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PALYNOLOGY OF TWO UPPER QUATERNARY CORES FROM
CLEAR LAKE, LAKE COUNTY, CALIFORNIA

By Davip P. Apam

ABSTRACT

Clear Lake occupies a structural depression near the south end of the
northern California Coast Ranges at an elevation of 404 m. Eight sedi-
ment cores were taken from the lake in 1973; the palynology of cores
4 and 7 is reported here. Core 4 is 115.21 m long and is interpreted
to cover the entire last glacial cycle. Core 7 is 27.43 m long and covers
at least the last 40,000 radiocarbon years.

The pollen records of cores 4 and 7 are dominated by oak, pine, and
TCT (Taxodiaceae, Cupressaceae, and Taxaceae) pollen types, which
together account for between 75 and 99 percent of the pollen in each
sample. Aquatic and riparian pollen types are also numerous in parts
of core 7.

The present vegetation around Clear Lake consists of oak woodland;
mixed coniferous forest is found at higher elevations in the mountains.
The present pollen rain into Clear Lake is dominated by oak. During
the cooler parts of the last glacial cycle, oak pollen in the sediments
of Clear Lake was largely and at some times entirely replaced by con-
iferous pollen (mostly pine and TCT) in response to climatically caused
vertical displacements of vegetation belts.

Eucalyptus tracer pollen was added to each sample before process-
ing and counting. For the core 4 samples a technique using two exotic
tracer grains (Eucalyptus and Lycopodium) was used to calculate two
independent estimates of the concentrations of the three major pollen
types. A Q-mode factor analysis was used to separate variations caused
by changes in pollen concentrations from variations produced by errors
in the amount of tracer pollen added to the samples. Comparison of pollen
percentage data and pollen concentration data for the core 4 record
shows that the percentage data are in most cases equivalent to the con-
centration data, but a few differences are noted.

Pollen counts consisted of at least 200 grains of all fossil pollen; 10
algal types were also counted outside the pollen sum. One hundred
twenty-one variables (including tracers) were counted; these were
reduced to 51 composite variables prior to analysis by lumping together
selected types. The pollen data were further reduced in dimensionality
by a Q-mode factor analysis. Five factors were defined that account for
over 98 percent of the variance: three summarize aspects of the behavior
of the regional forest vegetation around Clear Lake, and two summarize
the behavior of the aquatic and swamp vegetation of the lake itself.

Zoning of the pollen diagrams was done using an iterative algorithm
that minimizes the total sums of squares of the factor loadings within
zones. Twenty-one pollen zones are defined for core 4, and 4 are defined
for core 7. The zones were compared to each other using mean-linkage
cluster analysis.

The pollen zones of core 4 are used to propose a series of informal
climatic units that include the time interval from the end of the pen-
ultimate (=Illinoian) glaciation to the present. The major units proposed
are (1) the Tsabal cryomer, equivalent to marine oxygen-isotope stage
6 and the Illinoian glaciation of the midcontinent; (2) the Konocti ther-
momer, equivalent to oxygen-isotope substage 5e; (3) the Pomo cryomer,
equivalent to the oxygen-isotope stage 2 through substage 5d interval;
and (4) the Tuleyome thermomer, which corresponds to stage 1 or the
Holocene.

The Pomo cryomer is divided into three phases. The early Pomo con-
sists of a series of five cool-to-warm oscillations that are designated the
Tsiwi cryomers and the Boomli thermomers, numbered from Tsiwi 1
(oldest) to Boomli 5 (youngest). These units are correlated with deep-
sea oxygen-isotope substages 5a through 5d. Middle Pomo time con-
sists of the Cigom 1 cryomer, correlated with oxygen-isotope stage 4,
and the Halika thermomers, a series of three minor warm intervals that
are correlated with part of oxygen-isotope stage 3. Late Pomo time con-
sists of the Cigom 2 cryomer and a transitional interval following it and
preceding the Holocene. All of late Pomo time is correlated with oxygen-
isotope stage 2.

The climatic changes of the Tsiwi cryomers and Boomli thermomers
were at times quite abrupt; both sudden warmings and sudden coolings
occurred. The most severe of these changes was the cooling that occurred
at the end of the Konocti thermomer, when oak pollen frequencies
decreased from more than 60 percent to about 25 percent in a strati-
graphic interval of only 23 cm. These sudden changes were climatic
catastrophes for the ecosystems that experienced them.

The record of acid-resistant algae in the sediments indicates that algal
productivity was relatively high during warm intervals in the past, and
that productivity increased as the lake became shallower and its ther-
mal capacity decreased. The lake water was probably transparent during
the cooler parts of the last glacial cycle, but Clear Lake has probably
not been clear during the Holocene.

The Clear Lake pollen fluctuations correlate remarkably well with
those from long cores at Grande Pile in France and Tenaghi Philippon
in Macedonia, as well as with the oxygen-isotope record from deep-sea
cores. Correlations with other long records, including Lake Biwa, Japan,
and Sabana de Bogotd, Colombia, are not so clear. Correlation with the
early Weichselian climatic sequence of northern Europe is excellent.

In North America, the Sangamonian Stage of the midcontinent area
is correlated with the entire Konocti thermomer-early Pomo cryomer
interval, and correlation with the glacial sequences of the Sierra Nevada
and Rocky Mountains suggest that some of the deposits identified as
Tahoe, Mono Basin, and Bull Lake moraines may be of Sangamonian age.

The sudden climatic changes require mechanisms in addition to the
variations in orbital parameters of the earth that form the basis of the
astronomical theory of climatic change. Some mechanism(s) must have
threshold values which can trigger sudden shifts in climate. Major
drainage shifts in the area of the developing Laurentide Ice Sheet are
suggested as a possible cause for rapid changes. These might act through
changing the thermal behavior of the North Atlantic Ocean or Hudson
Bay.

INTRODUCTION

Clear Lake occupies a structural depression of complex
origin in the northern Coast Ranges of California (fig. 1).
The lake’s long history has been influenced strongly by
local and regional tectonism and volcanism. The present
lake is the successor to many earlier lakes whose deposits
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FIGURE 1.—Regional index map showing location of Clear Lake in northern California. For general location, see inset on figure 2.
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DESCRIPTION OF THE AREA 3

have been known collectively as the Cache Formation of
Pliocene and Pleistocene age (Anderson, 1936; Rymer,
1981).

In the fall of 1973, an extensive program for coring the
modern lake sediments was undertaken jointly by the U.S.
Geological Survey and the Lake County Board of Super-
visors. The eight cores recovered from the lake (fig. 2)
contain a rich paleoecological record for the northern
Coast Ranges area. One core (core 4) comprises one of
the longest continuous sedimentary records of late Pleis-
tocene events recovered within the United States as of
that time.

This report presents the results of pollen analyses of
cores 4 and 7. These analyses are the first pollen data for
Wisconsinan events in California. They provide signifi-
cant evidence for the correlation of climatic fluctuations
between continental and marine environments and
between the Atlantic and Pacific Oceans during the last
major cycle of glaciation.

The work described here is independent of later work
on cores collected in 1980. One of those cores, core
CL-80-1, has been examined for diatoms by Bradbury
(in press) and for pollen by L.E. Heusser (Heusser and
Sims, 1981; 1983). Bradbury (in press) concludes that the
lower part of the 177-m core CL-80-1 is probably cor-
relative with the Kelseyville Formation, which is exposed
south of Clear Lake (Rymer, 1981). Examination of tephra
from cores CL-80-1 and CL-73-4 yields only one match;
the tephra found at 67 m in core CL-73-4 is the same
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FIGURE 2.—Numbered localities of cores removed from Clear Lake in
1973 (Sims, 1976). Cores 4 and 7 were studied for this report.

as the tephra found at a depth of 54 m in core CL-80-1.
Other tephra layers found deeper in core CL-80-1 are
not found in core CL-73-4, and one tephra at a depth of
155 m in core CL-80-1, identified as the Loleta ash bed,
has an estimated age of about 360,000 years (Sarna-
Wojcicki and others, in press). The limited tephra work
available from the Clear Lake cores thus supports Brad-
bury’s suggestion that there is a hiatus in core CL-80-1.

