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ABSTRACT

Ecologically, there are three aspects com m on to all toxic red tides. First, 
there is an increase in population size, called here initiation. Secondly, there is 
support, e .g ., suitable salinity, tem perature, nutrients and  grow th factors, and 
finally, in m any red tides, the m aintenance and transport of bloom s by 
hydrologie and  m eteorologie forces. The first tw o aspects are often considered 
inseparable. However, w ith recent advances in dinoflagellate life cycle w ork, 
specifically, detection and  description of sexual phases and  viable benthic 
cysts, the possibility of benthic seed popu la tions and  the factors influencing 
their developm ent should be prim ary  research objectives. The locality of 
initiation is also critical. For exam ple, G ym nodin ium  breve bloom s are 
initiated abou t 16 to 64 km  off sou thw est Florida in 12 to 37 m , and it is 
suggested that if a dorm ant stage exists, then seed populations or seed "beds" 
possibly can be delineated w ithin this zone. Present data  indicate gradual 
m otile population  increases, no t sudden population  "explosions" due to 
increased cell division rates. O nce initial increases occur, specific chemical and 
physical conditions are necessary to  support these bloom s. Lastly, as 
evidenced by m any dinoflagellate b loom s, w inds, currents, and  organism  
m igrations are im portan t transport an d  concentrating m echanism s.

IN TRO D U CTIO N

Toxic dinoflagellate bloom s are com m on in coastal a n d /o r  estuarine w aters 
a round  the w orld, particularly  tem perate and  subtropical regions. Ecologi
cally, there are at least three aspects com m on to such bloom s. First, there is an 
increase of initial motile populations above background levels, w hich in the 
case of G ym nodin ium  breve  b loom s, are no t due to increased cell division 
rates. Secondly, w ater conditions m ust be optim al for support of such bloom s 
either by  land run-off, upwelling, subm arine spring discharge, preceding 
biological conditioning, or possibly som e other regulatory  factor. The th ird  
progressional aspect in this p roposed  general concept concerns the 
m aintenance and transport of bloom s b y  m eteorologie and  hydrologie forces.

It is the first stage, initiation, that w e th ink is critical to understanding red 
tides, or for th a t m atter, m any coastal and estuarine dinoflagellate bloom s. 
This does no t im ply that subsequent stages are insignificant. O n  the contrary , 
they are essential to w hether or no t red  tide conditions are established, how  
long they last, and  w hat areas can be affected.

D ata  (1,2) suggest th a t G. breve b loom s annually  in Gulf of Mexico coastal 
w aters (>  16 km  offshore) and  th a t p robab ly  3 /4  of these bloom s term inate 
offshore w ithou t developing in to  m ajo r outbreaks. O thers are transported  to 
nearshore w aters w here they can becom e established and  cause severe 
econom ic distress (3, 4). O nce in nearshore w aters, the offshore bloom s w hich 
evidently seed nearshore bloom s can continue (e.g. 1968) or subside (e.g. 
1967). O ccasionally, as in 1974, the nearshore bloom s will subside bu t can be
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reestablished sporadically  by continuing o ffshore bloom s of low  to m oderate 
concentrations. The point to be m ade here is that the zone of initiation and the 
status of the original "seed" pop u la tio n  offshore should be evaluated to 
determ ine "triggering" factors. It is our con ten tion  that toxic dinoflagellate 
bloom s are life cycle phenom ena and  to u n d erstan d  red tides, researchers need 
to concentrate on alternation of cytological a n d /o r  m orphological generations 
and  the environm ental param eters w hich influence these stages.

The recent investigations of Dr. D avid W all (W oods Hole Oceanographic 
Institu tion) and Dr. H. A. von Stosch (Phillips U niversity, M arburg) on 
dinoflagellate life stages lends credence to the speculation th a t pelagic, toxic 
dinoflagellate b loom s might originate fro m  dorm ant stages and that these 
stages m ight be associated w ith certain b o tto m  sediments. This then brings up 
the question, if benthic resting stages of certa in  dinoflagellates actually  "seed" 
coastal red tides, are there localized areas o f accum ulation, or w hat we could 
call "seed beds"?

