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ABSTRACT

Thick-walled, nonmotile cysts (termed hypnocysts) of two
dinoflagellates were isolated from estuarine sediments in
Cape Cod, Massachusetts, and germinated to produce their
respective motile, thecate stages. Hypnocysts from Orleans
district were identified as Gonyaulax excavata (Braarud)
Balech sensu Loeblich & Loeblich. Visually identical hyp-
nocysts from Falmouth district were provisionally identified
as Gonyaulax tamarensis Lebour. Both species were tox-
zc. A geographic survey in September detected hypnocysts
in only the sediments of locations where toxic blooms de-
veloped the preceding and following Spring. Laboratory
incubation (16 C) of hypnocysts from sediment samples
stored in the dark (5 C) for 6 mo initiated excystment by
the temperature increase, with no appreciable effect from
lLight regime, nutrient, or chelator concentrations. Motility
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of excysted germlings was optimum in highly chelated me-
dium and in the presence of light. We conclude that hyp-
nocysts of both taxa are important in seeding recurrent
annual blooms, synchronizing early bloom development
with vernal warming of seawater and increasing the geo-
graphic range of the species. We suggest that many red
tides in New England and eastern Canadian waters are
inatiated through the displacement of motile estuarine pop-
ulations into nearshore areas by tidal advection and sur-
Jace runoff, although the potential existence and impor-
tance of offshore cyst reservoirs cannot be discounted.
Evidence is presented that hypnocysts are probably sexual
zygotes whereas the thin-walled cysts readily formed in lab-
oratory cultures (pellicle cysts) are asexual. Pellicle cysts
are of limited durability, do not overwinter in nature, and
therefore do not play a significant role in initiating toxic
blooms.

Key index words: Cape Cod (Massachusetts); cysts; dino-
flagellates; Gonyaulax; hypnocysts; pellicle cysts; red tide;
spores, resting; toxic blooms, dinoflagellate

The possibility that toxic dinoflagellate blooms are
initiated from benthic resting cysts was suggested by
Prakash (16) during his early investigations into the
relationship between Gonyaulax tamarensis Lebour
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Fic. 1. Geographical distribution of hypnocysts in the Cape Cod region, Massachusetts. Circled numbers denote the presence of
benthic cysts of Gonyaulax excavata or G. tamarensis. Samples 1, 2, 5, 7, Perch Pond; 9, 10, East Bay; 11, Eel River; 12, West Bay; 13,
Prince Cove; 14, 15, Cotuit Bay; 16, Popponesset Beach; 17, Popponesset Bay, Ryefield Point; 18, 21, Waquoit Bay; 19, Jehu Pond; 20,
Hamblin Pond; 22, Seapit River; 23, 24 Eel Pond; 25, 28, Green Pond; 30, Nauset Bay, North Beach; 31, Salt Pond; 32, Salt Pond Bay,
Hemenway Road; 33, Town Cove; 34, Mill Pond, Orleans south of Mill Pond Road; 35, Mill Pond, north of Mill Pond Road; 38, Areys
Pond; 39, Paw Wah Pond; 40, Pleasant Bay, near Tar Kiln Road; 41, Crows Pond; 42, Ryders Cove; 43, Chatham Harbor, near Cow
Yard Lane; 44, Chatham Harbor, near Holway Road; 45, Mill Pond, Chatham; 46, Stage Harbor; 47, Oyster Pond, Chatham; 48,

Ridgevale Beach; 50, Wychmere Harbor; 51, Allens Harbor; 52,

and paralytic shellfish poisoning along the eastern
coast of Canada. The seeding function of such dor-
mant populations was also linked to toxic blooms
along the coasts of New England (3,9,15,20) and
Florida. Wall (25) itemized several functions that
resting cysts potentially fulfill in the ecology of es-
tuarine-neritic marine dinoflagellates, including i)
locating annually recurrent blooms in certain sites
where cysts overwinter in the sediments; ii) syn-
chronizing early bloom initiation with seasonal
changes in the physical environment; and, iii) ena-
bling toxic species to extend their geographical dis-
tribution to areas without previous histories of shell-
fish toxicity. Collectively, these three roles will be
referred to as the “cyst hypothesis” for toxic dino-
flagellate bloom initiation and geographical spread-
ing of shellfish toxicity.

In September 1972, Cape Cod, Massachusetts,
was the southern limit of a massive red tide outbreak
extending up the New England coast to southern
Maine. The causative dinoflagellate, originally iden-
tified as G, tamarensis Lebour, was later classified as

Herring River; 54, Bass River, near Uncle Freemans Road.

