
tivity reduces to L. This happens for 
wavelengths shorter than 480 nm. For 
wavelengths longer than 480 nm, the 
two equations are identical. The theoret- 
ical curves are plotted in Fig. 2B. The 
cancellation (M - S) equation is linear 
while the matching equation is not, 
which implies that the r - g opponent 
spectral sensitivities are linear combina- 
tions of the cone pigments if measured 
under conditions for which the 0 fields 
do not become zero-that is, where the 
M centers are more responsive than the 
S surrounds. 

This theory shows that adding green 
light to a violet field has opposite effects. 
The green light cancels the redness in the 
usual opponent sense. But green light al- 
so activates the silent S surrounds, 
which by opposing the M cone necessari- 
ly signal redness. 

When the L and M cone sensitivities 
are normalized at the long-wavelength 
neutral point (Fig. 2B), L can never sig- 
nal r at X < 580. The M cone is always 
more sensitive than the L cone, so unless 
the S cone inhibits the M cone enough to 
reduce its sensitivity to less than that of 
the L cone, the L cone cannot produce 
the +r signal on opponent spectral sensi- 
tivity curves at short wavelengths. Al- 
though for the 0 S curves the +r sensi- 
tivity arises from the L cone, it is the in- 
hibition of M by S that allows this +r to 
appear at short wavelengths (12). This 
fact also explains why long-wave adapta- 
tions may decrease short-wavelength 
+ r. From the viewpoint of opponent the- 
ory, any cones that inhibit M signal +r 
regardless of their spectral sensitivity. 

The transformation equations from 
cone to channel spectral sensitivities 
for the r - g channel require two dif- 
ferencing mechanisms within the chan- 
nel. One of these mechanisms opposes 
the L cone to the M cone, the other the S 
cone to the M cone. Comparing the re- 
sults of a hue-cancellation experiment 
with a hue-matching experiment sug- 
gests that the two mechanisms have dif- 
ferent properties. The difference com- 
puted by the M - L mechanism is a true 
r - g signal in the sense that the dif- 
ference signifies redness or greenness, 
depending upon the polarity of the dif- 
ference. The M 0 S mechanism appar- 
ently signals only redness; the difference 
is zero unless the output of the M cones 
is greater than that of the S cone. 

CARL R. INGLING, JR. 
PHILLIP W. RUSSELL 

tivity reduces to L. This happens for 
wavelengths shorter than 480 nm. For 
wavelengths longer than 480 nm, the 
two equations are identical. The theoret- 
ical curves are plotted in Fig. 2B. The 
cancellation (M - S) equation is linear 
while the matching equation is not, 
which implies that the r - g opponent 
spectral sensitivities are linear combina- 
tions of the cone pigments if measured 
under conditions for which the 0 fields 
do not become zero-that is, where the 
M centers are more responsive than the 
S surrounds. 

This theory shows that adding green 
light to a violet field has opposite effects. 
The green light cancels the redness in the 
usual opponent sense. But green light al- 
so activates the silent S surrounds, 
which by opposing the M cone necessari- 
ly signal redness. 

When the L and M cone sensitivities 
are normalized at the long-wavelength 
neutral point (Fig. 2B), L can never sig- 
nal r at X < 580. The M cone is always 
more sensitive than the L cone, so unless 
the S cone inhibits the M cone enough to 
reduce its sensitivity to less than that of 
the L cone, the L cone cannot produce 
the +r signal on opponent spectral sensi- 
tivity curves at short wavelengths. Al- 
though for the 0 S curves the +r sensi- 
tivity arises from the L cone, it is the in- 
hibition of M by S that allows this +r to 
appear at short wavelengths (12). This 
fact also explains why long-wave adapta- 
tions may decrease short-wavelength 
+ r. From the viewpoint of opponent the- 
ory, any cones that inhibit M signal +r 
regardless of their spectral sensitivity. 

