
What local and large-scale mechanisms, 
if anv, account for the anomalous heat 
content during those years in which El 
Nido conditions do not occur? 

Local mechanisms, especially the 
stratification and the vertical mixing of 
heat downward, below the mixed layer, 
play a crucial role in coupling Castle 
Lake to long-term interannual variation. 
For a small lake, local meteorological 
and topographic conditions might be ex- 
pected to predominate; however, these 
local effects are most strong in surface 
waters, not below the mixed layer where 
the effects we report are observed (19). 
Our study also suggests that there are 
significant effects from El Nido and the 
Southern Oscillation in temperate lati- 
tudes away from oceanic and coastal 
areas where it has been best studied (2, 
20). 

Important ecological processes in Cas- 
tle Lake may also be controlled by the 
interaction of surface meteorological 
forcing and vertical mixing. Goldman 
and de Amezaga (4) suggest that annual 
primary productivity is a function of the 
amount of precipitation because nutri- 
ents and algae are washed out of the lake 
during years with high runoff. Moreover, 
in 1975, a year with a late thaw and low 
productivity, the lake did not mix com- 
pletely (overturn) in spring (4) and thus 
did not fully renew the upper euphotic 
zone with nutrients. In contrast, Castle 
Lake mixed completely to the bottom in 
1976, a year with an early thaw and high 
productivity, Finally, during 1983, when 
the lake stayed frozen until 6 July and 
the maximum heat content was 4 stan- 
dard deviations below normal, the pri- 
mary productivity during the summer 
was only 25 percent of normal. Other 
quantities that can be measured in terres- 
trial systems, some ecological in nature 
and thus related to precipitation or other 
meteorological parameters, show signifi- 
cant year-to-year variations. These may 
also have a strong link to large-scale 
phenomena, just as interannual varia- 
tions in Castle Lake are linked to El 
Nido and the Southern Oscillation. 

P. TED STRUB* 
THOMAS POWELL? 

CHARLES R. GOLDMAN 
Division of Environmental Studies, 
University of California, Davis 95616 

References and Notes 

1. G. E. Hutchinson, Bull. Amer. Mus. of Nat. 
Hist. 96, 65 (1950); R. A. Warrick, Clim. 
Change 6, 5 (1984); J. S. Boyer, Science 218, 
443 (1982); M. H .  Glantz and J .  D. Thompson, 
Eds.. Resource Management and Environmen- 
tal ~ncertainty (wile( New York, 1981). 

2. S. G. H. Philander, Nature (London) 302, 295 
(1983): M. A. Cane. Science 222. 1189 (1983): E. 
M.  asm muss on  and'^. M. Wallace, ibid., p. 1195; 
R. T. Barber and F. P. Chavez, ibid., p. 1203; J .  
M. Mitchell, Jr., Weatherwise 35, 252 (1982); 

4 JANUARY 1985 

National Research Council, Changing Climate 
(National Academv of Sciences. Washlneton. - .  
D.c., 1983). 

3. Castle Lake (4loN, 121°W), in the Klamath 
Mountains near Mount Shasta. is a small 
(area = 0.2 kmz, average width = 450 m), sub- 
alpine lake located in a regularly shaped, gran- 
ite, cirque basin at an elevation of 1706 m. The 
average depth is 12 m (maximum depth = 35 m). 

4. C. R. Goldman, Science 132, 1016 (1960); in 
Nutrients and Eutrophication, G. E. Llkens, 
Ed. (Special Symposium No. 1, American Soci- 
ety of Limnology and Oceanography, 19721, pp. 
21-38; , E. A. Stull, E. de Amezaga, 
Verh.-lnt. Ver. Theor. Angew. Limnol. 18, 1760 
(1973); and E. de Amezaga, ibid., In 
press; R. W. Bachmann and C.  R. Goldman, 
Limnol. Oceanogr. 10, 233 (1965); J. C. Priscu 
and C. R. Goldman, Can. J. Fish. Aquat. Sci. 
40, 208 (1983). 

5. C. R. Goldman, in Proceedings of the Confer- 
ence on Primary Productivity Measurements, 
Marine and Freshwater, M. S. Doty, Ed. (Divi- 
sion of Technology Information Report TID- 
7633, Atomic Energy Commission, Washington, 
D.C., 1963), pp. 103-113; Amer. Zool. 8, 31 
(1968); B. J. Peterson, Ann. Rev. Ecol. Syst. 11, 
359 (1980). 

