 h, the remaining sample was filtered through a 10 pm 
Nitex net, and the cells were washed with 5 m1 of 
filtered seawater. Under a compound microscope, indi- 
vidual cells of Gonyaulax tamarensis were withdrawn 
with a micropipette (Rivkin & Seliger 1981), transferred 
to a clean drop of filtered seawater, then withdrawn 
again and transferred to a Nalgene filmware bag. The 
incorporated radioactivity was counted with a Beck- 
man LS-100 scintillation counter, using ScintiVerse I1 
(Fisher Scientific) as the fluor. Each measurement 
required isolating 20 to 50 cells; in our experiments 
duplicate or triplicate determinations were made for 
each experimental treatment. Replicate determinations 
(cpm per cell) typically varied by < 10 %. During the 
last 2 field experiments, planozygotes (swimming 
zygotes which form prior to cyst formation) of G. 
tamarensis were isolated by the same technique. These 
cells could be differentiated from vegetative cells by 
their large size and dark brown pigmentation (Ander- 
son et al. 1983). 

The photosynthetic rates of the entire phytoplankton 
assemblage were determined by filtration through 
25 mm Whatman GF/F glass fiber filters under a vac- 
uum differential of < 100 mm Hg. Filters were rinsed 
with ca 40 m1 of filtered seawater after little (< 1 S) or 
no intervening air exposure, and fumed over concen- 
trated HCl for > 4 5  S. Controls revealed that this treat- 
ment removed essentially all residual inorganic I4C. 
Radioactivity on the filters was determined by placing 
the filters in Nalgene filmware bags with 3 m1 of 
ScintiVerse 11, then liquid scintillation counting as 
above. Specific activities were determined on 0.1 m1 of 
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the sample in 10 m1 of ScintiVerse I1 and 0.05 m1 of 
phenethylamine. 

During this study, surface solar radiation was meas- 
ured with an Eppley pyrheliometer located on the roof 
of the Clark Laboratory at the Woods Hole Oceano- 
graphic Institution (courtesy of R.  Payne), approxi- 
mately 70 km from the study site. 

Laboratory studies. Gonyaulax tamarensis (clone 
GTMP: isolated from Mill Pond, Orleans, Massa- 
chusetts by D. Anderson in 1977), was grown on a 
14L: 10D photopheriod using a multi-tube batch 
technique (Anderson & Lindquist 1985) which involved 
growing multiple 25 m1 cultures in Pyrex culture tubes 
(25 X 150 mm). During an experiment the contents of 
an entire tube were sacrificed for a single analysis. T h s  
approach has been shown to be necessary for t h s  
species because G. tamarensis cells are extremely sen- 
sitive to the mixing and bubbling that are necessary 
when growing larger volume cultures. The media for 
the cultures contained f/2 levels of trace metals, 
chelators, vitamins, and PO:- (Guillard & Ryther 1963); 
NO; levels were either f/20 or f/40, depending on the 
experiment. This medium has been shown to promote 
the development of planozygotes and encystment of G. 
tamarensis (Anderson et al. 1984, Anderson & Lind- 
quist 1985). Cells were harvested for experimentation 
approximately 5 h after the beginning of the light 
period. 

In the batch cultures, growth rate was determined by 
daily monitoring of fluorescence of either selected 
tubes or of all the tubes, and from cell counts taken 
from selected tubes. Previous experience has shown 
that a coefficient of variation of 5 to 10 % is typical for 
growth rate and cell number among tubes (Watanabe 
et al. 1982, Anderson & Lindquist 1985). Concentration 
of NOS was also determined from selected tubes on the 
days on which photosynthesis experiments were con- 
ducted (Strickland & Parsons 1972). 

