
The earliest evidence of fire in these 
forests is considerably older than the 
earliest evidence of human presence. Re- 
cent palynological findings indicate that 
climatological changes in the Amazon 
Basin may have been relatively frequent 
during the late Holocene. Dry phases are 
recorded from the Amazon Basin be- 
tween 6000 and 4000 years B.P., 2700 
and 2100 years B.P., and at about 1500, 
1200, 700, and 400 years B.P. (15). Un- 
der drier climatic regimes, wildfires may 
have destroyed large areas of forest, 
resulting in a large-scale mosaic of suc- 
cessional forests. This pattern would ac- 
count for the amounts and extent of 
charcoal that we have found in tierra 
firme forests as well as the presence of 
charcoal in nonagricultural (caatinga and 
igapo) forest soils. 

It can no longer be assumed that low- 
land tropical rain forests have been free 
of fire disturbance. The abundance of 
charcoal of mid- to late-Holocene origin 
commonly found in rain-forest soils of 
the upper Rio Negro suggests that fire 
has for a long time been a disturbance 
factor in these tropical forests. Episodes 
of fire disturbance have modified the 
forests during the mid- to late Holocene, 
perhaps as a result of different climatic 
circumstances, perhaps as a result of 
human intervention alone, or possibly as 
a result of the interaction of human dis- 
turbance and climate. The fire ecology of 
tropical rain forests should now be con- 
sidered in both an ancient and a present- 
day context. 
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Climatic Forcing: Effects of El Nino on a 
Small, Temperate Lake 

Abstract. Temperature profiles measured regularly for 21 years reveal the interan- 
nual differences in winter-to-summer heat gain in Castle Lake, California, a small 
subalpine lake. Year-to-year changes in large-scale climatic surface forcing, espe- 
cially the amount of snowfall from February through April (which determines the 
date of thaw) coupled with the early heating and wind mixing after thaw, causes this 
interannual variation. The seasonal thermal structure for years in which the lake 
gains signiJicantly more or less heat than normal-all of the El Nifio years and 
several others-shows that the depth of the mixed layer and the mixing of heat into 
the stratiJied thermocline region control the storage of heat. The temperature of the 
mixed layer does not reJIect abnormal thermal storage. Variations in mixing during 
early spring, which controls the heat content at Castle Lake, may also affect the 
annual average of the primary productivity. 

The magnitude of year-to-year varia- 
tion in climate has increasingly become a 
concern of ecologists, oceanographers, 
hydrologists, agriculturalists, resource 
planners, and policy analysts (1). The El 
NiAo of 1982 to 1983, the eruption of El 
Chichbn, and the possible "greenhouse 
effect" (2), have become of general inter- 
est. There are scant data concerning the 
responses to interannual variability of 
natural systems that average climatic ef- 
fects over different veriods of time. Such 
systems include watersheds, active gla- 
ciers, ocean sediments, long-lived trees, 
and lakes. We have analyzed a long-term 
record of data from a small lake that 
reacts to variability in climate. We show 
that some parameters of this data are a 
function of climatic effects. 

Castle Lake in Northern California (3) 
has been intensively studied during the 
last 25 years (4). Researchers have paid 
particular attention to details of the pro- 
cesses controlling the rate of photosyn- 
thesis of the phytoplankton community 
(that is, primary productivity) (5). Care 

has been taken to ensure consistent data 
collection, and, during the ice-free 
months (6), many limnological parame- 
ters (including physical, biological, and 
chemical quantities) are measured ap- 
proximately every 5 days; measurements 
are taken less frequently during the win- 
ter (ice-covered) months. 

Once the surface is free of ice, the lake 
quickly gains heat because of the balance 
between solar radiation, net infrared ex- 
change, evaporation, and sensible heat 
transfer at the air-water boundary (3. 
Wind stress at the surface stirs the lake, 
mixing heat downward (8). The lake con- 
tinues to gain thermal energy so long as 
the net flux of heat is positive (9). The 
maximum amount of heat stored (10) and 
the time it takes to reach this maximum 
varies from year to year. The reasons for 
interannual variation in maximum heat 
content may involve large-scale (regional 
or global) climatic effects. For example, 
a heavy snowfall can move the date of 
thaw to more than 1 month later in the 
spring. Local processes may also play a 
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crucial role. For example, thermal ener- 
gy mixed downward and stored at sub- 
stantial depths may be unaffected for 
long periods by heat losses at the sur- 
face. We now report how large-scale 
climatic events acting in concert with 
local mechanisms can account for much 
of the interannual variability in this small 
lake. 

Thermistor probes measured the tem- 
perature of the water at various depths 
below the surface (11). A typical mid- 
summer profile (Fig, la) shows an iso- 
thermal mixed layer (the epilimnion) 
overlying a stratified thermocline where 
the temperature varies with depth. Tem- 
peratures were measured at 112-m inter- 
vals near the surface and in the thermo- 
cline and at 1-meter intervals at lower 
depths. 