G. excavata (Braarud) Balech sensu Loeblich & Loe-
blich (13) (synonym: G. tamarensis var. excavata Braa-
rud). This study represents an attempt to examine
the validity of the cyst hypothesis with respect to
Cape Cod, where the recent history of shellfish tox-
icity includes two noteworthy features. First, shell-
fish toxicity has been a recurrent annual event since
the initial outbreak in 1972 (Table 1). Second, the
toxicity spread locally to a previously unaffected dis-
trict (Falmouth) after four years of negative test re-
sults.

Two indirect methods were employed to evaluate
the cyst hypothesis. The sediments of salt ponds and
estuaries along the southern coast of Cape Cod were
surveyed to establish a relationship between detect-
able benthic cyst populations and historical shellfish
toxicity sites. Also, laboratory experiments were
conducted to identify the most important external
“triggering mechanism” for excystment.

The latter experiments utilized natural cysts from
the sediment samples and cysts produced in labo-
ratory cultures. These two cyst types possess differ-
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ent morphological and physiological characteristics
which are detailed in our results as a secondary ob-
jective of this study. We thus refer to the former as
hypnocysts (overwintering, thick-walled cysts) and
to the latter as pellicle cysts, a term chosen because
the cyst wall corresponds to the pellicle of other di-
noflagellates as defined by Loeblich (12). Their re-
spective roles in toxic bloom initiation are discussed
later.

An unexpected discovery was that the toxic di-
noflagellate in the Falmouth district (Perch Pond,
see Fig. 1) possessed an antero-ventral pore on the
right margin of the first apical thecal plate, a char-
acteristic which was not present in the organism
from the Orleans district (Mill Pond). The latter or-
ganism was identical with G. excavata from the 1972
New England red tide, and we have provisionally
identified the former as G. tamarensis. A taxonomic
discussion follows our main conclusions.

MATERIALS AND METHODS

Forty-five sediment samples were taken from 13 salt ponds and
estuaries along the south and east shores of Cape Cod (Fig. 1) in
September 1976. Sediments were collected in a 35 wm pore size
plankton net towed across the water-sediment interface, and
stored in the dark at 5 C in seawater from the original site. Hyp-
nocysts were isolated by micropipette after the sediment slurry
was sieved to retain only the 20-75 wm size fraction (Nitex mesh
or Micro-mesh sieve material, Buckbee Mears, St. Paul, Minne-
sota). Organic detritus in the slurry was disaggregated by soni-
fication (4 min at 1.4 A with a Branson S-75 sonifier). Hypnocysts
were washed repeatedly in seawater medium and sealed in Palm-

_er-Maloney nannoplankton counting slides (26) either in {/2 me-
dium (8) (using filtered Vineyard Sound seawater), or a modifi-
cation of the artificial seawater Aquil (hereafter Aquil A) with 10

- times normal trace metals and chelator and three times normal
nitrate (1,14). Excystment responses were generally tested by 16
C incubation under cool white fluorescent light (50 pE-m™%-s7!
measured with a quantum sensor) on a 14:10 LD cycle with daily
observations for 5-11 days. Variations included incubation in
constant dark, no nutrients (silicate, phosphate, nitrate, vita-
mins), chelator concentrations ranging from 0 to 107** M EDTA
in Aquil and {/50 medium with and without soil extract. Excyst-
ment was defined as the complete emergence of the protoplast
from the cyst even if the germling remained nonmotile. The
number of motile germling cells was tabulated prior to the first
division.

One sediment sample from Green Pond, Falmouth (collected
29 May 1976, 10 days after toxic shellfish were discovered) was
stored at room temperature (18-22 C) in diffuse daylight to test
excystment response without cold conditioning at 5 C.

Pellicle cysts were obtained from laboratory cultures of Isolate
429 of G. excavata obtained from A. R. Loeblich III (hereafter G.
excavata 429) and new isolates from germinated hypnocysts of G.
tamarensis (Perch Pond) and G. excavata (Mill Pond). Two modi-
fications of Aquil medium were used—Aquil A and Aquil B (nor-
mal trace metals, 107%* M EDTA and 107* M Tris, 1). Culture
conditions were as described previously for hypnocysts.

Formation of pellicle cysts was induced by subjecting cultures
of motile cells to cold, nutrient starvation and toxic copper con-
centrations. Exposure to cold involved removal of exponential-
phase cultures from 16 C to 0 C. Nutrient depletion was pro-
duced by a 1:10 dilution of early stationary phase cultures into
Aquil without nitrate, phosphate silicate and vitamins. Copper
toxicity was imposed by the addition of a solution of cupric sul-
fate and EDTA to an exponential phase culture in Aquil B with

final concentrations of 107%% M EDTA, 107°* M copper, 107 M
Tris and a calculated cupric ion activity of 1077 M (the lowest
level at which all cells remain nonmotile for an extended period
(1)). Pellicle cysts produced by these methods settled rapidly and
were collected within 24 h using separatory funnels, with the
procedure repeated twice to insure 100% nonmotile cells. Cysts
formed from temperature stress were stored at 0 C, all others at
5 C. Excystment of pellicle cysts was induced by incubation in
Aquil A with the percentage of motile cells determined after 48
h by the method of Anderson and Morel (1).