Two types of laboratory experiments were con- 
ducted. The first involved the determination of the 
photosynthesis versus irradiance (P vs I) response of 
nutrient-sufficient Gonyaulax tamarensis adapted to 
2 different growth light intensities (100 and 280 @E 
m-2 S-'). The second type of experiment involved 
determination of the P vs I response of G. tarnarensis at 
a single light intensity (300 @E mm2 S-') but at  various 
levels of nitrogen availability in a batch culture. Each P 
vs I determination was made by first removing a 3 m1 
subsample from every culture tube, preserving that 
sample in Lugol's solution for subsequent cell counts, 
then positioning the tubes with remaining sample in 
individual compartments in the same acrylic tank 
described above for the field studies. The tank was 
illuminated, and irradiance in each tube measured as 
above. Each tube was incubated with 3 X I O - ~  pCi ml-' 

H14C03 for 1 h. Experiments were terminated by filter- 
ing the contents of an entire tube through Whatman 
GF/F filters. The filters were placed in Nalgene film- 
ware bags, acidified with 2 drops of concentrated HC1, 
and, after 1 h,  the fluor was added. The vials were 
allowed to stand overnight to insure complete penetra- 
tion of the filter by the fluor before counting. Radioac- 
tive counts and specific activities were done as 
described above. Dissolved inorganic carbon concen- 
tration was assumed to be 24 mg 1-' based on previous 
measurements of comparable cultures. Uptake of '*C in 
darkness was subtracted from that in the light. 

Parameter calculations. The initial slopes (a) of the P 
vs I curves were determined by Linear regression. The 
maximum rate of photosynthesis (Pmax) was deter- 
mined by calculating the average of the rates observed 
in the saturated portion of the P vs I curve, or by taking 
the maximum rate measured if saturation of photosyn- 
thesis appeared to be incomplete. Both cu and Pmax are 
expressed throughout this paper on a per cell basis and 
we use a subscript to denote this way of normalization. 

RESULTS 

Field studies 

Ambient concentrations of NH: and NOSvaried sev- 
eral-fold, while the density of Gonyaulax tarnarensis 
increased from undetectable to greater than 105 cells 
i-' (Fig. i). Ambient temperature oi the pond fluctuated 

M A R  APR M A Y  JUNE 
1983 

Fig. 1. Concentration of Gonyaulax tamarensis cells and nitro- 
genous nutrients in Salt Pond, Eastham, Massachusetts, USA, 

during spring 1983 
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between 9 and 14 "C from mid-May to mid-June. Total 
daily solar radiation varied greatly from day to day 
(maximum and minimum values were 7696 and 626 W 
h m-2, respectively); May 1983 was unusually cloudy 
for this time of year, based on several decades of 
weather data (R. Payne pers. comm.). 

The photosynthetic response of the natural Gony- 
aulax tamarensis population changed substantially 
over the course of this sampling period (Fig. 2) .  During 
the bloom development phase (early May), the photo- 
synthetic capacity increased by 50 % from initial val- 
ues. Maximum photosynthetic capacity was observed 
on the 13 May sampling date. Subsequently, Pmaxcell 
declined by a factor of - 2  over a 10 d period (Fig. 2). 
The reduction in PmaxCell correlated with the appear- 
ance of planozygotes but preceded by a few days the 
decrease in abundance of G. tamarensis (Fig. 1 ) .  
Planozygotes were photosynthetically active at - 75 O/O 
the rate of vegetative cells at  all light intensities. 
Throughout the entire sampling period G. tamarensis 
contributed 1 3 0  O/O of the total primary productivity of 
the pond. 

Laboratory studies 

Laboratory studies were designed to explore whether 
the temporal changes in the P vs I response of Gony- 
aulax tamarensis in the field might have been due to 
adaptation to differing irradiance availabhty or to 
declining nitrogen nutrient concentrations. 

Cultures of Gonyaulax tamarensis pre-adapted to 
100 and 280 pE m-2 S-' growth irradiance yielded val- 
ues of orcell and PmaxCeLl that differed by slightly more 
than a factor of 2 (Fig. 3). The culture grown at the 
higher light intensity had a, ,~  and PmaxceL1 values com- 
parable to those reported from the latter half of the field 
study; the culture grown at the lower light intensity had 
values 2 to 2.5 times higher. Yet, for both cultures, 
when the in situ photosynthetic performances (the 
photosynthetic rate at the preconditioning growth 

Fig. 2. Gonyaulax tarnarensis. Photosynthesis vs irradiance 
relations at various stages in a natural bloom in Salt Pond, 

1983: (a) 9 May; (a) 13 May; (0)  23 May; ( X )  25 May 

Fig. 3. Gonyaulax tamarensis. Photosynthesis vs irradiance 
relations of laboratory-grown cultures pre-adapted to different 

irradiance levels: (a) 100 pE m-2 S-', (+) 280 FE mm-2 S-' 

irradiance) are compared, the rates are essentially 
identical at 0.13 ng C cell-' h-'. 