I believe that no such hiatus is present in core CL-73-4.
Continuity of the core is suggested by uniform very fine
grain size throughout (Sims, 1982) and by a lack of
weathering zones visible in either cross-sections or
radiographs of the cores (Sims and Rymer, 1975¢). The
climatic sequence inferred from the pollen data appears
to correlate remarkably well with numerous long climatic
sequences elsewhere, and the timescale suggested by such
correlations agrees well with age estimates based on ex-
trapolation of radiocarbon-derived sedimentation rates
(see below) and amino-acid racemization rates (Blunt and
others, 1981). Also, etching of pyroxene and hornblende
phenocrysts in the tephra layers in core CL-80-1, which
suggests subaerial exposure of the deposits, is only
observed below depths of about 115-120 m (Sarna-
Wojcicki, written commun., 1983), deeper than the base
of core CL-73-4. Because the tephra layer and Brad-
bury’s correlative diatom floras found in both cores oc-
cur at a shallower depth in core CL-80-1 than in core
CL-73-4, it is reasonable to infer that if correlative
hiatuses are present at both sites, any resulting
subaerially-exposed deposits in core CL-73-4 would also
occur deeper than in core CL-80-1. If that is true, then
the hiatus inferred in core CL-80-1 from such deposits
would occur below the bottom of core CL-73-4. This
paper therefore assumes that no significant hiatus exists
in core CL-80-4. Bradbury (in press), however, feels that
this assumption has not been rigorously tested.
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DESCRIPTION OF THE AREA

GEOGRAPHY AND CLIMATE

The geography of the Clear Lake area is summarized
by Hopkirk (1973) and Lallatin (1975). The lake surface
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is at an elevation of 404 m, and the lake is divided into
three parts by The Narrows (fig. 2). The main basin of
Clear Lake is to the north of The Narrows; it is the largest
of the basins and also the shallowest, with an average
depth of only about 9 m (Sims, 1976). To the east and
southeast of the Narrows are two smaller basins with
maximum depths of as much as 13 m. The eastern basin
is here informally called the Oaks Arm, after the town
of Clearlake Oaks at its east end, and the southeastern
basin is referred to as the Highlands Arm, after the town
of Clearlake Highlands. The modern outlet of Clear Lake
is at the southeast end of the Highlands Arm.

Water levels of Clear Lake for the period between 1874
and 1900, when there was no dam at the outlet of the lake,
varied from a high of 33.92 m (arbitrary datum) in January
1890, to a low of 29.84 m in October 1899 (Chandler,
1901), a range of 408 cm. The lowest annual mean water
level recorded was 30.21 m (1899). The two highest an-
nual means reported, both near 32.46 m (1878 and 1895),
were for years in which data were missing for the months
that are normally characterized by low water levels; the
highest mean annual water level using data for a full year
was calculated as 31.90 m (1876). These data indicate that,
under present climatic conditions and with the present
configuration of the lake outlet without the dam, mean
annual lake levels would fluctuate within about a 2-m
range, and extreme high water would not rise more than
about 5 m above extreme low water.

The Clear Lake basin has a drainage area of about 1370
km?2. The Mayacmas Mountains, on the west and south
edges of the Clear Lake drainage, separate the region
from the Russian River drainage and the Pacific Ocean,
50 to 80 km to the west (fig. 1). Elevations along the crest
of the Mayacmas Mountains range from 600 to 1,440 m;
to the south and west of the lake, only Cobb and Cow
Mountains, both in the Mayacmas Mountains, and Mt.
Konocti, just south of Clear Lake, have elevations greater
than 1,200 m. To the north, elevations are generally more
than 1,200 m, and the elevation of higher ground is com-
monly more than 1,500 m.

The Clear Lake area has a Mediterranean climate, with
wet winters and dry summers. Summary temperature and
precipitation data for Upper Lake Ranger Station and for
Lakeport (fig. 3) are from sites near the lake. Mean an-
nual temperatures are 13.2 °C and 13.7 °C; July is the
warmest month and January the coldest. The diurnal
temperature range is greater in summer than in winter.
Annual precipitation is from 70 to 80 e¢m, nearly all of
which occurs between October and April. A description
of the climate of the Clear Lake area in relation to near-
by areas is given by Major (1977), who shows evapo-
transpiration data for a transect from Point Arena to
Williams across the northern Coast Ranges that includes
two sites adjacent to Clear Lake (Lakeport and Clear
Lake Park). According to his calculations, virtually no

available soil moisture remains at the end of the summer
season each year.

GEOLOGY

The regional geologic and tectonic setting of the Clear
Lake area is described by McLaughlin (1981). The oldest
rocks in the Clear Lake area belong to both the Mesozoic
and Tertiary Great Valley sequence and the Franciscan
assemblage. These rocks are deformed, partly metamor-
phosed, and uplifted as a result of interaction between
the west edge of the North American plate and the Pacific
and Farallon plates (fig. 4). Overlying these rocks are
Paleocene and Eocene rocks exposed to the south of
Lower Lake (Brice, 1953).

The Clear Lake basin itself is the result of an exten-
sional tectonic regime associated with the San Andreas
fault system and is probably less than 3 Ma old (McLaugh-
lin, 1981). A thick series of alluvial and lacustrine
sediments of Pliocene and Pleistocene age have been
deposited within the Clear Lake Basin and ancestral
basins. These deposits are designated the Cache Forma-
tion by Becker (1888), Anderson (1936), and Brice (1953).
Rymer (1981) divides the Cache Formation into three
units. The oldest unit, for which Rymer retains the name
Cache Formation, is of Blancan (Pliocene and Pleistocene)
age and is exposed along the North Fork of Cache Creek
east of Clear Lake. Overlying the restricted Cache For-
mation is the rhyolitic tuff of Bonanza Springs of Hearn
and others (1976). Rymer names the next youngest unit
the Lower Lake Formation; it is of Pleistocene age, is
locally at least 130 m thick, and crops out to the southwest
of the restricted Cache Formation. Lacustrine and fluvial
beds included in the Cache Formation by some geologists
(California Department of Water Resources, 1957,
MecNitt, 1968) are named the Kelseyville Formation by
Rymer (1981). The Kelseyville Formation is not exposed
in contact with the older units and is found only on the
west side of the Clear Lake volcanic field, about 10 to 20
km west of the nearest exposure of the Lower Lake For-
mation. Plant macrofossils and pollen recovered from the
Kelseyville Formation lead Rymer (1981) to infer a late
Ilinoian age for the top of the Kelseyville. The upper part
of the Kelseyville Formation is probably equivalent in age
to lacustrine sediments of Clear Lake that are found below
the base of core 4 (Rymer, 1981; Sims and others, 1981a).
The base of the Kelseyville overlies volcanic units with
K-Ar ages that range from 0.53 +0.02 to 0.64 +0.03 Ma
(Rymer, 1981). Overlying the Kelseyville Formation (prob-
ably conformably) are the sediments of modern Clear
Lake. Whether or not these sediments should be con-
sidered a separate unit from the Kelseyville Formation
is not clear.

Extensive volcanic activity occurred episodically in the
Clear Lake region during the past several million years.
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Early activity produced the Sonoma Volcanics of Miocene
and Pliocene age (fig. 4), which were deposited well to the
south of the Clear Lake basin before 2.9 Ma. Younger
volcanic rocks that comprise the Clear Lake Volcanics
(Donnelly-Nolan and others, 1981) have been erupted in
the southern part of the Clear Lake basin during the past
2 m.y. McLaughlin (1981) attributes the change from
Sonoma Volcanics to the Clear Lake Volcanics to the
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episodic nature of past eruptive sequences makes predic-
tion of the timing of future eruptions difficult. Further
details on the geologic and geophysical setting of the Clear
Lake area, and especially of the Geysers steam field, may
be found in the volume by McLaughlin and Donnelly-
Nolan (1981).