DISCUSSION

Sexuality  and Resting Stages

There are at least ten dinoflagellates k n ow n  to have sexual and asexual 
cycles involving cytological a n d /o r  m orphological a lternation of generations. 
These include the arm ored species Ceratium  cornutum , C. horridum, 
G lenodinium  lubiniensiforme, H elgolandinium  subglobosum , and  the 
u narm ored  species A m phid in ium  carterae, G ym nod in ium  microadriaticum, G . 
pseudopalustre, Noctiluca scintillans, O xyrrhis marina, and W oloszynskia  
apiculata. (5,6,7 ,8 ,9). This list represents six m arine and four freshw ater spe
cies. T he m arine species are hom othallic and  either isogam ous or anisogam ous. 
The zygotes show  a wide diversity ranging from  resting cysts to motile cells 
bearing a close resem blance to their vegetative haplont counterpart. A lthough 
sexuality has been painstakingly described from  labora to ry  experiments, the 
actual stages in fusion, zygote form ation, meiosis, etc., can easily be missed in 
situ  because of the time frame and the fact that very little cytological.w ork has 
been done w ith field specimens. All dinoflagellate species know n to have 
sexual cycles are haplontic w ith the exception of N octiluca, w hich is diplontic.

The im portance in discussing sexuality lies in the recent revelations that at 
least several benthic resting cysts (freshw ater species) are actually 
hypnozygotes, and that sexual cycles could possibly account for seasonal 
appearances of certain  bloom  organism s. B raarud (10) speculated, "It w ould 
no t seem unreasonable to assume that the seasonal d istribution pattern  of the 
m eroplanktonic species m ay be influenced by a periodicity in sexual 
rep roduction  w hich m ay vary  from  one species to another."

Based on the w ork  of Dr. W all and  others (11) there are a t least 59 
dinoflagellate taxa (38 marine, 21 freshw ater) w ith described resting cysts 
isolated from  sedim ents. Representatives have been docum ented for the 
arm ored  genera Cachonina, Ceratium , D iplopeltopsis, Diplopsalis, Ensiculi-
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fera, Fragilidium, Gonyaulax, H elgolandinium , Heterocapsa, Peridinium, 
P yrodinium , Pyrophacus, Scrippsiella, and the unarm ored  genera G ym no
dinium , G yrodinium  (7), and W oloszynskia . The m ajority  of these cysts are 
thick-w alled stages; however, there are several exceptions, including 
G onyaulax tamarensis, which have th in  walls and  no ornam entation (12). 
D orm ancy is know n for several freshw ater species, a few m arine species, and 
is speculated fo r the rem ainder of those species w hich produce benthic cysts 
(8, 13, 14). This is an extremely im p o rtan t aspect of the life history  which 
needs verification and experim entation to  determ ine w hat exogenous a n d /o r  
endogenous factors stimulate onset of o r  emergence from  dorm ancy. O f the 
described cysts, at least ten represent bloom  species including the toxic 
G onyaulax tamarensis. G. polyedra  and  P yrodinium  bahamense. G onyaulax  
catenella is said to produce cysts, bu t n o  descriptive w ork is published.

The hypothesis that such benthic cysts, w hether they are zygotes or asexual 
stages, represent dorm ant "seed" popu la tions in coastal and estuarine 
sedim ents is intriguing; however, two po in ts  should be stressed. First, not all 
zygotes are nonm otile benthic cysts; th ey  can vary  from  nonm otile to motile 
pelagic stages. Secondly, benthic cysts have no t been positively show n to 
function as seed populations in m arine  ecosystems, although it has been 
suggested by  several researchers.

Zone o f Initiation

M ost toxic dinoflagellate bloom s, e .g . G onyaulax tamarensis, G. polyedra, 
G. catenella, Pyrodinium  bahamense, a n d  G ym nodin ium  breve, are coastal in 
o rig in (15, 16, 17, 18, 19), although som e can becom e established in estuaries 
depending on hydrologie conditions. These species are characterized as neritic 
based on frequency of occurrence and  distribution. Depending on continental 
shelf topography, neritic can m ean 2 k m  to 160 km o r more, and  in the case of 
b road , shallow  shelves, it; becomes im p o rtan t to pinpoint origin of bloom s to 
evaluate in itiation  versus support, particu larly  if in itiation  is "offshore".