For cultures that were grown to nitrogen depletion in 
batch culture, both acell and Pmaxceu declined sharply 
as soon as NOT in the media dropped to nondetectable 
levels (Fig. 4 ) .  Progressive nitrogen starvation did not 
result in a substantial further decline of aCeu and 
Pmaxceu. 

Fig. 4. Gonyaulax tamarensis. Photosyn- 
thesis vs irradiance relations of laborat- 
ory-grown cultures allowed to become 
progressively nitrogen depleted. A and B 
represent separate experiments. (A) (m, o, 
A) Cultures with >20 pg-at I-' NOSin the 
media; ( A ,  v )  cultures whlch were nitro- 
gen depleted for a few hours, and for 5 d 
respectively. (B) (m, o, +, L )  Cultures 
which had >20 pg-at I-' NOT in the 
media: ( v )  culture depleted of nitrogen 

for 3 d 
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DISCUSSION 

We have shown for one particular outbreak of the 
red-tide dinoflagellate Gonyaulax tamarensis during 
May 1983 that the photosynthetic capacity of this 
species increased when growth of the bloom was in a 
relatively early phase, but as the bloom aged, both the 
light harvesting efficiency and photosynthetic capacity 
declined. Our interest is focussed particularly on the 
period of decline, as the factors controlling the duration 
and decline of these red tide outbreaks are little under- 
stood. We consider first the impact of naturally fluctuat- 
ing light availability on the observed photosynthetic 
parameters. 

In order for natural irradiance fluctuations to have 
had an important controlling role in the photosynthetic 
performance of GonyauZax tamarensis in the field, the 
changes in photosynthetic parameters observed from 
sampling date to sampling date must be  consistent with 
the change expected from photoadaptation arguments. 
To support this line of reasoning, any changes in cellu- 
lar pigment concentration due to photoadaptation 
would have to be  related to the irradiance regime of the 
previous one to several days (Marra 1980, Prezelin & 

Matlick 1980, Perry et al. 1981, Marra & Heinemann 
1982) rather than to the irradiance regime of the sampl- 
ing day per se, as our sampling time was consistently 
early morning. The increase in PmaxCeu and ace,, 
observed during the early part of the bloom (9 to 13 
May) would indeed be  consistent with 'shade' adapta- 
tion (Prezelin 1981, Richardson et  al. 1983; Fig. 3): 
available sunlight prior to 13 May was <70 % of that 
prior to 9 May (Table 1). By similar reasoning, the 
observed decline in PmaxCell and orcell from 13 to 23 May 
would be consistent with 'sun' adaptation during the 
sunnier days 1 to 2 d prior to 23 May (Table 1). A 
contradiction of the photoadaptation hypothesis is that 
the sunlight available prior to the 23 May sampling was 
less than that prior to the 9 May sampling, yet ace" and 
PmaxCell were lower on 23 May. Furthermore, mainte- 
nance of the lower photosynthetic efficiency and 
capacity a t  the end of the bloom (23 to 25 May) is not 
consistent with the 2-fold drop in light availability 
during these 2 d if photosynthesis were regulated only 

Table 1. Average surface solar radiation (W h m-2) for the 1, 2 
and 3 d preceeding sampling in Salt Pond, May 1983. 

(Courtesy R. Payne, Woods Hole Oceanographic Institution) 

Sampling date 
9 May 13 May 23 May 25 May 

Previous day 7078 4892 6521 2673 
AV. previous 2 d 7200 4500 5650 3059 
AV. previous 3 d 7338 5370 4476 4213 

by the ambient light field of the 1 or 2 d before sam- 
pling. If the 3 d prior to 23 May and 25 May are 
examined, there was some consistency in the light 
field, but such was not the case for the earlier sampling 
days. These observations suggest that additional fac- 
tors were important in regulating the photosynthetic 
response. 