The transformation equations from 
cone to channel spectral sensitivities 
for the r - g channel require two dif- 
ferencing mechanisms within the chan- 
nel. One of these mechanisms opposes 
the L cone to the M cone, the other the S 
cone to the M cone. Comparing the re- 
sults of a hue-cancellation experiment 
with a hue-matching experiment sug- 
gests that the two mechanisms have dif- 
ferent properties. The difference com- 
puted by the M - L mechanism is a true 
r - g signal in the sense that the dif- 
ference signifies redness or greenness, 
depending upon the polarity of the dif- 
ference. The M 0 S mechanism appar- 
ently signals only redness; the difference 
is zero unless the output of the M cones 
is greater than that of the S cone. 

CARL R. INGLING, JR. 
PHILLIP W. RUSSELL 

MARK S. REA 
BRIAN H.-P. Tsou 

Institute for Research in Vision and 
Division of Sensory Biophysics, 
Ohio State University, Columbus 43212 
SCIENCE, VOL. 201, 29 SEPTEMBER 1978 

MARK S. REA 
BRIAN H.-P. Tsou 

Institute for Research in Vision and 
Division of Sensory Biophysics, 
Ohio State University, Columbus 43212 
SCIENCE, VOL. 201, 29 SEPTEMBER 1978 

References and Notes 

1. D. Jameson, in Handbook of Sensory Physiolo- 
gy, D. Jameson and L. M. Hurvich, Eds. 
(Springer-Verlag, New York, 1972), vol. 7, p. 
537. 

2. S. L. Guth and H. R. Lodge, J. Opt. Soc. Am. 
63, 450 (1973). 

3. C. R. Ingling, Jr., and B. H.-P. Tsou, Vision 
Res. 17, 1075 (1977). 

4. J. J. Vos and P. L. Walraven, ibid. 11, 799 
(1971). The cone spectral sensitivities used for 
theoretical calculations in this report were tabu- 
lated by V. Smith and J. Pokorny (personal com- 
munication) and can be found in Ingling and 
Tsou (3). 

5. D. B. Judd, in Handbook of Experimental Psy- 
chology, S. S. Stevens, Ed. (Wiley, New York, 
1951), p. 811. Other recent work has converged 
on sensitivities resembling those in Judd's re- 
view [for example (2)]. 

6. J. R. Moeller, thesis, University of Michigan 
(1976). 

7. C. R. Ingling, Jr., Vision Res. 17, 1083 (1977). 
8. Our red primary was not unique in that some 

yellow is present in a deep red 680-nm light; 

References and Notes 

1. D. Jameson, in Handbook of Sensory Physiolo- 
gy, D. Jameson and L. M. Hurvich, Eds. 
(Springer-Verlag, New York, 1972), vol. 7, p. 
537. 

2. S. L. Guth and H. R. Lodge, J. Opt. Soc. Am. 
63, 450 (1973). 

3. C. R. Ingling, Jr., and B. H.-P. Tsou, Vision 
Res. 17, 1075 (1977). 

4. J. J. Vos and P. L. Walraven, ibid. 11, 799 
(1971). The cone spectral sensitivities used for 
theoretical calculations in this report were tabu- 
lated by V. Smith and J. Pokorny (personal com- 
munication) and can be found in Ingling and 
Tsou (3). 

5. D. B. Judd, in Handbook of Experimental Psy- 
chology, S. S. Stevens, Ed. (Wiley, New York, 
1951), p. 811. Other recent work has converged 
on sensitivities resembling those in Judd's re- 
view [for example (2)]. 