The Cenozoic geologic history of the northern Coast
Ranges is summarized by Wahrhaftig and Birman
(1965). The Clear Lake basin is just to the south of the
southernmost-known Pleistocene glacier in the Coast
Ranges, on Snow Mountain (fig. 1), where a small glacier
had a cirque floor at an elevation of 1,700 m (Holway,
1911; Davis, 1958).

GEOMORPHOLOGY

The geomorphology of the Clear Lake basin is strong-
ly controlled by geologic structure and by volcanic explo-
sion and collapse features, cones, and lava flows. Mt.
Konocti, the most prominent feature of the Clear Lake
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FIGURE 4.—Map showing location of Clear Lake with respect to the
North American, Pacific, and Farallon plates. Adapted from Mankinen
and others (1981, fig. 46).

voleanic field, is a composite voleano less than one-half
million years old that rises abruptly from the south shore
of Clear Lake (Donnelly-Nolan and others, 1981).

Local faulting is dominantly northwest-southeast and
follows the primary structural orientation of the underly-
ing Franciscan (Jennings and Strand, 1960; Koenig, 1963).
Faults are inferred to control shoreline orientation in the
Oaks and Highlands Arms of Clear Lake (Hearn and
others, 1975), and fault control of the main basin of Clear
Lake was demonstrated by Sims and Rymer (1976a).
Movement along faults bounding the lake may relate to
the Quaternary volcanic activity described above. These
fault movements have maintained the lake basin, resulting
in a long-term record of Quaternary sedimentation
(Rymer, 1981).

The geomorphic history of the Clear Lake basin is not
clearly understood. Volcanic, tectonic, and climatic events
and landslides have all affected the area, but it is not
always possible to determine which events produced
significant geomorphic changes or features.

The complexity of events at Clear Lake is illustrated
in the explanation given by Davis (1931, 1933; see also
Holway, 1907, and Hutchinson, 1957), who stated that the
main body of the lake was originally a valley that drained
west to the Russian River through the present site of Blue
Lakes and upper Cold Creek, while the Oaks and High-
lands Arms were valleys that drained to the east through
Cache Creek. At an unspecified time, the Cache Creek
drainage was blocked by a lava flow, ponding the Oaks
and Highlands Arms and reversing their drainage into the
valley now occupied by the main part of Clear Lake. At
a later date, which Davis (1933) estimated as only a few
hundred years ago, Cold Creek canyon was blocked by
alarge landslide, and this blockage restored the drainage
into Cache Creek and formed Blue Lakes.

In the present study, the cores recovered from Clear
Lake show that Clear Lake has been a lake for at least
the past 130,000 years, and subsequent work by Heusser
and Sims (1981) has extended the record to 175,000 years
or more, confirming the view of Hinds (1952) that the lake
is quite old. The lava flow that Davis claimed now dams
the Clear Lake outlet is in fact only limonite-stained lake
sediment, so parts of Davis’s model are untenable
(Donnelly-Nolan and others, 1981). However, modern fish
distributions suggest that Clear Lake did once drain into
the Russian River (Holway, 1907; Snyder, 1908; Hopkirk,
1973), and the landslide noted by Davis was probably the
cause of a drainage reversal.

Cores from the Oaks and Highlands Arms of Clear Lake
show that these parts of the lake have been deep-water
areas only during the Holocene and latest Wisconsinan
(Sims, 1976; Sims and others, 1981a). Before about 11,000
radiocarbon years ago, these areas were shallow-water
swamps, and this suggests that tectonic activity has
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played an important part in determining local geomor-
phology.

The Clear Lake basin may at times have drained
through outlets other than Cold Creek and the present
Cache Creek outlet. Present topography and the tectonic
changes inferred from changes in water depth in the OQaks
and Highlands Arms of the lake lead to the speculation
that Clear Lake may also have drained into the North
Fork of Cache Creek near Clearlake Oaks at the east end
of the OQaks Arm, as well as at some time into Putah Creek
to the southeast.

LIMNOLOGY

The limnology of Clear Lake is described by Goldman
and Wetzel (1963) in a study of the primary productivity
of the lake and chemical composition of the water. They
describe the lake as turbid and eutrophic, with moderately
high salinity and hard water. The long fetch of the pre-
dominantly westerly winds across the lake generates
enough turbulence to keep the entire water column mixed
under most circumstances. The most abundant cations in
the water follow the order Ca>Mg>Na>K; anions are
dominated by bicarbonate, with CO3>Cl>S0,4 (bicar-
bonate converted to carbonate). The primary productiv-
ity is mainly the result of algal growth because the high
turbidity of the lake restricts higher plants to littoral
habitats around the edge of the lake. The pH during the
period from May 1959 to July 1960 varied between about
7.5 and 8.9.

Areal and average depth data for the three lake basins
(Horne and others, 1971) are used to calculate volume
estimates (Table 1). The area of the three arms of the lake
is about 172.2 km? and the total volume is nearly 1.4
km3 Because the main basin of the lake is shallower than
the Oaks and Highlands Arms, it is relatively more signifi-
cant in terms of surface area than in terms of volume.

ZOOGEOGRAPHY

The major study of the zoogeography of the Clear Lake
region is on endemism in Clear Lake fish (Hopkirk, 1973).

Hopkirk recognizes 14 native fish species, of which 5 are
endemic lake-adapted derivatives of lowland river species.
He also notes the presence of three endemic aquatic snails
in the basin. Hopkirk (1973, p. 10) feels that ‘‘the extent
of morphological differentiation in the endemic fishes of
Clear Lake Basin indicates an age of many thousands of
years for the lake.” Comparison of the fish faunas of the
Russian and Sacramento River drainages indicates that
Clear Lake at some time drained into the Russian River
through Blue Lakes and Cold Creek (Snyder, 1908;
Hopkirk, 1973).

PHYTOGEOGRAPHY

The Clear Lake basin is at the south end of the main
mountain mass of the inner Coast Ranges, so that high-
elevation vegetation has ready access to the basin dur-
ing times of cooler climate. The major potential paths of
plant migration to and from lower elevations are to the
east, through the Cache Creek canyon, which forms the
modern outlet of Clear Lake, and through the Putah
Creek drainage to the southeast. During warm periods,
these routes provide for the rapid reestablishment of plant
species displaced from the Clear Lake basin during cool
periods, particularly oaks (Quercus spp.). Another access
corridor to low elevations, probably of only minor bio-
geographic importance, is the canyon now occupied by
Blue Lakes and upper Cold Creek.

The Clear Lake basin is in the Californian Floristic
Province; this province includes parts of coastal Oregon,
most of California, and parts of Baja California, Mexico
(Raven, 1977). The flora is quite diverse; Raven (1977, p.
111) estimates that there are about 770 genera and 4,437
species of native vascular plants in the province, which
has an area of about 324,000 km2. The Clear Lake basin
is at the north end of the Central Coast subdivision of the
Californian Floristic Province of Stebbins and Major
(1965). The boundary between the Central Coast and
North Coast subdivisions runs through central Lake
County along the south edge of the continuous pine-
hardwood forest. Stebbins and Major recognize an impor-
tant center of endemism in southern Lake and northern

TABLE 1.—Area, depth, and volume of the three basins of Clear Lake
[Areas and average depths from Horne and others (1971); other values calculated]

Area Area Average Volume Volume
(ha) (pct.) depth km?3 (pct.)