Figure lb  shows the maximum heat 
content of Castle Lake and the February 
to April snowfall there (12) for each year 
from 1963 to 1983. In Fig. la ,  the mean 
August temperature for 20 years (1963 to 
1982) is plotted as a function of depth. 
August is the time of the lake's maxi- 
mum heat content. Also depicted are 
profiles of mean August temperature 
against depth for the four anomalously 
warm years and the six anomalously cool 
years of this period (13). El Nifio and the 
Southern Oscillation (2) affect the entire 
Pacific basin and are commonly invoked 
to account for both anomalous oceanic 
and continental weather conditions. In 
each El Nifio year from 1963 to 1983 
[except 1976 (14)] an anomalous maxi- 

Fig. 1. (a) The profile of the 
mean August temperature, 
over 20 years versus depth. 
August is the time of the lake's 
maximum heat content. The 
dashed line and the dotted line 
show the mean August tem- 
perature plotted against the 
depth for the anomalously 
cool and warm years, respec- 
tively. (b) The maximum heat 
content of Castle Lake and the 
February to April snowfall 
there from 1963 to 1983. The 
solid horizontal lines indicate 
20-year averages (1963 to 
1982); the dashed horizontal 
lines indicate 1 standard devi- 
ation interval above and below 
the 20-year means. Years in 
which an El Nifio and South- 
ern Oscillation occurred 
(ENS0 years), as identified in 
table 1 of (14), are shown by 
asterisks (*). 

mum heat content was found. In addi- 
tion, anomalous maximum heat contents 
occurred in 4 years in which El Nifio was 
not active (15). In all years with anoma- 
lously large thermal storage (1965, 1972, 
1977, and 1981) the snowfall was signifi- 
cantly lower than average. Except for 
1973, in all years with anomalously small 
heat contents (1963, 1967, 1969, 1973, 
1975, 1982, and 1983), the snowfall was 
significantly higher than average (16). 
Heavy snowfall between February and 
April is commonly associated with later 
thaws. The thaw dates for the 6 years 
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Fig. 2. (a) The'average seasonal changes of 
the positive anomaly in maximum heat con- 
tent for the four warm years in the period 
from 1963 to 1983. Contour units are lo6 Jim3. 
The thermocline depth equals the depth of the 
maximum temperature gradient. See Fig. la .  
(b) The average seasonal changes of the nega- 
tive anomaly in maximum heat content for the 
six cool years in the period from 1963 to 1982, 
as in (a). 

with anomalously small heat contents 
and high snowfalls were an average 6 
weeks later than those for the 4 years 
with large heat contents and low snow- 
falls. The extraordinary values of maxi- 
mum heat content and precipitation as- 
sociated with 1982 to 1983 support the 
belief that the El Nifio that year was the 
most pronounced of the century (2). The 
data show that El NiAo conditions pro- 
duce both anomalously warm and anom- 
alously cool conditions, supporting the 
cautions of Namias and Cayan (17) 
against simple interpretations of effects 
from the El Nifio-Southern Oscillation 
phenomenon. 

The distribution of thermal energy 
with depth illustrates how the lake stores 
significantly more heat during years with 
light snowfall and an early thaw and, 
conversely, less heat during years with 
heavy snowfall and a late thaw. In the 
years of significantly larger heat content 
(13), 83 percent of the additional thermal 
energy is found below the mixed layer, 
largely insulated from the effects of 
short-term surface heating and cooling 
(18). During the years of significantly 
smaller thermal storage, 55 percent of 
the cold anomaly is below the mixed 
layer. Figure 2 shows the seasonal 
changes and the depth distribution of the 
heat content for both the "warm" and 
"cold" years. The early thaw date of the 
warm years (Fig. 2a) allows more ab- 
sorption of energy near the surface and 
subsequent mixing of energy downward 
during May and June. In cold years (Fig. 
2b), the thaw is later; there is less ab- 
sorption; and less heat is mixed down- 
ward, which results in anomalously low 
heat content below the mixed layer. By 
August, the time of maximum heat con- 
tent, warm years differ from cold years 
largely below the mixed layer; only neg- 
ligible differences occur near surface 
(19). 

This small lake is an excellent indica- 
tor of climatic effects. Other small lakes 
with related vertical heat transfer and 
storage characteristics may be similar 
indicators. Weather variations on a day- 
to-day basis, or the effects of storms that 
last for days, are integrated by the lake 
into a longer term seasonal response. 
The year-to-year variation is evident in 
the maximum heat content, which is 
readily obtained from the available data. 
The lake's coupling to large-scale varia- 
tions, such as the El Niho and the South- 
ern Oscillation, is particularly apparent. 

A number of questions remain to be 
answered, however. Why, for example, 
can El Nifio conditions trigger both 
heavy and light snowfall, and thus small 
and large thermal storage, respectively? 
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What local and large-scale mechanisms, 
if anv, account for the anomalous heat - .  
content during those years in which El 
Niiio 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 Niiio 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 
Nifio and the Southern Oscillation. 
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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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