6. J. R. Moeller, thesis, University of Michigan 
(1976). 

7. C. R. Ingling, Jr., Vision Res. 17, 1083 (1977). 
8. Our red primary was not unique in that some 

yellow is present in a deep red 680-nm light; 

Paralytic shellfish poisoning (P 
well-documented food poisoning 
which toxins produced by micr 
phytoplankters (dinoflagellates) 
cumulated in shellfish and passe 
humans who eat the shellfish. i 

Paralytic shellfish poisoning (P 
well-documented food poisoning 
which toxins produced by micr 
phytoplankters (dinoflagellates) 
cumulated in shellfish and passe 
humans who eat the shellfish. i 

01 

>104 

lu 

g 

10- 4._ 

o 

or cr 

C: 
'x 
S 
._ 
x m 

10-5 

0 

(n 

0 

S 

. _ 

01 

>104 

lu 

g 

10- 4._ 

o 

or cr 

C: 
'x 
S 
._ 
x m 

10-5 

0 

(n 

0 

S 

. _ 

0 

oN 

o 

0 

0 

0 

oN 

o 

0 

0 

0 

*to 

8 
0 

0 

0 

*to 

8 
0 

0 

10-6 ._ 
Motile cells Temporary cysts Rest 

(culture) (culture) (se( 
Fig. 1. Saxitoxin equivalent per cell 
for (0) motile cells or temporary c 
duced from logarithmic-phase motile 
batch culture, (@) motile cells or tei 
cysts induced from stationary-phase 
batch culture, and (A) resting cysts es 
from sieved sediments. 

0036-8075/78/0929-1223$00. 

10-6 ._ 
Motile cells Temporary cysts Rest 

(culture) (culture) (se( 
Fig. 1. Saxitoxin equivalent per cell 
for (0) motile cells or temporary c 
duced from logarithmic-phase motile 
batch culture, (@) motile cells or tei 
cysts induced from stationary-phase 
batch culture, and (A) resting cysts es 
from sieved sediments. 

0036-8075/78/0929-1223$00. 

however, this is immaterial to the arguments. 
9. To obtain greater accuracy, instead of using a 

reference white surround or matching field, the 
other side of the bipartite field was a mixture of 
the yellow (580 nm) and blue (480 nm) primaries. 
These primaries were adjusted to match the can- 
celed side. Thus, to get a cancellation setting for 
the red or green primary required making a com- 
plete trichromatic color match. In a separate ex- 
periment, we verified that a mixture of the 480- 
and 580-nm primaries defines the locus in the 
chromaticity chart of hues that are neither red- 
dish nor greenish. Therefore, making the color 
match ensures that the exact amount of red or 
green primary required to make the test side of 
the field neither reddish nor greenish has been 
added. This method is greatly superior to the 
usual method in reliability and precision. 

10. G. Wyszecki and W. S. Stiles, Color Science 
(Wiley, New York, 1967), p. 564. 

11. T. Wiesel and D. Hubel, J. Neurophysiol. 29, 
1115 (1966). 

12. F. M. De Monasterio and P. Gouras, Vision 
Res. 17, 1147 (1977). 

1 March 1978; revised 14 June 1978 

however, this is immaterial to the arguments. 
9. To obtain greater accuracy, instead of using a 

reference white surround or matching field, the 
other side of the bipartite field was a mixture of 
the yellow (580 nm) and blue (480 nm) primaries. 
These primaries were adjusted to match the can- 
celed side. Thus, to get a cancellation setting for 
the red or green primary required making a com- 
plete trichromatic color match. In a separate ex- 
periment, we verified that a mixture of the 480- 
and 580-nm primaries defines the locus in the 
chromaticity chart of hues that are neither red- 
dish nor greenish. Therefore, making the color 
match ensures that the exact amount of red or 
green primary required to make the test side of 
the field neither reddish nor greenish has been 
added. This method is greatly superior to the 
usual method in reliability and precision. 