G ym nod in ium  breve  red tides along Florida's west coast have been assum ed 
to originate close to shore near passes (3) ; how ever, m onthly data  from  
1964-1965 along four transects up to 32 km and m onthly  data  from  1965-1967 
for transects up to 164 km  indicate th a t G. breve b loom s originate at greater 
than 16 km  and are associated w ith an  initiation zone 16 to 64 km  offshore in 
depths of 12 to 37 m. O ffshore b loom s in these tw o instances had  population 
increases above background levels (< 1,000 cells/liter) and involved counts up 
to several hundred  thousand per liter, w hich during 1967 were associated w ith 
fish kills. Since m otile G. breve are com m on to b o th  inshore and offshore 
coastal w aters a t low  background levels th roughou t non-red  tide years, a 
sam pling program  to detect w here initial population increases are occurring 
should extend far offshore. Inshore sam pling program s in bays and nearshore 
w aters w ould  no t give adequate forew arning of a red tide outbreak, whereas 
extended program s could detect red tides in their early  stages.
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D ragovich and  Kelly (20) concluded fro m  their 1964-1965 data  representing 
stations out to 32 km , "...incidence of G. breve  was highest at the 27.8-km 
(15-mile) stations and least at the 9 .3-km  (5-mile) stations." Sum m arizing 
unpublished da ta  representing 28 m onthly collections of 504 live samples up to 
75 km  and 16 live samples over 8 m onths a t  139 and 164 km  off tw o widely 
separated geographic points (Tam pa Bay a n d  Sanibel Island), Steidinger (11) 
show ed that a 1967 red tide originated from  bloom s first detected 16 to 37 km 
off the T am pa Bay area w ith o ther sam pling stations inshore and offshore of 
this detection area having less than 100 G. breve/liter. G ym nodin ium  breve 
(< 100/liter) w as recorded only once at one  of the two stations on the 
outerm ost shelf (164 km  at 73 m) and this iso lated  occurrence was coincident 
w ith the 1967 red tide. These m onthly  da ta  plus the fact that one station , 75 
km  offshore, w as sam pled biw eekly ra th er th an  m onthly , indicated that the 
1967 red tide w as no t seeded from  further offshore than  the proposed zone of 
initiation 16 to 64 km. D ata  also suggest th a t  initial bloom s are localized.

Physical Factors

A fter initiation and support, currents can  occasionally transport bloom s 
long distances. In N ovem ber 1972, the first G. breve red tide along the 
southeast Florida coast was attribu ted  and docum ented to transport of bloom  
concentrations from  off Sanibel Island th rough  the Florida Keys in to  the 
Florida Straits and  up the east coast via the Gulf Stream  (21). D ata from  a 
Loop C urrent anom aly  (22), G. breve counts, and  satellite im agery suggested 
that an  unusual current pa ttern  set up in the low er eastern G ulf acted as an 
initial transport m echanism . Since G. breve  can be transported  by  oceanic 
currents, this incidence has raised the question of w hether or no t G. breve  is 
recruited from  the C aribbean through the Y ucatan Straits. H ow ever, in 34 
live, 5-gallon w ater sam ples over a tw o y ear period (1967-1969) from  12 
stations in the Y ucatan Straits and  open Gulf w aters directly above the Straits, 
M s. J. W illiams (FDNR, personal com m unication) did no t observe any  motile 
G. breve.

A lthough currents, including tides, can transport bloom s, the receiving 
w aters m ust be suitable for survival. For example, data  from  tw o of the three 
red tides that have established in T am pa Bay, Florida, indicate that the 
norm ally  low  salinity barrier of the T am pa Bay System was nonexistent at 
these tim es because of drought conditions. Salinities in upper bay  reaches, e.g. 
O ld T am pa Bay, during the sum m er of 1971 were as high as 3 1 ° /o o  when 
norm ally  salinités of 2 5 ° /o o  o r less w ould be characteristic. In early  m onths of 
1974, the salinities were norm al, up to 2 5 ° /o o  in O ld  T am pa Bay. 
C onsequently, high salinity  conditions in 1971 allow ed G. breve bloom s, once 
in the estuary, to penetrate and survive in upper reaches in O ld  T am pa Bay 
while salinities in 1974 were at the low er limit for G. breve tolerance and 
bloom s never becam e established in that part of the b ay  system , although 
bloom s and  fish kills were com m on in higher salinity w aters of the low er bay 
reaches.
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G ym nodin ium  breve  during these tw o outbreaks originally gained access to 
T am pa Bay via the ship channel and cell counts show ed it to be progressively 
m oving up the bay . O nce in T am pa Bay or the low er bays, e.g. Boca Ciega, 
w inds and  tides were instrum ental in transporting  and  dispersing bloom s. The 
im portance of these m echanism s was obvious. O n high tide in a back canal of 
Boca Ciega Bay w ith  gentle w inds from  the SSW , surface samples from  a 
distinctly discolored patch m oving w ith the  tide h ad  11 m illion G. breve!liter 
and 18" below  the surface only 370,000/liter. The patch was oriented 
perpendicular to the w ind direction. Five days la ter a t the same time, same 
station , and w ith sim ilar w ind conditions, G. breve  w as 21 m illion /liter at the 
surface and 16.7 m illion /liter about 15" below . O n  the tu rn  of the tide, the 
patch dissipated and  counts at that s ta tion  were 330,000/liter. It should be 
stressed how ever, th a t norm ally in coastal or estuarine w aters, although there 
can be higher concentrations at the surface during daylight hours, fish-killing 
concentrations in the hundreds of thousands usually exist throughout the 
w ater colum n and  m ortality  of fishes associated w ith bo ttom  w aters is 
com m on.