Microchemical tests on the cell walls of hypnocysts and pellicle
cysts followed the acetolysis technique described in Gray (7) and
the iodine-hydriodic acid staining technique for thecae described
by von Stosch (23).

RESULTS

Hyprnocyst distribution and identification. A survey
along the east and south shores of Cape Cod re-
vealed a localization in two main areas—an eastern
embayment complex near Orleans (Nauset Bay,
Pleasant Bay) and a southwestern complex near Fal-
mouth (Great Pond, Perch Pond, Green Pond), 48
km away (Fig. 1). These two complexes were also
the only districts on Cape Cod where shellfish be-
came toxic in 1976 (in the spring, 5 mo before the
sediments were collected). Further, the following
spring the same two areas experienced toxic blooms:
Mill Pond was again closed for shellfish harvesting
whereas Perch Pond had measured G. tamarensis cell
densities of 60,000 cells- liter ' (Anderson unpubl.).

Incubation of Mill Pond hypnocysts produced
>100 motile cells identified as G. excavata according
to thecal morphology. They were identical with G.
excavata as described by Loeblich and Loeblich (13).
Perch Pond hypnocysts produced motile cells iden-
tified provisionally as G. tamarensis due to the pres-
ence of a pore on the first apical plate. Thecae in
plankton hauls from Mill Pond and Perch Pond dur-
ing the spring 1977 confirmed the consistent dif-
tference between these two organisms.

Hypnocysts of both species were identical under
the light microscope. They were also indistinguish-
able from hypnocysts in sediments from Gloucester,
Massachusetts collected by C. Martin in September
1972 and from hypnocysts isolated from Oslofjord
by Dale (3) identified as G. excavata.

The hypnocysts of G. excavata (Figs. 22-26) and
G. tamarensis (Figs. 27-32, 48, 50) are elongate-cylin-
drical cells with rounded ends. Length varied from
43-72 pum and width from 26-39 um, with a mean
L:B ratio of 1.8. The wall is thick (2-5 wm) and
multilayered. There is an outer covering of muci-
lage to which particles such as sand grains and small
diatoms adhere, plus two cyst wall layers—the ex-
ospore (24) and endospore. The former is very thin
and resists both acetolysis and concentrated sul-
phuric acid. It thus may contain a sporopollenin-like
polymer (2) in common with other marine Gonyaulax
cysts (25). The endospore is thicker and stained red
with iodine-hydriodic acid mixture. It is destroyed
by acetolysis and sulfuric acid, after first swelling to
distort the cyst. It probably consists of cellulose.

e )
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TasLE 1. Monthly records of shellfish toxicity in Cape Cod inlets 1972-
1976.2

Month ] F M A M J J] A S§ O N D
1972 Positive 6 17 6 5
Total tested 30 63 11 12

1978 Positive 4 1 0 0 0 0 O 0 0 0 O O
Total tested 9 5 10 0 22 35 25 34 23 8 0 2
1974 Postive- 0 0 0 0 1 18 6 0 0 0 O O
Total tested 2 2 2 2 23 84 45 43 42 27 4 6
1975 Positive 00 0 0 4 8 0 0 0 0 0 0
Total tested 8 8 7 4 41 74 88 28 32 3 3 4
1976 Postive 00 1 222 2 0 0 0 0 0 O

7 7 7 0

6 13 75 53 35 38 28

# Numbers indicate separate shellfish toxicity tests using a mouse bioassay: positive
tests had toxin levels > 80 ug/100 g meat. (Figures courtesy of Commonwealth of
Massachusetts, Department of Environmental Quality Engineering.)

Total tested 8

Cell contents determined the characteristic ap-
pearance of hypnocysts. Distinctive features include
microgranules in Brownian motion, starch grains,
lipid globules, one or more orange-red pigmented
accumulation bodies and the nucleus. Typically the
starch grains surround the nucleus in the central
zone of the hypnocyst (Fig. 28).

Excystment of hypnocysts. Excystment was preceded
by a transformation of the protoplast towards that
normally seen in the motile stage, including chlo-
roplast development and intensification of the pig-
mentation, the disappearance of microgranular cy-
toplasm and starch accumulations, and the
appearance of a pale zone (the nucleus) lying
obliquely across the girdle region (Fig. 33).

During excystment, the protoplast emerged by an
amoeboid motion with cytoplasmic streaming
through a small breach at one end of the hypnocyst
(Figs. 33-36). The emergent germlings were unusu-
ally large (40 x 50 pm) with a shallow longitudinal
sulcus (Figs. 38-40). Posterior biflagellation in
germlings was observed several times and by both
authors independently (Fig. 37). The transverse sul-
cus developed several minutes after emergence with
an oblique orientation not typical of mature thecate
cells. Cell volumes decreased with successive cell di-
visions (beginning within 24 h of excystment, Fig.
41), such that after two divisions the cells were typ-
ically 35 pum diam. (13).