10. G. Wyszecki and W. S. Stiles, Color Science 
(Wiley, New York, 1967), p. 564. 

11. T. Wiesel and D. Hubel, J. Neurophysiol. 29, 
1115 (1966). 

12. F. M. De Monasterio and P. Gouras, Vision 
Res. 17, 1147 (1977). 

1 March 1978; revised 14 June 1978 

'SP) is a 300 human fatalities are known to have 
(1, 2) in been caused by PSP worldwide (3), and 
*oscopic there is disturbing evidence that out- 
are ac- breaks are increasing in intensity and 
d on to spreading to new areas (3, 4). These out- 
At least breaks focus attention on the hazards to 

both public health and the fisheries in- 
dustry and emphasize the need for ex- 
tended monitoring and better forecasting 
programs. Earlier suggestions for devel- 
oping forecasting programs have relied 
solely on the monitoring of dinoflagellate 
motile stages in the water column and on 
environmental factors contributing to 
their growth and distribution. We report 
here large concentrations of highly toxic 
dinoflagellate resting cysts in bottom 
sediments. The relationship between 
toxic dinoflagellate blooms and shellfish 
toxicity may therefore be more com- 
plicated than has been thought, and tox- 
icity forecasting will need to include con- 
sideration of benthic cysts and sedimen- 
tary factors affecting their distribution. 

Recently, temporary cysts and benthic 
ting cysts resting cysts were described for the New 
diments) England red-tide dinoflagellate Gonyau- 
or cyst lax excavata (5). Prior to this work, ben- 

:ysts in- thic cysts were implicated as a likely 
cells in cause of shellfish toxicity in deeper wa- 
cells in ters, even though no such cysts had been 

stimated identified from either plankton or sedi- 
ments (6). This implication was based on 

'SP) is a 300 human fatalities are known to have 
(1, 2) in been caused by PSP worldwide (3), and 
*oscopic there is disturbing evidence that out- 
are ac- breaks are increasing in intensity and 
d on to spreading to new areas (3, 4). These out- 
At least breaks focus attention on the hazards to 

both public health and the fisheries in- 
dustry and emphasize the need for ex- 
tended monitoring and better forecasting 
programs. Earlier suggestions for devel- 
oping forecasting programs have relied 
solely on the monitoring of dinoflagellate 
motile stages in the water column and on 
environmental factors contributing to 
their growth and distribution. We report 
here large concentrations of highly toxic 
dinoflagellate resting cysts in bottom 
sediments. The relationship between 
toxic dinoflagellate blooms and shellfish 
toxicity may therefore be more com- 
plicated than has been thought, and tox- 
icity forecasting will need to include con- 
sideration of benthic cysts and sedimen- 
tary factors affecting their distribution. 

Recently, temporary cysts and benthic 
ting cysts resting cysts were described for the New 
diments) England red-tide dinoflagellate Gonyau- 
or cyst lax excavata (5). Prior to this work, ben- 

:ysts in- thic cysts were implicated as a likely 
cells in cause of shellfish toxicity in deeper wa- 
cells in ters, even though no such cysts had been 

stimated identified from either plankton or sedi- 
ments (6). This implication was based on 

50/0 Copyright ? 1978 AAAS 50/0 Copyright ? 1978 AAAS 1223 1223 

Toxicity in Resting Cysts of the Red-Tide Dinoflagellate 
Gonyaulax excavata from Deeper Water Coastal Sediments 

Abstract. For the first time, Gonyaulax excavata cysts have been shown to be 
toxic. Bottom sediments from a water depth of 90 meters off the Maine coast were 
extremely rich in cysts, which were approximately ten times more toxic than the 
corresponding motile stages. Cysts are probably ingested by shellfish, thereby caus- 
ing shellfish toxicity in deeper waters offshore and contributing to shellfish toxicity in 
shallower coastal waters. A new approach to the problem of paralytic shellfish poi- 
soning is therefore needed, one that takes into account benthic cysts and sedimen- 
tary factors affecting their distribution. The possible dangers of spreading poisoning 
through human activities must be considered. 
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Fig. 2. Schematic representation of cyst reseeding bloom (----) and two mechanisms of accumu- 
lation of shellfish toxins: (i) motile cells and (ii) resting cysts in sediments; PSP, paralytic shell- 
fish poisoning. 

two facts: (i) motile stages are not known 
to occur at the low temperatures (4?C) 
that occur in deeper waters (6) and (ii) 
deeper water shellfish toxicity in the Bay 
of Fundy peaked in midwinter, a time 
when motile cells were not found in the 
water column (6). Since then, two addi- 
tional facts supporting this implication 
have been noted: (i) there have been re- 
ports of PSP with little or no visible evi- 
dence of motile dinoflagellates (1), and 
(ii) toxification rates of shellfish at times 
have exceeded the maximum published 
rates attained by shellfish feeding on mo- 
tile cells (7). 