(m)
Main basin------- 12,700 73.75 7.1 0.902 65.47
Oaks Arm~————————— 1,250 7.26 11.1 .139 10.07
Highlands Arm----_3,270 18.99 10.3 . 337 24.46
Total 17,220 100.00 8.0 1.378 100.00
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Napa Counties and note that many of the soils in the area
are formed on young volcanic rocks and are poorly
developed.

DISTRIBUTION OF MAJOR VEGETATION TYPES

Vegetation maps that include the Clear Lake area in-
clude those of Clark (1937), Kiichler (1964, 1977), Living-
ston and Shreve (1921), Benson (1957), and Knapp (1965);
of particular interest are the species distribution maps in
Little (1971, 1976), Fowells (1965), and Griffin and Critch-
field (1972). The maps by Kiichler (1964, 1977) describe
the potential natural vegetation, that is, the vegetation
that would ultimately prevail under the present climate
in the absence of human influence. He recognizes four
major vegetation types in the Clear Lake basin: (1) blue
oak-digger pine forest (oak woodland in this paper); (2)
mixed hardwood forest; (3) chaparral; and (4) Coast Range
montane forest (Kiichler, 1977).

The most recent version of the potential natural vegeta-
tion map (Kiichler, 1977) shows Clear Lake surrounded
by a belt of blue oak-digger pine forest several kilometers
wide, except that chaparral is mapped along the south
shore of the lake between Soda Bay and the outlet at
Cache Creek. From the south shore of the lake, the
chaparral extends southwest to the crest of the Mayacmas
Mountains and then northwest along the crest of that
range as far north as Blue Lakes. Northeast of the lake,
a band of chaparral several kilometers wide lies above the
blue oak-digger pine forest. Above the chaparral in this
area is found the southernmost mapped patch of Coast
Range montane forest. A small patch of mixed hardwood
forest is mapped between 10 and 20 km south of the outlet
of Clear Lake along the upper reaches of Putah Creek.
The broad band of redwood forest that extends along the
California coast does not extend inland far enough to
affect the Clear Lake basin, although a few small stands
are found along the Russian River in the next major valley
to the west. At elevations below about 100 m, the blue
oak-digger pine forest gives way to a valley oak savanna
in the Santa Rosa-Healdsburg area to the south of Clear
Lake and to California prairie in the Sacramento Valley
to the east, but these vegetation types are not found in
the Clear Lake basin itself.

Kiichler (1964) shows the potential distribution of
chaparral in the Clear Lake area as including the entire
Mayacmas Range and the low ground between it and
Clear Lake, with the single exception of an area of mixed
coniferous forest extending from the outlet of Clear Lake
to the top of Cobb Mountain. By contrast, Clark (1937,
fig. 1) maps most of the low land within the Clear Lake
basin as woodland and maps chaparral only as a narrow
band along the ridgetops. Kiichler’'s 1977 map shows
chaparral reaching the shores of Clear Lake only along
the west shore of the Highlands Arm.

OAK WOODLAND

The oak woodland found in the Clear Lake basin is
mapped as blue oak-digger pine forest by Kiichler (1977).
California oak woodland in general is discussed by Grif-
fin (1977), who notes that:

Oak woodland can be viewed as a group of variable communities geo-
graphically placed between grassland or scrub and montane forests. The
xeric lower border of oak woodland is easily defined by the absence of
oak trees—where the savanna form of oak woodland becomes true
grassland or scrub. The mesic upper border, where the increasingly dense
woodland becomes forest, is more difficult to establish. The presence
of the appropriate woodland indicator oaks is as important as the ac-
tual tree density. Where the proportion of live oaks becomes great, the
oak woodland can be only arbitrarily separated from interior forms of
the mixed hardwood forest ***. Often the upper woodland border is
obscured by a chaparral zone between the typical woodland and the forest
above (Griffin, 1977, p. 385).

MIXED HARDWOOD FOREST

The California mixed hardwood forest is dominated by
Arbutus menziesti (madrone), Chrysolepis chrysophylla
(golden chinquapin), Lithocarpus densiflora (tanbark oak),
Pseudotsuga menziesii (Douglas fir), Quercus chrysolepis
(canyon oak), Quercus wislizenit (interior live oak), and
Umbellularia californica (California laurel); other com-
ponents include Acer macrophyllum, Aesculus calyfornica,
Corylus californica, Arctostaphylos manzanita, Ceano-
thus spp., Cornus nuttallit, Quercus douglasii, Q. gar-
ryana, and Q. kelloggii (Kachler, 1964, 1977; Munz and
Keck, 1959). Average annual rainfall ranges from 60 to
150 e¢m, and the maximum elevation is about 750 m (Munz
and Keck, 1959).

CHAPARRAL

The chaparral vegetation type, which is well developed
in California, is described by Kuchler (1964, p. 33) as
“very dense vegetation of broadleaf evergreen sclerophyll
shrubs.” It is dominated by Adenostoma fasciculata
(chamise), Arctostaphylos spp. (manzanita), and Ceanothus
spp.; other species include Cercocarpus betuloides, Fre-
montia californica, Heteromeles arbutifolia, Pickeringia
montana, Prunus ilicifolia, Quercus dumosa, Rhamnus
californica, R. crocea, and Trichostema lanatum (Kiichler,
1964). Chaparral generally grows on dry slopes and
ridges; average annual precipitation ranges from 35 to
64 ¢cm, summers are hot and dry, and winters are cool but
not cold (Munz and Keck, 1959, p. 17).

COAST RANGE MONTANE FOREST

The Coast Range montane forest has not been described
in as much detail as the oak woodland, mixed hardwood
forest, and chaparral. Kiichler (1977) maps Coast Range
montane forest at upper elevations between central Lake
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TABLE 2.—T'ree and shrub species growing in or near Lake County, California

[Names preceded by an asterisk are not recorded as growing in Lake County on distribution
maps used to compile table, but they are found just beyond borders of county or are other-
wise significant for interpretation of the Clear Lake pollen record. Four sources were used:
1, Little (1976); 2, Griffin and Critchfield (1972), which includes some annotation and is the

most detailed in its geographic descriptions; 3, Fowells (1965), which includes ecological re-
quirements but is rather general in terms of geographic distributions; and 4, Little (1971).
Taxonomic nomenclature has been adjusted to conform to that used by Munz and Keck (1959)
and Munz (1968). This list is not complete, especially with regard to shrubs]