Experiments to test the viability of hypnocysts
stored at 5 C since September 1976 were conducted
during February and March 1977, several weeks
before toxic blooms typically occur in Cape Cod salt
ponds (early May). Results of the incubations under
different light/dark conditions and media composi-
tion are summarized for each species in Tables 2
and 3.

Over a thousand hypnocysts from the two ponds
excysted in laboratory tests. In individual experi-
ments under widely varying conditions, 80-100%
excystment was generally observed, although on one
occasion only 47% were successful. Disregarding

TABLE 2. Excystment results for Gonyaulax tamarensis.®

No. of Encyst- Motil-

Chelator hypno- ment it

Medium conc. cysts (%) (%)
Aquil A 1074+ M EDTA 32 100 97
Aquil A 107%* M EDTA 22 100 100
(no nutrients)
/50 107 M EDTA 256 47 2
/50 10753 M EDTA, 35 97 60
(soil extract) soil extract
12 107** M EDTA 30 93 70

# Incubation at 16 C for 5 days: all hypnocysts from sediment sample collected from
Perch Pond, Falmouth on 14 September 1976 and stored at 5 C in dark for 155-170
days (most probable time of cyst formation was May 1976).

this one unusually low value, excystment did not
vary appreciably with nutrient concentration, light
regime, or chelator concentration. In contrast, the
success of the excysted cells in achieving motility was
much higher when the media (both artificial and
natural seawater) were more heavily chelated and
when light was available. A lack of nitrate, phos-
phate, silicate and vitamins did not affect either ex-
cystment success or motility among the germlings,
although it was not possible to completely eliminate
detritus (or bacteria) during cyst isolation, and the
seawater salts of Aquil undoubtedly contained nu-
frients as contaminants.

Hypnocysts did not germinate when stored at 5
C for 6 mo, though many excysted within several
days when incubated at 16 C. Low storage temper-
ature was thus effective in suppressing germination.
However, in one experiment, a 1 h exposure to
room temperature followed by a return to 5 C're-
sulted in 17% germination after 5 days, an indica-
tion that the onset of excystment may have been
triggered, despite the subsequent return to 5 C.

Hypnocysts stored at room temperature since
May 1976, and never exposed to cold conditioning
also had low germination success. When placed in
fresh medium at 16 C 9 mo later, only one of 14
excysted and became motile, whereas after 12 mo,
26 of 49 excysted and 11 became motile. Hypnocysts
can thus germinate without “cold conditioning” and
thermal activation, albeit less successfully than those
exposed to cold for a prolonged period.

Pellicle cysts. Pellicle cysts formed in laboratory cul-
tures were simple, nonmotile, athecate cells of high-
ly variable shape. In G. excavata 429 there were three
subtypes: coccoid, hypnoid, vacuoloid. The coccoid
subtype was spherical (24-42 um diam.) and found
either as a free cell or partly or completely enclosed
within its parental theca (Figs. 2-8). The hypnoid
subtype was ovoid with maximum and minimum
dimensions of 43 and 22 um, respectively. It was
characterized by chains of cast-off pellicles in many
instances (Figs. 9-16), hence the term “hypnoid”
(5,27). Vacuoloid cysts (Figs. 17-20) were spherical,
ovoid or trilobate and distinguished mainly by their
cell contents and greater size (40-70 um).
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Fics. 2-20. Pellicle cysts of G. excavata 429 and G. tamarensis (F16. 16 only) from laboratory cultures stored at 5 C. Fics. 2-8, coccoid
subtype; Fics. 9-16, hypnoid subtype; Fics. 17-20, vacuoloid subtype. The cysts were formed under different stresses: temperature-
induced cysts shown in Fics. 3, 8, 14, 17-19 (light storage) and 2, 7 (dark storage): Cysts induced by nutrient starvation shown in Fics.
20 (light storage) and 4, 5 (dark storage): Cysts induced by copper toxicity shown in Fics. 9, 10, 15 (light storage) and 11, 13 (dark
storage). FiG. 2. Young coccoid cyst (36 X 34 um) enclosed by theca in early apical ecdysis. F1c. 3. Immature coccoid cyst (32 X 31 um)
with chloroplasts; also enclosed by dehisced theca. Frc. 4. Mature coccoid cyst (34 X 31 um) with areas of microgranular cytoplasm, two
large pigment bodies and thecal remains. Fic. 5. Mature coccoid cyst (31 X 29 um) with remains of chloroplasts, two large pigmented
bodies, enclosed by thecal remains. Fic. 6. Typical mature coccoid cyst with microgranular cytoplasm, pale nucleus, single large pigment
body and refractive starch grains; 31 um diam. Frc. 7. Free mature coccoid cyst; 42 pm diam. (Normarski phase-interference). Fic.
8. Unusually large coccoid cyst; 57 wm diam., probably developed from vacuoloid subtype. Frc. 9. Immature hypnoid cysts emerging
from thecae; largest cyst 29 X 24 uwm. F1c. 10. Immature hypnoid cyst, with train of abandoned pellicles; largest 34 X 27 um. Frc. 11,
Immature hypnoid cyst; protoplast 3¢ X 26 um. Fic. 12. Mature free hypnoid cysts; protoplast 43 X 29 um. Fic. 13. Immature free
hypnoid cyst; protoplast 34 x 26 um. Fic. 14. Mature elongate hypnoid cysts; length 50 um; among mass of decayed thecal remains.
F16. 15. Immature hypnoid cysts emerging from thecae; largest protoplast 34 X 26 um. Fic. 16. Hypnoid cyst releasing its protoplast;
53 X 51 um. Fic. 17. Vacuoloid cyst; 55 X 50 um. Fic. 18. Vacuoloid cyst; 55 um diam. F16. 19. Vacuoloid lobed cyst with concentric
pellicles; maximum size 70 um. Fic. 20. Vacuoloid cyst showing radial strands of cytoplasm; nucleus (left) and oil globule (right); 53
pm diam,