The work reported here is part of a 
survey of G. excavata cyst distribution 
along the Maine coast. To date, we have 
sampled for the most part sediments in 
shallower coastal water (5 to 20 m), but 
sediments for this study were from a lo- 
cality (depth, 90 m) that is 27 km from 
the mainland and 2 km east off Mon- 
hegan Island (43?46'N, 69019'W). We 
sampled bottom sediments by using a 
standard gravity corer 7 cm in diameter 
or a 0.04-m3 grab. The recovered sedi- 
ment was sticky, gray-brown mud 
topped by a flocculent layer 2 cm thick, 
which was suctioned off and used for 
cyst studies. Samples were disaggregat- 
ed by gentle sonication and sieved with a 
stainless steel wire sieve (37-,um mesh). 
Sediment retained on the sieve was 
washed off with filtered seawater and ex- 
amined microscopically (8). This proce- 
dure revealed rich concentrations of di- 

noflagellate cysts (9); G. excavata made 
up 95 percent of the cyst assemblage in a 
total count of 252 (10). Cysts collected 
on 17 December 1977 were tested for 
toxicity on 29 January 1978 (11). 
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Resting cysts of G. excavata proved 
toxic (Fig. 1)-approximately 0.0002 ,g 
of saxitoxin equivalent per cyst. This is 
more toxic by at least one order of mag- 
nitude than per motile cell (12). Shellfish 
toxicity is generally presumed to be 
caused by shellfish feeding on toxic di- 

noflagellate motile stages. However, in 
light of the evidence presented here and 
the apparent likelihood that G. excavata 
resting cysts may break down in shellfish 
digestion (13), we believe that resting 
cysts probably cause toxicity in deeper 
water shellfish and contribute signifi- 
cantly to toxicity in shallower water 
(Fig. 2). 

Cysts behave as fine silt particles in 
the sedimentary regime and are thus con- 
centrated by sedimentary processes (14); 
some areas form "sinks" for cysts, 
whereas others are relatively cyst-free. 
At one extreme, coastal bays with re- 
stricted water circulation may have a 

regularly repeated cycle whereby cysts 
in bottom sediments form "seedbeds" 
(15), producing local toxic plankton 
blooms which in turn produce a fresh 
crop of cysts (Fig. 2). At the other ex- 
treme, especially in deeper waters, cysts 
may collect in areas far removed from 
their plankton source as a result of trans- 

port and concentration by hydrographic 
and sedimentary processes. 

An important question here is: Do the 

deeper water cysts merely accumulate at 

depths from which they cannot reestab- 
lish planktonic stages? Or are the deep- 
er water cysts also seedbeds which, as a 
result of upwelling or storm activity, are 
carried back up to the photic zone to 
reestablish offshore plankton blooms? 

Our observations to date support the 

seedbed hypothesis. We have witnessed 
a progressive change in the morphologi- 
cal development of the cysts over the 4- 
month period from October 1977 to Feb- 
ruary 1978. This change suggests matu- 
ration of cysts (16) and argues against ac- 
cumulation of older cysts, no evidence of 
which was seen in the earlier samples. In 
addition, viability tests (17) were not 
successful until the collection of January 
1978; this result seems to suggest that 
until that time the cysts had not com- 
pleted a mandatory resting period (5). 
We believe the cysts were local in origin 
and recently formed prior to the collec- 
tion of 4 October. 