6. The lake is ice-covered in winter and s ~ r i n e  and . - 
usually thaws in May. 

7. G. E. Hutchinson, A Treatise on Limnology 
(Wiley, New York, 1957), vol. 1; A. A. Plvo- 
varov, Thermal Conditions in Freezing Lakes 
and Rivers (,Wiley, New York, 1973); R. A. 
Ragotzk~e, In Lakes-Chemistry, Geology, 
Physics, A. Lerman, Ed. (Springer Verlag, New 
York, 1978), pp. 1-19. 

8. J. Imberger and J. C. Patterson, in Transport 
Models for Inland and Coastal Waters, H. B. 
Fischer, Ed. (Academic, New York, 19831, p. 
310; J. Imberger and P. Hamblin, Ann. Rev. 
Fluid Me,ch. 14, 153 (1982). 

9. The dom~nant causes of a net heat flux can vary 
over short periods of time; for example, one 
cause could be turbulence. We average these 
contributions. Commonly, a lake gains heat dur- 
ing the day and loses it at night; but a net gain or 
loss may be seen over several diurnal cycles, the 
time scale on which we focus. 

10. The amount of thermal energy stored in the lake 
during the period from the date of minimum heat 
content (that is, the date of minimum average 
temperature, taken to be 4°C) to the date of 
maximum average temperature, usually in Au- 
gust. This is commonly called the Birgean heat 
budget. G. E. Hutchinson, A Treatise on Lim- 
nology (Wiley, New York, 19.571, vol. 1, p. 492. 

11. The probes are kept in calibration to +0.l0C. 
12. Snowfall data for Mount Shasta City, approxi- 

mately 10 km from Castle Lake, were obtained 
from the National Climatic Data Center, Ashe- 
ville, N.C. 28801. 

13. Anomalous is defined as greater than 1 standard 
deviation above or below the 20-year mean. The 
year 1982 to 1983 is excluded because of ~ t s  
extreme values of snowfall and heat content (2). 
Experimental errors associated with the mea- 
surement of temperature lead to an error in 
estimation of the maximum heat content that is 
at most 10 Dercent of the year-to-year variat~on 
and thus negligible. 
W. H. Quinn, D. 0 .  Zopf, K. S. Short, R. T. W. 
K. Yang Fish. Bull. 76, 663 (1978). 
The ~ i e ~ k l - ~ u k e ~  test was applied to the data of 
Fig. lb. The spread (or scale) of the distribution 
of the maximum heat contents for E N S 0  years 
is significantly greater (P  - 0.99) than the 
spread of the distribution of maximum heat 
contents for non-ENS0 years. Statistically, El 
Nifio years are very likely to have anomalous 
maximum heat contents. See J. D. Gibbons, 
Nonparametric Methods for Quantitative 
Analysis (Holt, Rinehart &Winston, New York, 
1976). 
In 1973, an average snowfall year, winds in the 
late spring and early summer months were 
anomalously low and did not mix downward 
heat that had been absorbed in the mixed laver 
at the surface. 
J. Namias and D. R. Cayan, Oceanus (Woods 
Hole) 27. 41 (1984). 
In the stratified thermocline, buoyancy forces 
attenuate the effects of vertical shearing motions 
by restoring fluid parcels to their initial positions 
in the water column, insulating the stratified 
depth interval and depths below from surface 
effects (7, 8). 
Remote sensing by satellite of year-to-year vari- 
ations in surface temperature alone would have 
been insensitive to this effect. Figure l a  shows 
the difference in surface temperature between 
the warm years and the cool years to be less 
than O.S0C-the present limit of resolution of the 
best satellite temperature sensors. R. L. Bern- 
stein, J. Geophys. Res. 87, 9455 (1982). 
P. K. Dayton and M. Tegner, Science 224, 283 
( 1  OPA) 
,.,.27,. 

21. We thank C. N.  K. Mooers and D. Peterson for 
the invitation to discuss this work at a joint 
National Oceanic and Atmospheric Administra- 
tion and U.S. Geological Service Workshop,on 
Climate Variability of the Eastern North Paclfic 
and Western North America; R. Axler, L. Bots- 
ford, T. Dillon, J. Reuter, P. Richerson, and J. 
Zehr for their critical comments on the manu- 
script; and the National Science Foundation 
(grant NSF-BSR 84-09448) and the, National 
Aeronautics and Space Administration (grant 
NAGS-217) for their support. 