The wall of pellicle cysts was thin, smooth, single- (23) or Sudan III. It was more resistant to concen-
layered and unornamented; it did not form an oper- trated sulphuric acid than the theca, remaining in-
culum or archeopyle (6) on excystment. Chemically tact after a week of immersion. Acetolysis destroyed
its composition is unknown but it is not cellulosic or pellicle material fixed in a 3:1 alcohol-acetic acid so-

lipid since it was not stained by iodine-hydriodic acid lution for 1 wk.

o re—
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Fig. 21. Frequency of revival to motility (excystment) for pellicle cysts as a function of time elapsed since initial loss of motility
(encystment) in laboratory cultures: cysts collected within 24 h of encystment.

Pellicle cyst cell contents varied between two ex-
tremes. At one extreme, the contents were indistin-
guishable from the protoplasts of vegetative cells,
with chloroplasts, organelles near the cell wall and
a pale equatorial nucleus. At the other extreme, con-
tents resembled the protoplasts of hypnocysts (cf.
Figs, 8, 22) with large areas of streaming micro-
granular cytoplasm, pigmented accumulation bod-
ies, starch grains and a nucleus. Some vacuoloid sub-
types contained radial strands of cytoplasm (Figs.
19, 20).

The relative frequencies of occurrence of the
three subtypes differed according to the imposed
stress. Coccoid cysts were predominant in subcul-
tures exposed to cold temperatures and to nutrient
depletion, as well as in some old, neglected transfer
cultures, whereas hypnoid cysts occurred only in
subcultures exposed to copper. Vacuoloid cysts oc-
curred only in subcultures where formation resulted
from low temperatures or nutrient starvation. This
subtype developed after 9 wk of 5 C storage in the
light. Several weeks later they were transformed to
large coccoid cells with hypnocyst-like cell contents
(Fig. 8).

Excystment of pellicle cysts. Excystment involved
either liberation of a flagellated stage with one trans-
verse and one longitudinal flagellum or the forma-
tion of a train of cast-off pellicles in hypnoid fashion
(Fig. 16). Figure 21 demonstrates the decrease in
pellicle cyst viability with age. Where 90% of the
cysts formed from nutrient and copper stresses re-
vived after 2 days when returned to Aquil A medi-
um, after 50 days dormancy, the best response was
only 37% for cysts formed by nutrient depletion.
Copper and temperature-induced cysts lost their

viability much faster. Note, however, that these re-
sults are indicative of the chosen stress and storage
conditions. Minor variations of the three stresses
would probably change both the shape and relative
positions of the curves in Fig. 21.

. Storage of pellicle cysts at 5 C for longer time
periods showed that the only subcultures with viable
cysts were the two containing vacuoloid cysts. Less
than 5% of these revived on 16 C incubation. In
other subcultures, coccoid cysts with hypnocyst-like
cell contents appeared to outlive other cyst types,
but after 7 mo, even these more durable pellicle
cysts were dead.

TABLE 3. Excystment results for Gonyaulax excavata.?