The possible effects of cysts in bottom 
sediments has implications far beyond 
toxicity forecasting. These effects may 
be manifested in a wide range of marine 
activities. In particular, those engaged in 
projects such as the artificial seeding of 
shellfish beds, shellfish culture, and 
marine dredging operations should be 
alerted to possible dangers. Dredged-up 
sediment should be presumed to contain 
toxic cysts, which may be carried far 
from the source after dumping at sea 
(18). Caution should be exercised when 
shellfish are being transferred from one 
area to another; microscopic cysts could 
easily be carried with them. Once in- 
troduced into a new area, cysts may di- 
rectly contaminate shellfish and they 
may establish more permanent local tox- 
ic dinoflagellate populations (5). 
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Gulf Stream Deflection by a Bottom Feature 

off Charleston, South Carolina 

Abstract. A topographic feature on the continental slope off Charleston at 32?N 
persistently deflects the Gulf Stream seaward, with the inshore surface thermal front 
deflected east or south of east in 27 of the 39 cases examined. Meanders often form 
downstream of the deflection, suggesting that the "Charleston bump" induces Gulf 
Stream fluctuations. 
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A frequent seaward deflection of the 
Gulf Stream occurs over a ridge and 
trough bottom irregularity in the conti- 
nental slope at about 32?N off Charles- 
ton, South Carolina. Satellite observa- 
tions of sea-surface thermal patterns 
show a considerable difference in the 
magnitude of the Gulf Stream fluctua- 
tions upstream and downstream of the 
"Charleston bump," with greater fluctu- 
ations occurring downstream. The win- 
ter example in Fig. 1 shows large undula- 
tions most evident in the shoreward ther- 
mal front between the warm Gulf Stream 
surface waters and the relatively cold 
shelf waters (1). The existence of Gulf 
Stream meanders in the South Atlantic 
Bight has been recognized for several 
decades (2), and several theories have 
been advanced, with varying degrees of 
success, to explain their generation, 
propagation, and decay (3). However, 
persistence of the deflection off Charles- 
ton (4), its association with a bottom 
irregularity (5), and its potential signifi- 
cance in modifying the downstream 
character of meanders (6) have only re- 
cently been appreciated. 

Surface isotherms are known to be 
reasonably well correlated with the 
deeper hydrographic and velocity struc- 
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ture of the Gulf Stream in the South At- 
lantic Bight (7), and the inshore surface 
thermal front in Fig. 1 may be associated 
with the shoreward edge of subsurface 
Gulf Stream flow. The Stream extends 
essentially to the bottom in this area (8) 
and thus must make dynamical adjust- 
ments as it flows over bottom topogra- 
phy. The simplest application of the vor- 
ticity conservation theorem predicts a 
seaward curvature of the Stream when it 
flows over a bump on an otherwise fea- 
tureless continental slope. 

The detailed bottom topography in- 
cluding the region enclosed in a box in 
Fig. 1 is shown in Fig. 2 (9). The crest of 
the ridge runs approximately trans- 
versely to the Stream as it enters the 
boxed area, and turns generally eastward 
farther offshore, trending toward the 
Blake Outer Ridge. A narrow trough or 
channel traceable to the base of the 
Blake Plateau at a depth of about 2 km 
runs eastward on the downstream side of 
the ridge. Ewing et al. (10) suggested 
that the ridge and trough system off 
Charleston may be a result of erosion 
along the southwestern flank of a geolog- 
ic structure known as the Cape Fear 
Arch, which extends seaward toward the 
Blake Outer Ridge. Uchupi (11) sug- 
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Fig. 1. Composite map of Gulf Stream surface thermal features in the South Atlantic Bight for 
15 February 1978 prepared by the Naval Oceanographic Office (1). The NOAA-5 satellite in- 
frared images from 12 to 14 February were used to locate shoreward and seaward surface 
fronts, shown by the solid lines. Ground-truth sea surface temperatures (degrees Celsius) are 
shown for comparison with the frontal structure. Symbols: 0100 is the latitude at which the 
inshore front turns seaward of the 100-fathom contour shown by the dashed line, and OE is the 
latitude at which the front reaches an eastwardly deflection. The detailed bottom topography in 
the region in the box is shown in Fig. 2. 
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