Family References ~ Family References
Conifers Angiosperms
Cupressaceae Cupressus macnabiana A. Murr. 24 Aceraceae Acer circinatum Pursh 1
C. sargentii Jeps. 24 A. macrophyllum Pursh 3.4
Juniperus californica Carr. 4 A.negundo L. ssp. californicum
J. occidentalis Hook. ssp. (T. & G.) Wesmael 24
australis Vasek 23,4 Betulaceae Alnus rhombifolia Nutt. 1,2
Calocedrus decurrens (Torr.) A. oregona Nutt. 234
Florin 23,4 *A. tenuifolia Nutt. 1
Thuja plicata Donn ex D. Don Corylus cornuta Marsh. var.
in Lamb. 2,34 californica (A. DC.) Sharp 1
Pinaceae Abies concolor (Gord. & Glend.) Caprifoliaceae Sambucus caerulea Nutt. 1
Lindl. 2,34 Celastraceae * Euonymus occidentalis Nutt. ex Torr. 1
A. grandis (Dougl.) Lindl. 234 Cornaceae Cornus glabrata Benth. 1
A. magnifica A. Murr. 2,34 C. nuttallii Aud. 1,2
A. procera Rehd. 2,34 C. occidentalis (T. & G.) Cov. 1
Pinus attenuata Lemmon 2,4 Ericaceae Arbutus menziesii Pursh 234
P. balfouriana Grev. & Balf. 2,4 Arctostaphylos manzanita Parry -
P. jeffreyi Grev. & Balf. in Fagaceae Chrysolepis chrysophylla
A. Murr. 2,34 (Dougl. ex Hook.) Hjelmquist 24
P. lambertiana Dougl. 234 Lithocarpus densiflorus
P. monticola Dougl. 234 (H. & A.) Rehd. 234
P. ponderosa Lawson 234 *Quercus agrifolia Nee 24
P. sabiniana Dougl. 24 Q. chrysolepis Liebm. 24
Pseudotsuga menziesii (Mirb.) Q. douglasii H. & A. 24
Franco 2,34 Q. garryana Dougl. 2,34
*Tsuga heterophylla (Raf.) Q. kelloggii Newb. 2,4
Sarg. 2,34 Q. lobata Nee 24
Taxaceae Taxus brevifolia Nutt. 2,4 Q. wislizenii A.DC. 1,2
Torreya californica Tor. 2,4 Hippocastanaceae Aesculus californica (Spach)
*Sequoia sempervirens (D. Don) Nutt. 1,2
Endl 234 Juglandaceae Juglans hindsii (Jeps.) Jeps. 1,2
Lauraceae Umbellularia californica
(H. & A.) Nutt. 234
Leguminosae Cercis occidentalis Torr. ex
.. Gray 1
County and western Tehama and southern Trinity Coun- | Myricaceae Myrica californica Cham. & .
. chlecht.
ties, and also a few scattered occurrences as far north as | oleaceae Fraxinus dipetala H. & A. 1
oy F. latifolia Benth. 24
central Humboldt County. The transition from a lower | piamanacesc B oot Nutt 12
i 1 3 3 : Rhamnaceae Ceanothus cordulatus Kell. ---
altitude digger pine-dominated forest to a higher ponder- Rhamnas californica Esch. )
osa pine-dominated forest occurs at an elevation of about e D &G. :
1,100 m in a vegetation transect on the south side of Snow | Rosaceae Cercocarpus betuloides Nutt.
.. exT. & G. 1
Mountain in northern Lake County (Gray, 1979). How- Crataegus douglasii Lindl. 1
. . . Heteromeles arbutifolia
ever, Gray notes that the boundary coincides with the M. Roem. 4 1
upper limit of serpentine and is thus in part an edaphic Py, cmersimase (Dovel) 1
3 3 3 ’ P. subcordata Benth. 1
bf)un(.iary. At higher elevations in Gray’s transect, sugar P virsinia L vat demissa
pine is dominant between 1,680 and 1,860 m, white fir . sgg:f;')cfﬁ;s;nim Greene !
is dominant at 1,950 m, and red fir is dominant at 2,040 m. | Rubiaceae Ciphala’“hllf; occ,idengzlism :
. . Var. californicus benth.
The Klamath Mountains flora, 135 km and more to the | rutaceae Prelea crenulata Greene 1
: B : Sali Popul tii Wats. 2,4
north of Clear Lake, includes many ecologically impor- | >** S 234
3 : . Salix hindsiana Benth. 1
tant tree species that do not grow in the Clear Lgke region S laevigata Bebb h
(Sawyer and Thornburgh, 1977). The vegetation of the 5. lasiandro Dot !
Klamath Mountains is thus not a direct modern analog S. gooddingii Ball var.
. N variabilis Ball 1
for interpreting the Clear Lake pollen record. §. tracyi Ball 1
Sterculiaceae Fremontodendron californicum
Cov. 1

SIGNIFICANT SPECIES DISTRIBUTIONS

Although the vegetation types mapped by Kiichler
(1977) provide a helpful overview of the modern vegeta-
tion, they are of limited use in interpreting the Clear Lake
fossil-pollen record, largely because of the inherent im-
precision of pollen identifications and low representation
of many pollen types in the pollen rain. Another view of
the vegetation is available through published species-
distribution maps, especially those of Little (1971, 1976),

Griffin and Critchfield (1972), and Fowells (1965); table
2, a list of species that grow in Lake County, was com-
piled from these four atlases. A few species not present-
ly growing in Lake County are also included, either
because they have been found as macrofossils in the
Kelseyville Formation (Rymer, 1981) or because their
present distributions suggest that they probably grew in
the Clear Lake basin during the last glacial period. The
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table is not complete; many shrubby species are not
mapped in any of the references consulted.

Most arboreal pollen recovered from the Clear Lake
cores represents three major plant groups—oaks, pines,
and TCT—each with representatives in more than one of
the four major vegetation types, as described below.

OAKS (QUERCUS SPP)

The dominant oaks in the Clear Lake basin are Quer-
cus douglasti (blue oak), which is the dominant element
of the blue oak-digger pine forest, Q. wislizenii (interior
live oak), and Q. kelloggii (California black oak) (Griffin
and Critchfield, 1972). Blue oak tends to grow at the
lowest elevations, interior live oak somewhat higher, and
California black oak higher still, extending up into the
lower parts of the montane coniferous forest. Q. chryso-
lepis (canyon live oak) is also common to the north of Clear
Lake, and Q. garryana (Oregon oak) and Q. lobata are
also found in the basin. Two shrubby species, Q. sadler-
1ana (deer oak) and Q. vaccinifolia (huckleberry oak), are
found at still higher elevations in the Klamath Mountains
130 to 200 km to the north. The altitude ranges of the
oaks found in the Clear Lake basin are shown in table 3.
A general discussion of the several different forms of oak
woodland in California is given by Griffin (1977).

PINES

Of the five Pinus species in the Clear Lake area, four
represent the subgenus Diploxylon: Pinus sabiniana
(digger pine), P. attenuata (knobcone pine), P. ponderosa
(ponderosa pine), and P. jeffreyi (Jeffrey pine). The only
Haploxylon pine is P. lambertiana, the sugar pine.

Digger pine (P. sabiniana) is common on dry sites at
elevations below about 1,000 to 1,500 m in the northern
Coast Ranges and around the Sacramento Valley (Grif-
fin and Critchfield, 1972). It is common to the east and

TABLE 3.—Species of Quercus (oak) now growing in or near Clear Lake
basin
[Elevation ranges (Munz and Keck, 1959) are rounded to the nearest 5 m after conversion from
feet]

sadleriana (deer oak)-~~--——---~————— 945-2,135
kelloggii California black oak)---- 305-2,440
915-3,050

Species Elevation
(common name) range
{m)
Quercus lobata (valley oak)-——————=-—— <610
Q. agrifolia (coast live oak)------—--- <915
Q. douglasii (blue oak)---——--——--- = <1,065
Q. wislizenii (interior live oak)----- <1,525
Q. garryana (Oregon oak)-——~-~———————— 305-1,525
Q. garryana var. breweri----———-————-- 610-1,830
Q. chrysolepis (canyon oak)--—-~-~—————— <1,980
Q.
Q.
Q.

vaccinifolia (huckleberry oak)-----

south of Clear Lake and commonly occurs in association
with both oak woodland and chaparral species. Digger
pine does not form dense forests.

The knobcone pine, P. attenuata, is less common than
digger pine in the Clear Lake basin. According to the
distribution maps of Griffin and Critchfield (1972), knob-
cone pine is missing from an area to the east of Clear Lake
where digger pine is abundant, but it grows in small
stands in the western part of the basin along the Mayac-
mas Mountains where digger pine is absent. They note
that “In the Coast Ranges, this species forms dense
stands on poor soils within the chaparral zone. Lake Coun-
ty has extensive areas of such frequently burned knob-
cone pine thickets’ (Griffin and Critchfield, 1972, p. 25).

The most common pine at elevations above 1,100 m is
P. ponderosa, a dominant species of the montane forest
(Gray, 1979). To the north of Clear Lake, Griffin and
Critchfield (1972) map a continuous band of ponderosa
pine that covers the high ground of the northern Coast
Ranges. The distribution is discontinuous in the immediate
vicinity of Clear Lake, but a large stand occurs in southern
Lake County. The remaining diploxylon pine, P. jeffreyi,
is found only in a few relict stands in northernmost Lake
County and is restricted in the Coast Ranges primarily
to soils formed on serpentine.