* Present address: College of Oceanography, Ore- 
gon State University, Corvallis 97331. 

t To whom requests for reprints should be sent. 

10 September 1984; accepted 25 October 1984 

Deepest Known Plant Life Discovered on an 
Uncharted Seamount 

Abstract. The discovery of abundant autotrophic macrophytes living below 200 
meters indicates their importance to primary productivity, food webs, sedimentary 
processes, and as reef builders in clear oceanic waters. Estimates concerning 
minimum light levels for macroalgal photosynthesis and macrophytic contributions 
to the biology and geology of tropical insular and continental borderlands must now 
be revised. 

A record depth (268 m) for living ma- 
rine macrophytes was directly deter- 
mined during a survey of the flora of San 
Salvadore Island, Bahamas, with the use 
of the Harbor Branch Foundation's sub- 
mersible Johnson-Sea-Link I (JSLI). It 
had been thought (I) that plant life could 
not develop below about 200 m because 
of low light intensity. 

Until recently, scientists had available 
for study only fragmentary samples of 
deep-sea plant life collected by dredgings 

taken with hooks, nets, buckets, chains, 
chisels with hemp tangles, or trawls. 
Because of problems in accurately deter- 
mining the sampling site and whether 
specimens were attached or broken free 
and carried to depth secondarily, results 
obtained from these remote methods are 
inherently imprecise. 

The deepest recorded frondose sea- 
weeds were dredged below 100 m off 
Florida (2) and 200 m near Hawaii (3). A 
chisel-edged drill containing hemp tan- 
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Table 1. Attenuation (as a percentage of surface irradiance) of photosynthetically active radiation, conductivity, temperaturn, and approximate 
upper or lower plant zonal limits. 

Con- Tem- Depth ductivity perature Radiation Light 

(m) (pmhol (pE m-* sec-') 
attenua- 

cm2) ("C) tion 
Zonal limits 

100.00 
14.92 
1.27 
0.89 Lobophora, lower (88 m) 
0.49 
0.35 
0.25 
0.19 
0.15 Johnson-sea-linkia, upper (1 13 m) 
0.09 
0.08 Halimeda, lower (130 m) 
0.05 Palmelloid green, Johnson-sea-linkia, lower (157 m) 

Peyssonnelia, lower (189 m) 
O.O009* Ostreobium, lower (210 m) 
0.0005* Crustose coralline, lower (268 m) 

*Extrapolated from the attenuation plot. 

gles (4) was used to collect living, freshly Direct observations from submersibles ing. Crustose red and filamentous green 
fractured samples of crustose coralline are much more precise when docu- algae are reported (6) as deep as 175 m in 
algae somewhere between 183 and 366 m mented by voucher collections; howev- Jamaica. Also, unattached coralline algal 
(5) on the seaward, nearly vertical, outer er, published accounts are few and criti- balls (termed rhodoliths or nodules) have 
slope of the reef at Funafuti Atoll. cal voucher specimens are mostly lack- been collected abundantly in continental 

shelf samples to 200 m (7), although they 
are thought (8) to develop actively only 

, in depths above 70 m. Submersible sight- 
i n g ~  (9) of a crustose coralline as deep as 
250 m have been reported at Glover's 
Reef, Belize. 

Data concerning the most basic as- 
pects of distribution and abundance pat- 
terns are elusive if not impossible to 
obtain with the use of remote dredging 
techniques. Yet, most of our knowledge 
of deepwater macroalgal distribution and 
depth limits is based on samples ob- . 
tained by these techniques. Research 

Fig. 1. Scanning electron micrograph of the purple crustose coralline in (A) sectional (~450)  and submersibles such as the two Johnson- (B) surface views (~800).  Lateral walls and intercellular regions are heavily calcified (calcite). 
Sea-Link submersibles enable scientists 
to have unprecedented working access 
underwater. They are being used for a 
wide range of studies that are providing 
new data on the ecology and distribution 
of deepwater plants (9-12). 