Several lines of evidence suggest that nitrogen limi- 
tation may have played an important role in the 
observed decline in cwcell and Pmaxcell toward the end of 
the bloom despite the fact that ambient concentrations 
of nitrogenous nutrients did not go to zero (Fig. 1). An 
interactive effect of nutritional status and photoadap- 
tive capability has previously been documented for 
Gonyaulaxpolyedra (Prezelin & Matlick 1983, Prezelin 
et al. 1986): nitrogen limitation appears to reduce the 
ability of this species to adapt to bright light and 
increase its susceptibility to photoinhibition. Prezelin et  
al. (1986) report that nutrient-limited G. polyedra in 
early stationary phase of growth show a decrease in 
Pmaxcell and uoll of 64 and 60 % respectively when 
transferred to a hlgher light regime. 

In our study, the evidence for nutrient limitation as 
an important factor in controlling the Salt Pond bloom 
is as follows. First, our field observations of reduction in 
PmaxCell and a,," during the latter stages of the bloom 
conform to the same pattern of reduction in these 
parameters observed in our cultures undergoing pro- 
gressive nitrogen limitation (Fig. 4). A reduction in 
photosynthetic parameters during nitrogen limitation 
and starvation has also been shown for the marine 
cyanobacterium Synechococcus (Glibert et  al. 1986), 
thus suggesting that cellular regulation of photosyn- 
thesis is at least partially coupled to nutrient supply. 

Second, by 23 May, when the peak in Gonyaulax 
tamarensis occurred, more than 30 % of the population 
was composed of planozygotes (Anderson & Stolzen- 
bach 1985). It has previously been suggested (Ander- 
son et al. 1984, Anderson & Lindquist 1985) that as  
nutrient availability declines, life cycle changes of G. 
tamarensis occur; planozygote formation and subse- 
quent encystment take place only when nutrients 
become limiting. May 23 was also coincidentally the 
time when photosynthetic vigor in the field population 
began dropping. Since the planozygotes isolated from 
the field were nearly as photosynthetically competent 
as the vegetative cells, the formation of planozygotes 
themselves was not controlling the measured photo- 
synthetic behavior of the Gonyaulax population in the 
field. Rather, reduction in nutrient availability 
appeared to trigger the change in life cycle, and simul- 
taneously caused a reduction in photosynthetic capaci- 
ty and efficiency. Reduction in photosynthetic compe- 
tence of the vegetative cells may thus be an  indicator 
that gametogenesis may soon occur. 
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Further supporting the nutrient depletion hypothesis 
is the fact that during the period of 25 to 26 lMay 
Gonyaulax tamarensis tended to aggregate at a lower 
depth in the water column than has been observed at 
other times when nutrients were replete and sexual 
stages not present (Anderson & Stolzenbach 1985). 
This behavior has been shown to be typical of several 
dinoflagellate species under nitrogen limitation 
(Heaney & Eppley 1981). 

Finally, although direct studies of nitrogen uptake 
capacity by Gonyaulax have been few, MacIsaac et al. 
(1979) showed that G. excavata has a fairly low affinity 
for NOT and NH4+, as inferred from measured half- 
saturation (K,) values. Their reported K, values fall in 
the range of 1.5 to 2.8 pg-at N 1-l, which are, in fact 
higher than the measured concentrations of NOT and 
NH4+ from the field when the P vs Iparameters began 
dropping. Accurate definition of the kinetic constant K, 
has been shown in recent years to be extremely 
difficult, and questions have been raised regarding the 
time-dependency of nutrient saturation kinetics 
(Wheeler et al. 1982, Goldman & Glibert 1983). In spite 
of these reservations, the large values of K, reported by 
MacIsaac et al. (1979) would suggest that during the 
latter half of the May 1983 bloom ambient concen- 
trations of NOT and NH: were insufficient to support 
the maximal uptake capacity of the population. 

Thus, while the results of these studies provide only 
circumstantial evidence that nitrogen limitation played 
an important role in the photosynthetic competence of 
Gonyaulax tamarensis undergoing a natural bloom, it 
is clear that regulation of photosynthesis in the field 
involved more than photoadaptation to prevailing 
irradiance levels. More work is now needed to fully 
understand the role of nutrient availability in photo- 
synthetic regulation, and whether photosynthetic com- 
petence can be used diagnostically in predicting the 
potential duration of a natural bloom. 
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