The distribution of sugar pine (P. lambertiana) in the
Clear Lake area is similar to the distribution of ponderosa
pine but somewhat more restricted; sugar pine is distrib-
uted continuously only along the east side of the moun-
tains, whereas ponderosa pine is continuously distributed
farther to the west as well.

OTHER PINACEAE

The remaining member of the pine family common in
the Clear Lake basin is the Douglas fir (Pseudotsuga men-
ziesit). Although it is mapped in continuous stands on the
mountains both north and south of Clear Lake (Griffin
and Critchfield, 1972), it is poorly represented in the
pollen record. Other members of the pine family are not
now common in the Clear Lake area but may have been
much more important during cooler periods. The two most
important species of fir in California are white fir (Abies
concolor) and red fir (A. magnifica). Both species are com-
mon in high elevation coniferous forests; red fir reaches
its maximum development at somewhat higher elevations
than white fir (Gray, 1979). Both species are important
components of Kiichler’s (1977) Coast Range montane
forest. The southern limit for both species in the Clear
Lake area is on Snow Mountain, in northern Lake Coun-
ty. White fir is much more continuous in its distribution
in the northern Coast Ranges than is red fir. An additional
fir not now found in Lake County is the grand fir (4. gran-
dis). Grand fir is currently found growing only within
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part of the core. Plant macrofossils, common in the lower
part of the core, include seeds of Zannichellia, Nuphar,
Brasenia, Potamogeton, and Myriophyllum, as well as
seeds of aquatic Polygonaceae and Cyperaceae.

CORE SAMPLING

Cores were split lengthwise, inspected, logged, and
photographed both in color and in black and white, and
a l-cm slice was removed from the middle of each core
segment for X-ray radiography. After each core section
was logged and radiographed, one half was sealed in a
plastic bag and stored as a voucher specimen. The other
half was sampled according to the protocol described by
Beaver and others (1976). Samples were taken at 10-cm
intervals wherever core recovery and preservation
allowed. Samples were removed for analysis of pollen,
diatoms, cladocera, sediment size, water content, and
macrofossils wherever enough sediment was available,
and additional samples were removed for volcanic-ash and
radiocarbon studies when suitable material was present.
The X-ray radiographs were often useful as a guide in
sampling. Many of the samples removed from the cores
have not yet been studied and are available for future use.
A list of the samples studied for this report is given in
table 4.

Core-section exteriors commonly showed signs of oxida-
tion during storage, but the interiors appeared undis-
turbed; pollen samples were always taken from the un-
disturbed part of the core. Some decrease in sediment
water content probably occurred during storage, but no
significant desiccation was observed.

Pollen and weight-loss samples were removed from the
cores using a cylindrical tube sampler fitted with a piston.
A sample volume of 1.30 ¢cm? was used for most of core
7; all the remaining samples were taken using a 2.19-cm3
sampler. Sample volumes for the core 7 samples are given
in Adam (1979b). Weight-loss samples were weighed as
soon as they were removed from the cores and again after
drying overnight at 110 °C.

POLLEN SAMPLE PREPARATION

Pollen extraction followed standard procedures for
Quaternary pollen samples including hydrofluoric acid
digestion, acetylation, and hydroxide dissolution of
humates. Extracted samples were stored and mounted in
silicone oil. Counting was done at a magnification of x
600 using a Leitz Ortholux! binocular microscope.

Pollen percentage data are affected by a constraint: the
observations included within the pollen sum must add up

1Any trade names and trademarks found in this publication are used for descriptive purposes
only and do not constitute endorsement by the U.S. Geological Survey.

to 100 percent. Under certain conditions, this constraint
can produce percentage curves that do not accurately
represent changes in amounts of a particular pollen type
through time. For example, if two pollen types, A and B,
add up to 100 percent, then an increase in the percentage
of A could be a result of a simple increase in the amount
of A (B constant), a decrease in the amount of B (A con-
stant), A increasing more than B, or A decreasing less
than B.

Quaternary palynologists commonly try to circumvent
the percentage constraint problem by estimating either
pollen concentrations (grains per gram or cubic centimeter
of sediment) or pollen influx (grains per square centimeter
per year). (See Colinvaux, 1978, for a critique of the “‘ab-
solute pollen frequency”’ terminology sometimes used for
such data.) To calculate pollen concentrations, one must
know the number of pollen grains in the sample, the sam-
ple volume, and the sample weight. To calculate pollen
influx data one must also know the sedimentation rate
for each sample. Sedimentation rates could not be deter-
mined accurately for the present study, particularly for
core 4. The radiocarbon ages for the upper part of the
core are suspect, and the dating for the lower part of the
core rests upon correlation with dated series elsewhere;
therefore, pollen influx data cannot be calculated. Pollen
concentrations are calculated as grains per gram dry
weight of sediment rather than as grains per cubic cen-
timeter because of the great variation in dry sediment
density with depth in core 4 (fig. 7; see also the discus-
sion by Fletcher and Clapham, 1974).

Pollen samples of known volume were removed from
the core as already described. Prior to pollen extraction,
a known amount of exotic pollen was added to each sam-
ple to enable estimation of the amount of fossil pollen in
each sample. The exotic tracer pollen types were added
in the form of tablets containing either Eucalyptus pollen
grains or Lycopodium spores.

The tracer added to the core 7 samples consisted
of unweighed tablets containing approximately 15,833
grains of Eucalyptus pollen. Two tablets were added to
each 1.3-cm3 sample, and four tablets were added to each
2.19-cm3 sample; sample volumes are given in Adam
(1979b).

A more elaborate tracer procedure was followed for the
core 4 samples. Two tracer types were used, Eucalyptus
and Lycopodium. All core 4 samples had a volume of 2.19
cm3. Four tablets of each tracer type were dried to con-
stant weight before they were added to the sample. This
method allowed each tracer to be used as a check on the
other and made it possible to assess the variability of the
amount of each tracer added to the samples. Totals of
16,346 Eucalyptus grains and 12,905 Lycopodium spores
were counted along with the fossil pollen in the 166 core
4 samples. The best estimate of the ratio of Eucalyptus
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to Lycopodium is 1.267. The Lycopodium tablets were
known to contain approximately 12,500 spores per tablet;
the pollen content of the FEucalyptus tablets was
calculated using the observed ratio of Eucalyptus to
Lycopodium.

The counts of Eucalyptus and Lycopodium are plotted
against each other in figure 6. There is considerable scat-
ter of the observations away from the straight-line rela-
tion expected if the composition of the pollen tablets were
homogeneous. The observations plotted in the figure are
the raw numbers of grains counted, without correction
for variations in the weight of the tablets. However, cor-

rection for tablet weight produces little difference in the
appearance of the graph, indicating that variability in
pollen concentration between tablets is a more significant
source of variability than variation in tablet weight. The
tracer pollen counts are not analyzed further here, but
the scatter (fig. 6) suggests that between-tablet variability
is significant enough to affect the results of pollen con-
centration and influx calculations.