}Il\lo. of Excyst- Motil-

Medium Conditions ():,)Ff)srtl:. Y?%Y)l[ (l%)
Aquil A light 36 83 nd®
Aquil A dark 38 79 nd
Aquil A no nutrients 26 77 nd
Aquil A light 18 100 83
Aquil A light 32 88 63
Aquil A dark 32 93 7
Aquil A light 29 93 90
Aquil A dark 42 90 12
Aquil no EDTA 40 75 0
Aquil 107" M EDTA 39 90 0
Aquil 107 M EDTA 31 90 3
Aquil 10754 M EDTA 40 95 13
Aquil 107** M EDTA 36 97 83
/2 light 31 84 77

“ Incubation at 16 C for 5 days: all hypnocysts isolated from sediments from Mill
Pond, Orleans: cysts in Aquil ordAlc%uil A collected 21 September 1976, stored at 5 C

179-187 days; cysts in {/2 collecte

time of cyst formation was May 1976).

® Not determined.

March 1977, stored

48 days at 5 C (most probable
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DISCUSSION

The following conclusions are based on the pre-
ceding laboratory and field data. The rationale for
each statement is discussed following.

i) Hypnocysts of G. excavata and G. tamarensis
probably play a major role in initiating annually re-
current toxic blooms in the Cape Cod region. Pel-
licle cysts cannot perform this function.

ii) Hypnocyst germination begins primarily in re-
sponse to vernal warming and thus determines the
timing of spring bloom initiation each year.

i1i) Two different dinoflagellates (G. excavata, G.
Tamarensis) cause shellfish toxicity in the Cape Cod
region. The latter was previously reported to be
nontoxic (13).

iv) Hypnocysts of G. tamarensis are the probable
mechanism for the introduction of this toxic species
into the previously unaffected Falmouth district in
1976. '

v) Many New England-eastern Canadian red tides
can be conceptualized as estuarine-generated phe-
nomena based on the physical and biological char-
acteristics of hypnocyst accumulation and germina-
tion.

vi) Hypnocysts of G. excavata and G. tamarensis are
probably sexual zygotes (hypnozygotes) whereas
pellicle cysts are asexual.

Ecological roles. The functions of hypnocysts and
pellicle cysts with respect to red tides may be sharply
divided. Pellicle cysts were progressively less viable
over time in laboratory cultures, and most were
dead seven months after encystment. Moreover,
pellicle cysts have not been found in sediments,
which further suggests they are incapable of over-
wintering. The role of pellicle cysts in nature is thus
limited to survival through short periods of non-
motility during vegetative growth—an adaptation to
short-term perturbations in ambient conditions.

Our observations demonstrate that overwintering

in a dormant condition and the subsequent re-es-
tablishment of a motile population through germi-
nation are the functions of the more durable hyp-
nocysts. First, a geographical survey in the fall 1976
demonstrated the direct correlation between the
presence of benthic hypnocysts and the only Cape
Cod locations where toxic blooms occurred the pre-
ceding and following springs. Second, hypnocysts
were shown to be physiologically capable of survival
for more than 6 mo at 5 C (i.e., they can overwinter).
Third, laboratory germination of cold conditioned
hypnocysts was successful several weeks before
blooms of the two species actually developed. We
cannot, of course, eliminate the possibility that these
blooms were seeded by some other mechanism (.e.,
a small residual motile population surviving 0 C win-
ter temperatures or a population introduced from
coastal waters).

Seasonal timing, development. Our laboratory results
indicate that a temperature increase is the main ex-
ternal stimulus for excystment. Thus hypnocyst ger-
mination in Cape Cod salt ponds would be initiated
by vernal warming of the seawater and sediments.
In Oyster Pond, for example, (5 km from Perch
Pond) surface water temperature increases from 6
to 14 Cin April (4). This conclusion is also consistent
with the pattern of shellfish toxicity on Cape Cod
(Table 1) which typically peaks in late spring.

Previous studies on freshwater dinoflagellate cysts
such as Ceratium hirundinella (O.F.M.) Bergh by
Huber and Nipkow (10,11), C. cornutum (Ehr.) Cla-
parede & Lachmann, Gymnodinium pseudopalustre
Schiller and Woloszynskia apiculata von Stosch (22—
24) have demonstrated that temperature increases
are of major importance in stimulating excystment.
This is also true for Gonyaulax and Pyrodinium hyp-
nocysts (26,28).