While conducting algal surveys from 
JSLI off the northern border of San 
Salvadore Island during October 1983, 
our group discovered an uncharted sea- 
mount. A crustose member of the divi- 
sion Rhodophyta was found in abun- 
dance growing attached at a depth of 268 
m. A videotape transect and still photo- 
graphs were made at right angles to the 
substratum along a transect extending 

. from the limit of observed light penetra- 
' tion (520 m) to the top of the submerged 

mount, which forms a flat plateau (-1 
km2) approximately 81 m below the sur- 
face. To gain accurate, complete docu- 
mentation concerning the distribution 
and cover of conspicuous species, a grid 

Fig. 2. Distribution and abundance patterns of the major plant cover. was superimposed on the video screen in 
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the laboratory and appropriate counts, 
measurements, and permanent records 

and occasional individual thalli of Titan- 
ophora sp. These species overlie a sec- 

cent level to correspond with the lower 
limit of fleshy algae (that is, Johnson- 
sea-linkia profunda). However, the 
amount of light at 268 m (Table 1) is 
approximately 0.0005 percent of the sur- 
face value. This is equivalent to a photon 
flux of only 0.015 to 0.025 pE m-2 sec-' 
during full sunlight at its maximum ze- 
nith. 

We suggest that the great abundance 
of macroalgae in this previously un- 
known deep-sea realm underscores their 
potential widespread importance to pro- 
ductivity, the marine food web, sedimen- 
tology, and reef biogenesis in clear tropi- 
cal oceans. Estimates concerning macro- 
phyte contributions to insular and conti- 
nental borderlands must now be in- 
creased. 
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were made at random intervals. A total 
of 86 quadrats, each 60 by 60 cm (0.36 
m2), was assessed in this manner. To 
complement the photographic and video 

ondary canopy formed by Dictyota di- 
varicata (8.9 percent), Caulerpa peltata 
(5.5 percent), Microdictyon sp., and the 
undescribed palmelloid (gelatinous) 

records, voucher specimens (as well as 
material for primary productivity experi- 
ments) were collected with a manipula- 

green alga (0.4 percent). Beneath these, 
Lobophora variegata dominates (59.4 
percent) over an underlying bed of rho- 

tor arm outside the submersible. 
Videotaping, still photography, and 

collecting were done and physical mea- 
surements were made beginning at a 

doliths formed by interactions between 
corallines, Peyssonnelia sp., Ostreo- 
bium, and various rock-boring sponges. 
Our video-scoring method did not permit 

depth of 520 m in the trench between the 
seamount and the island and progressed 
due north up onto the top of the plateau. 
The photon flux density (Table 1) was 
characteristic of that for the clearest of 
oceanic water [that is, type I oceanic 

moving upper layers aside to quantify 
understory; however, we did estimate 
that total algal cover reached at least 160 
percent over much of the 1-km2 plateau. 
Diversity of plant life is exceptionally 
high, with many undescribed small Rho- 

water (13)], while temperature and con- 
ductivity decreased at fairly constant 
rates with more abrupt declines near the 
top of the seamount. 

dophyta being epiphytic on the larger 
algae. 

Although we have documented a new 
depth record for plant life, there is still a 
question of whether this macrophyte is 
autotrophic. To investigate this, collec- 
tions of the undescribed crustose coral- 

Community complexity and spatial 
heterogeneity increase markedly with 
decreasing depth. Encrusting sponges 
are most common on the substratum 
from 520 up to 268 m. However, above 
this depth, patches of an undescribed, 
purple, crustose, coralline alga (Fig. 1) 
appear abruptly (Fig. 2 and Table 1). 
This coralline represents the deepest 
known macrophyte population directly 

line were brought to the surface and 
incubated on shore under simulated in 
situ conditions of photosynthetically ac- 
tive light energy, temperature, and water 
movement, Incubations (14) took place 
out of direct sunlight with clear blue sky 
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appears as a sharply delimited dominant 
(59.4 percent mean cover), at times cov- 
ering up to 100 percent of the substra- point (the light intensity at which photo- 

synthesis equals respiration-that is, no 
net growth) is 1 percent of the maximum 
surface intensity (15). Liining and Dring 
(18) correlated the lower limits of macro- 
algal growth with light levels equivalent 

tum. 
The top of the mount contains a multi- 

layered rich community (Fig. 2) begin- 
ning with an assemblage of upper canopy 
plants such as Kallymenia westii (4.6 
percent mean cover), Halimeda copiosa 
(6.2 percent), H. discoidea (4.5 percent), 

to 0.05 to 0.10 percent of the peak sur- 
face irradiance. We found the 0.05 per- 
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