Pollen counting criteria were designed for efficient
estimation of frequencies of the various pollen types and
nonpollen microfossils. In many samples, remains of algae
(Botryococcus, Coelastrum, and several kinds of Ped:i-

TABLE 4.—Pollen sample numbers and depths
[Sample numbers also shown on detailed lithological descriptions of cores (Sims and Rymer, 1975c, f)]

No. Depth No. Depth No. Depth No. Depth No. Depth No. Depth
(m) (m) (m) (m) {m) (m)
Core 4

2053 0.10 1665 27.00 1518 54.05 1340 81.85 1134 101.30 1189 108.17
2054 0.20 1660 28.00 1511 55.05 1342 82.05 1135 101.62 1190 108.27
2048 1.20 1650 29.40 1280 56.05 1459 83.28 1138 101.92 1191 108.37
2060 2.00 16565 29.90 1559 57.00 1462 83.58 1139 102.02 1192 108.47
2069 3.00 1643 30.30 1552 58.00 1465 83.88 1140 102.12 1193 108.57
1848 4.00 1649 30.90 1245 59.04 1467 84.25 1141 102.22 1194 108.67
1843 5.00 1639 31.50 1275 60.01 1470 84.55 1157 102.58 1526 108.90
1838 6.05 1630 32.10 1253 60.97 1473 84.85 1159 102.78 1124 109.85
1830 7.00 1623 33.00 1584 62.00 1315 85.21 1161 102.98 1125 110.00
1824 8.00 1616 34.00 1564 63.20 1308 86.07 1163 103.18 1127 110.20
1815 8.70 1746 35.05 1571 64.10 1445 87.04 1150 103.50 1185 110.71
1803 9.30 1730 35.95 1600 65.00 1453 88.00 1151 103.60 1198 111.01
1810 10.00 1724 37.00 1593 66.00 1432 89.07 1152 103.70 1200 111.21
1787 11.00 1718 38.00 1609 67.00 1440 90.00 1154 103.90 1202 111.41
1255 11.96 1712 39.00 649 68.06 1304 S1.00 1156 104.10 1226 111.63
1287 13.02 1705 40.00 657 69.03 1483 91.96 1143 104.36 1228 111.83
1888 14.00 1698 40.95 1428 70.01 1486 92.26 1145 104.56 1230 112.03
1897 15.00 1778 42.10 1422 70.98 1294 92.62 1147 104.76 1231 112.13
1904 16.00 1736 43.10 1416 72.04 1296 92.82 1149 104.96 1232 112.23
1811 17.00 1743 44.30 1409 73.01 1298 93.02 1172 105.28 1212 112.64
1919 18.00 1753 46.00 1322 74.14 1479 93.95 1174 105.48 1216 113.04
1869 20.00 1762 47.00 1388 75.10 1501 94.90 1176 105.68 1219 113.51
1878 21.10 1769 48.05 1380 75.97 1494 95.82 1178 105.88 1224 114.01
1685 22.10 1775 49.00 1374 77.03 1504 96.78 1164 106.14 1205 114.57
18679 22.95 1239 50.00 1367 77.99 1505 98.51 1168 106.55 1210 115.07
1674 25.05 1268 51.01 1361 78.96 1507 99.28 1179 107.10

1673 25.43 1541 52.00 1355 80.02 1487 100.15 1184 107.60

1669 26.00 1527 53.15 1348 80.99 1131 101.00 1188 108.07

Core 7

102 0.00 163 6.40 201 10.60 71 15.40 215 19.80 264 24.70
1086 0.40 167 6.80 26 11.00 75 15.80 218 20.10 268 25.10
109 0.80 171 7.20 30 11.40 79 16.20 221 20.20 272 25.50
113 1.20 175 7.70 34 11.80 80 16.30 223 20.61 275 26.00
117 1.60 179 8.10 38 12.20 81 16.40 230 21.03 281 26.40
121 2.00 182 8.45 43 12.60 83 16.60 234 21.40 290 26.80
124 2.40 183 8.60 49 13.12 85 17.00 238 21.80 294 27.10
132 3.20 185 8.80 50 13.20 83 17.40 241 22.20

140 4.00 187 9.00 52 13.40 94 17.80 246 22.60

144 4.40 189 9.24 55 13.80 101 18.20 250 23.10

148 4.80 191 9.40 59 14.20 204 18.57 254 23.50

156 5.60 195 g9.80 63 14.60 208 19.00 257 23.90

160 6.00 197 10.20 67 15.00 211 _19.40 261 24.30
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astrum) were so abundant that they slowed pollen count-
ing significantly. Several approaches were tried as the
magnitude of the algae problem became apparent. The
first method, used for some core 7 samples, was to count
all microfossils until at least 200 grains of fossil pollen
had been counted. The next approach was to count each
algal type until 100 individuals (or colonies in the case of
Pediastrum) were counted and then to record the number

of tracers together with the count; the rest of the algae
of that type were then ignored. As it became apparent
that fluctuations in algal frequencies were very large, less
precision seemed necessary, and stopping criteria for algal
counts were made less and less stringent. For some
counts, frequencies of abundant algae were recorded
whenever the most abundant type reached a count of 100
individuals. Eventually, the stopping criterion became a
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FIGURE 6.—Plot of raw counts of Eucalyptus tracer pollen versus Lycopodium tracer pollen for core 4. Straight line indicates expected rela-
tion in the absence of all errors.
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total of at least 100 of all algae. The ratio of the number
of tracers counted with the algae to the number of tracers
counted with the pollen was then used to estimate how
many algae would have been counted with the full sum.
One result of this approach is that confidence limits for
some estimates of algal abundance are very broad; how-
ever, this effect is only important when algae are extreme-
ly abundant.

STATISTICAL METHODS

The pollen samples from cores 4 and 7 are divided into
a series of pollen zones using a procedure that involves
first reducing the dimensionality of the data to five or-
thogonal factors and then using an iterative boundary-
fitting process to zone the samples according to their
factor loadings.

FACTOR ANALYSIS

Factor analysis is a multivariate statistical technique
used to summarize patterns of behavior in large data sets.
It consists of a number of techniques that are included
in the larger field of multidimensional scaling (Prentice,
1980). These techniques enable description of the varia-
tions observed for a large number of variables (pollen
types) in terms of a smaller number of uncorrelated
variables (factors) that are linear combinations of the
original variables. The first factor selected includes the
maximum variance that can be accounted for by a single
linear combination of the pollen types and represents a
least-squares line drawn through a cloud of sample points
in a multidimensional space whose axes are the original
variables. Successive factors repeat the process, each one
accounting for the maximum possible variance not in-
cluded in previous factors. In this way, one can reduce
the dimensionality of the data set from the number of
original variables to a much smaller number of factors and
still include nearly all the original variance.

Factor analysis results include a set of “factor loadings”
and a set of “factor scores” for each factor. Each factor
has one factor loading for each sample and one factor
score for each variable. The greater the absolute value
of the loading, the more important the factor is in describ-
ing the sample; the greater the absolute value of a factor
score, the more important that pollen type is in determin-
ing the factor loadings for that factor. Positive and
negative values indicate opposite effects.

The results presented in this paper as “scaled factor
scores’’ are the result of a transformation that weights
the results for each factor in proportion to the amount
of the initial variance that is accounted for by that factor.

Once an appropriate number of factors is selected to
describe a data set, the factors can be made easier to in-

terpret by a procedure known as VARIMAX rotation. The
amount of variance and the orthogonality of the factors
are conserved in this transformation, but the factor scores
are adjusted so that a given factor tends to be either very
strongly or very weakly affected by any given original
variable, and intermediate scores tend to be suppressed.

A further description of factor analysis in general may
be found in Harman (1967), and applications to Quater-
nary pollen data are discussed by Adam (1974) and Pren-
tice (1980) among others. The CABFAC computer
program used here is described by Klovan and Imbrie
(1971) and Adam (1976a).

I have previously suggested that pollen data should be
subjected to a centering transformation in which the mean
for each variable is subtracted from the observations of
that variable before calculation of similarity matrices for
Q-mode factor analyses (Adam, 1970, 1974). However, a
centering transformation of the Clear Lake data produced
factors more difficult to interpret than those presented
below. CABFAC-type analysis appears to provide better
results for uncentered than for centered data when two
or more major variables or sets of variables replace each
other in different parts of the data set.