CONCLUSIONS

G ym nodin ium  breve red tides start offshore. The status of the seed 
population  is no t know n, although there is a m otile, p lanktonic population 
throughout the year at less than  1,000 cells/liter. N o detailed cytological w ork 
has been attem pted  w ith  this popu lation , or even bloom  populations, to 
determ ine w hether specimens are haplo id  or diploid. If there is even the 
slightest possibility of toxic dinoflagellate bloom s having their initiation from 
benthic resting cysts w hich m ay  be hypnozygotes, it w ould seem that this 
avenue of research should  have a high p riority  am ong phy toplankton  
system atists and ecologists.

The possibility of benthic seed populations and  even seed beds for at least 
some G onyaulax  and Pyrodinium  has a higher probability  than for 
G ym nodin ium  breve. Again, how ever, no detailed cytological w ork has been 
attem pted to determ ine w hether these naturally  occurring G onyaulax  and 
Pyrodinium  cysts are zygotes. The only support fo r the possibility of G. breve  
also having a benthic stage is: 1) freshw ater G ym nodin ium  and  W oloszynskia  
have such stages and  2) W all and D ale (23) described three m arine benthic 
cysts, which on excystm ent produced a G ym nodin ium , a G yrodinium  (?), and  
another m em ber of the G ym nodiniales. N atural cycles in toxic as well as 
nontoxic dinoflagellate b loom s should be clarified. This is an opportun ity  to 
look at the sed im en t/w ate r interface, its com m unity structure and  regulating 
m echanism s in dep ths'to  about 46 m. M any coastal phytoplankters are said to 
be m eroplanktonic (14, 24, 25), bu t evidence that the m eroplanktonic cycle 
influences species succession, d istribu tion , and  abundance is m inim al for open 
coastal w aters.
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The second aspect of bloom s, nu tritive  su p p o rt, also needs careful scrutiny 
because it is still no t conclusive w hether such  planktonic populations are being 
supported  by preceding biological condition ing , upwelling, or enrichment 
from  land discharge, w hether it be  runoff from  rivers (26) or 
discharge from  subm arine springs. (27). P lan k to n  com m unity m etabolism  in 
situ  is difficult to assess, but m uch progress has been m ade in culture on basic 
grow th requirem ents for individual species. Yet, little is know n concerning 
com m unity interactions. For example, w h a t factors allow  a single species, or 
a species complex now  that hybrid iza tion  is a possibility, to dom inate 
p lank ton  biom ass to the exclusion of o ther p lank ters for long periods of time, 
e.g. m onths? Is it lack of natural predators, excretion of inhibitory  substances, 
or com petitive exclusion? W hy, in o ther w ords, do we have monospecific 
dinoflagellate bloom s covering vast areas o f open coastal waters? I, fo r one, 
envision such coastal bloom s as having occurred sporadically  for centuries and 
consider them natural phenom ena, an  aspect of an ecosystem  we do no t fully 
understand  ra ther than an im balance of nature .

M odeling such phenom ena becom es a  precarious task, because we 
essentially do not know  the regulatory  m echanism s. M odels based solely on 
nutrien ts or solely on hydrologie factors negate the in teraction of the three 
proposed aspects, namely initiation, nu tritive  support, and physical 
m aintenance and  concentration. O ne such m odel stressed the im portance of 
w ater colum n vertical stability over horizon ta l convection m echanisms (28). 
It is difficult to separate these two aspects because the influence of winds, 
vertical stability and organism s m igrations are interrelated. D irection and 
intensity  o f w inds play an extrem ely im portan t role in horizontal transport 
and concentration  of daytim e, surface-concentrated G. breve bloom s, either 
by surface currents, tidal penetration  of bays, or convection mechanisms (1). 
This is not to say that vertical stability  is no t an influencing param eter in 
dinoflagellate bloom s. R ather, vertical stability  is only one factor and should 
be considered along w ith tem perature, salinity, w inds, currents, nutrients and 
grow th factors, tropism , light, m etabolic requirem ents and efficiencies, life 
cycles, com m unity interactions, etc. Red tides are an interdisciplinary problem  
and  require an interdisciplinary approach  by biologists, chemists, physicists, 
and  geologists.
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