Our results indicate that once initiated, excyst-
ment generally proceeds through emergence re-
gardless of the suitability of the ambient environ-
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Fics. 22-50. Hypnocysts and post-excystment developmental stages in G. excavata and G. tamarensis. Fics, 29-26, 41,42, G. excavata
from Mill Pond; Figs. 27-40, 43-48, 50, G. tamarensis from Perch Pond; Fic. 49, G. tamarensis from Green Pond. Fig. 29. Hypnocyst
without mucilaginous outer coat; 62 x 31 um. Fic. 23. Ovoid hypnocyst; 46 X 31 um. Fic. 24, Weakly reniform hypnocyst; 58 x
um. Fic. 25. Three hypnocysts; left one 53 x 29 um. Fics. 26, 27. Weakly tapered hypnocyst; 60 X 39 pum. Fre. 28. Pale hypnocyst
with starch grains localized in its median equatorial zone; 54 x 41 um. Fic. 29. Hypnocyst; 62 X 29 um. Fic. 30. Hypnocyst, completely
filled with starch grains, extracted from hepatopancreas of Mya; 67 X 29 um. Frc. 31. Dumbbell-shaped hypnocyst; 65 x 34 um. Fig.
32. Hypnocyst with clear zone representing site of nucleus; 61 X 29 um. Fic. 33. Ripe hypnocyst with transformed cell contents
immediately prior to excystment; 54 x 30 um: lower, abandoned exospore; 53 X 29 um. Fics. 84, 85. Protoplast emerging from
hypnocyst (excystment), with 40 s of elapsed time; hypnocyst 60 x 31 um. Fics. 36, 87. Posteriorly biflagellate germling immediately
after excystment; 53 X 31 wm: arrows point to two trailing, uncoiled flagella. Fics. 38, 39. Post-excystment germling with focus on cell
margin and ventral area, respectively; 55 X 43 um. F1c. 40. Post-excystment germling; 50 X 31 um. Fic. 41. Typical pair of motile cells
(doublet), 7 days after excystment; transdiam. 38 um. Fic. 42. Thecate cell releasing protoplast by apical ecdysis; transdiam. 31 um.
F1Gs. 43, 46, Abandoned theca from a germling, no more than 2 days after excystment, antero-ventral and postero-ventral views showing
typical plate pattern of G. tamarensis, transdiam. 43 pm (focus in antero-ventral view is on lower hemisphere so image is reversed left
to right). Fics. 44, 45. Second theca from another germling, no more than 3 days after excystment, in right lateral and mid-ventral
views, showing tabulation pattern of theca; transdiam. 38 um. Fic. 47. Epithecal plates of G. tamarensis from Perch Pond plankton (18
March 77) in internal view so left and right reversed: arrow points to ventral pore on plate 1" where it borders plate 4. x 1,000 (Nomarski
phase-interference). Fic. 48. Abandoned exospore of hypnocyst surrounded by mucilaginous layer; 60 x 29 um. Fre. 49. Hypnocyst
with endosporic layer intact; 62 X 29 um. Fic. 50. Exospore of hypnocyst after soaking 5 days in concentrated sulfuric acid,; endospore
and external mucilage were destroyed. X500,
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ment, whereas motility and cell divisions are
dependent on the presence of suitable light and che-
lator. Thus the successful development of blooms
of G. tamarensis and G. excavata from germinated
hypnocysts is clearly dependent on external factors
that further constrain the timing and location of
outbreaks.

Hypnocyst dispersal. The spread of shellfish toxicity
to the Falmouth district in 1976 may have resulted
from the unintentional introduction of G. tamarensis
hypnocysts. In contrast with the first toxicity in Or-
leans in September 1972 during the massive out-
break along the New England coast, the first toxicity
in Falmouth was in 1976, and it was caused by G.
tamarensis rather than G. excavata. Both of these fea-
tures are curious, as is the geographic discontinuity
whereby shellfish were toxic in Orleans and in Fal-
mouth but nowhere between. Taken together, these
peculiarities suggest that toxicity in Falmouth was
not initiated by dispersal of toxic dinoflagellates
from elsewhere on Cape Cod, but from an external
source. For example, transfer of sediments (e.g.,
dredging, dumping) or shellfish (e.g., transplanta-
tion) could introduce hypnocysts into new locations
where indigenous populations could be sustained.
Massachusetts has received numerous shellfish re-
lays from Maine over the years, and Perch Pond was
in fact seeded with quahogs in 1975, one year before
the first toxic shellfish were detected.

New England red tides. Our investigations were lim-
ited to Cape Cod, but the results are applicable to
the entire New England, eastern Canadian red tide
phenomenon. Such red tides can be categorized as
autochthonous or allocthonous. The former are
those where dense motile populations develop in
close proximity to benthic hypnocysts. As exempli-
fied by Mill Pond and Perch Pond, such blooms
would be annually recurrent and amenable to close
monitoring and perhaps some degree of prediction.
Some may be extremely localized and of brief du-
ration but nonetheless highly toxic.

Allochthonous blooms would be those that occur
beyond the confines of estuaries—far from their
original seed beds of hypnocysts. The widespread
1972 New England red tide (which occurred after
the passage of Hurricane Carrie) may be one ex-
ample of this type. We theorize that such blooms
develop when motile populations entrained in es-
tuarine waters are flushed into adjacent coastal
zones (by major storm or tidal events) where growth
can continue until nutrients are depleted or physical
mixing with coastal waters adversely changes the
chemical environment. Certainly the importance of
land runoff in supporting toxic blooms has been
recognized (e.g., 1,9,16-18). We merely add evi-
dence that emphasizes the role of runoff in creating
a unique chemical and highly stratified environ-
ment, while coincidentally serving as a dispersal and
seeding mechanism.

The essential difference between the two bloom

types is their genesis. Open coastal environments
are highly dynamic and probably prevent the dense
accumulations of hypnocysts found in estuaries. Al-
though the growth of coastal populations to toxic
cell densities from an extremely low density excyst-
ment “inoculum” is possible, we suggest that large-
scale blooms in this region do not generally begin
in open coastal waters. However, we cannot rule out
the possibility of non-seasonal cyst “reservoirs” at
subthermoclinal depths (in near-shore topographic
depressions, for example) where cysts could accu-
mulate for years without annual germination before
being recirculated to the euphotic zone by major
storm activity or upwelling. Huber and Nipkow (11)
found that constant exposure to low temperatures
in deeper sections of Lake Zurich suppressed cyst
germination of Peridinium cinctum (O.F.M.) Ehr. for
as long as 16.5 yr.

The speculative nature of certain aspects of the
foregoing discussion emphasizes the need for future
research in several specific areas. First, direct evi-
dence must be gathered that confirms the proposed
role of germinating hypnocysts as the seed popula-
tion for blooms. Second, a more detailed investiga-
tion of the encystment and excystment phenomena
is needed to define threshold levels of the critical
parameters that initiate these processes. Third, hy-
drodynamic, hydrologic, and vertical migration
studies should define the conditions under which
motile populations are flushed from estuarine lo-
cations into coastal waters. A parallel study should
determine whether coastal accumulations of hyp-
nocysts do exist and if so, what combination of phys-
ical factors is necessary for the direct initiation of a
coastal bloom. A synthesis of these lines of research
may then create a sound basis for the predictions of
both local and regional red tides.

Sexuality of cysts. A secondary objective of this
study was the documentation of the differences be-
tween hypnocysts and pellicle cysts. The former are
larger, more elongate, have a non-renewable mul-
tilayered thick wall (i.e., no chains of discarded cell
walls as in Fig. 16), greater longevity and do not
form in culture in response to the chosen stimuli.
Most importantly, hypnocysts release large poste-
rior-biflagellated germlings upon excystment.

These characteristics suggest that hypnocysts are
the sexual zygotes of G. excavata and G. tamarensis,
whereas pellicle cysts are asexual. In particular, ac-
cording to von Stosch (24), the unusually large sin-
gle germling with posterior biflagellation indicates
that the emergent cell is a planomeiocyte. Hence the
hypnocyst is a zygote. However, we have not ob-
served the fusion of gametes and cyst formation di-
rectly, so we use the term “hypnocyst” rather than
the more specific “hypnozygote” which can be sub-
stituted once sexuality is proven.

The reason hypnocysts of G. excavata and G. fa-
marensis have not been observed to date in cultures
is probably failure of the organisms to reproduce
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sexually under the chosen culture conditions. This
is commonplace among marine dinoflagellates
where in the great majority of instances, only pellicle
cysts occur in laboratory cultures. '

Taxonomic considerations. Our discovery that the
dinoflagellate from the Orleans complex lacks an
antero-ventral pore (along the right margin of the
first apical plate (I’) where it joins plate 4) whereas
the species from Falmouth possesses this pore,
prompted us to identify them as G. excavata and G.
tamarensis, respectively. This pore is the only mor-
phological feature separating these two species ac-
cording to Loeblich and Loeblich (13). However, we
have not established that the taxon from Perch Pond
is identical with G. tamarensis from the Tamar estu-
ary in Britain or Isolate 173 of Loeblich and Loe-
blich (13) in all other respects. In particular, the last
is reportedly nontoxic, whereas the Perch Pond or-
ganism has been tested and is definitely toxic (Y.
Shimizu, pers. comm.). We do not consider toxicity
to be a rigorous taxonomic criterion in species def-
inition at this point and are willing to accept toxic
and non-toxic strains of a single species.

Whether G. excavata should be considered a sep-
arate species or a variety (G. tamarensis var. excavata)
is a separate issue, as is the contention that accord-
ing to the rules of priority, the correct name for the
species should be G. phoneus (Woloszynska & Con-
rad) nov. comb. (13,21). Steidinger (19), Taylor (21)
and Wall (25) each emphasized that G. tamarensis-
related dinoflagellates belong to a species complex
whose taxonomy needs careful revision. The central
problem is the differentiation between species and
varieties, and until new methods are employed to
rigorously address this question, further discussion
seems futile. In this paper, we simply wish to em-
phasize that shellfish toxicity in New England is
caused by two dinoflagellates instead of one as pre-
viously reported, with the only distinction between
the two being the presence, or lack of, an antero-
ventral pore in the theca.
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