ZONING ALGORITHM

The factor loadings are used as input to an interactive
zoning algorithm that uses a least-squares measure to
determine the optimum position for a single zone bound-
ary within a given series of samples, subject to the con-
straint that every zone should contain at least two
samples. Within a block of samples being zoned, all possi-
ble ways of dividing the block into two smaller blocks are
considered, and the function

bottom;,,
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is evaluated for each possibility, where x;;is the value of
the jth factor score for sample 7, ;j, is the mean value
of the observations of factor j in zone %, and top; and
bottomy, are the top and bottom samples included in zone
k. The boundary chosen is the one that produces the
minimum value of S.

The choice of the upper and lower bounds of the block
of samples to be subdivided can significantly affect the
position of the boundary selected, especially if the block
being divided contains more than two acceptable zones.
The initial choice of blocks to be subdivided is made by
subjective inspection of the factor score curves; the
resulting zone boundaries then define new blocks to be
divided. After several iterations, this process should pro-
duce a series of boundaries that are stable and con-
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sistent—that is, each zone boundary is selected as the best
dividing point for the two zones that it separates.

RESULTS

SEDIMENT DENSITY AND CARBON CONTENT

Dry sediment density is calculated from the weights of
the dried samples. Quadratic regression against depth pro-
duces the equation

D(g em~3)=0.46018+0.02673d—0.00012d2  (2)

where D is the sample density and d is the sample depth
in meters. The resulting quadratic curve (fig. 7A) fits the
general trend of the data quite well, but there are some
systematic departures of the observations from the curve,
particularly below a depth of 80 m. These are discussed
after the description of the climatic sequence.

Percent weight loss on ignition at 550 °C for samples
from core 4 is shown in figure 7B. Weight loss declines
from about 25 percent at the top of the core to about 10
percent at a depth of 30 m and then stays at about that
percentage to the bottom of the core. The results of car-
bon analyses of core 7 sediment at 1-m intervals are shown
in figure 8. The upper 7 m of the core, which consists of
open-water lake muds similar to those found in the upper
parts of all of the cores, has a carbon content of about
10 percent. Below a depth of 7 m, the sediments consist
of interbedded peats and shallow-water lake muds that
contain much more macroscopic plant debris than the
open-water muds, and the carbon content is generally
higher. The only exception is found at a depth of 16 m
in clay (Sims and Rymer, 1975f), where the carbon con-
tent is the lowest observed in the core.

Mean sediment grain size for core 4 is plotted against
depth in figure 7C, along with a three-level moving
average of the same data. Average grain size ranges from
about 2 um to almost 5 ym. The small grain size reflects
the distance of the core site from the lake shore, and the
lack of major trends in the long-term behavior of the curve
suggests that the distance of the site from shore has not
altered greatly during the time the core was deposited.
The short-term behavior of the data, especially as seen
in the moving-average curve, suggests possible cyclical
variations in grain size, but these possible cycles are not
explored further here.

PALYNOLOGY

Core 4 was chosen for pollen analysis because it is the
longest core and thus should span the longest time inter-
val, and core 7 was chosen because it contains abundant
plant remains for use in establishing a radiocarbon time
scale.

All fossil pollen types are included in the pollen sum,
as are microspores of Isoetes (quillwort). The inclusion of
non-arboreal pollen (NAP) and aquatic pollen in the sum
has very little effect on the core 4 data, because those
types are scarce. In core 7, however, aquatic pollen types
are abundant in the lower part of the section. The best
estimates of the regional arboreal pollen (AP) rain there-
fore come from the core 4 record.

The pollen sum consists of at least 200 grains of fossil
pollen. Pollen is well preserved throughout the core; the
main hindrance to easy counting is the abundance of acid-
resistant algal remains found near the tops of both cores.
The pollen identification key of Kapp (1969) and a refer-
ence collection of California pollen types were the prin-
cipal resources used to identify unknown pollen grains.

Diagrams for the basic percentage data include: (1)
curves for the important non-aquatic pollen types, in-
cluding both arboreal and non-arboreal types (pl. 1), (2)
aquatic, unknown, miscellaneous, and tracer pollen types
(pl. 2), and (8) curves for the various algae (pl. 3).

NOTES ON VARIABLES

The initial pollen counts included observations on 121
variables. Many are quite rare, with distributions that
show no apparent stratigraphic pattern. This report is
based on a summary data set of 51 variables that includes
all fossil pollen, as well as several non-pollen variables and
the counts of the tracer pollen types (Eucalyptus and
Lycopodium). The original data are presented in Adam
(1979a,b), and a list of the variables in the reduced data
set is shown in table 5. Some of the variables in the sum-
mary data set include more than one variable from the
original data; all such instances are described in the follow-
ing section.

QUERCUS (OAKS)

Pollen grains identified as Quercus (oak) include not only
the unmistakable Quercus grains that comprise the bulk
of the group (fig. 9A), but also numerous “quercoid”
grains that fail in some way to match the “textbook’” type
of Quercus grain but are less unlike Quercus than any
other type. Quercoid grains could not be separated as a
distinct type but were lumped with the other Quercus
grains. No attempt was made to identify Quercus grains
to species. Of the 16 species of Quercus in California
(Munz and Keck, 1959), nine now grow in the Clear Lake
area (see table 3).

PINUS (PINES)

No systematic attempt was made to separate the hap-
loxylon and diploxylon groups within Pinus, although
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haploxylon grains were noted separately when they were
obvious. The major species of pine naturally occurring in
Lake County are Pinus attenuata, P. ponderosa, and P.
sabiniana, all in the subgenus Diploxylon. Less impor-
tant are P. jeffreyi (Diploxylon) and P. lambertiana
(Haploxylon). Nearly all pine grains appeared to be of the
diploxylon type (fig. 9B). Broken pine grains were counted
as thirds.

ABIES (FIRS)

Fir pollen probably represents Abies concolor (white fir),
A. magnifica (red fir), or A. grandis (grand fir). White
and red fir are both found on the highest mountaintops
in northern Lake County (Griffin and Critchfield, 1972;
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Gray, 1979) and undoubtedly participated in the expan-
sion of high-elevation coniferous forests into the Clear
Lake basin during the cooler parts of the last glacial cycle.
Grand fir is presently found only much nearer to the
Pacific coast, but it did grow in the Clear Lake basin dur-
ing full glacial times, as evidenced by the recovery of
distinctive grand fir needles from core CL-73-1 and
core 4.

PICEA (SPRUCE)

Spruce pollen, rare in both cores, may consist mostly
of redeposited grains from the Kelseyville Formation,
from which both pollen grains and macrofossils of spruce
are reported (Rymer, 1978, 1981).
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above; this analysis produced five VARIMAX factors that
together account for more than 98 percent of the variance
in the data set. Each factor is dominated by only a few
variables. These factors are shown in plate 44, and the
scaled factor scores are shown in table 6. The five pollen
factors are described here because they are used to define
the zone boundaries in the following sections, but inter-
pretation of the factors is deferred until the pollen zones
are described.

Factor 1 accounts for nearly half of the variance; it
responds primarily to TCT (factor score, 0.88) and Pinus
(0.42), with smaller negative scores for Cyperaceae
(=0.17), Quercus (- 0.11), and Nymphaeaceae leaf hairs
(=0.07) (table 6). High factor loadings for factor 1 iden-
tify the most common type of sample in the data set. The
negative factor loadings for factor 1 are for variables that
have high loadings on subsequent factors that identify
various other kinds of samples.

Factor 1 produces high factor loadings (>0.60) at depths
of 26.00 to 108.67 m in core 4, as well as below 112.13 m,
and low loadings above 26.00 m and between 108.00 and
112.00 m. In core 7, loadings above 7.20 m are generally
comparable to those at the top of core 4. From 7.70 to
9.00 m slightly negative values are found. Below 9.00 m
is a series of oscillations between low and high values
unlike any found in core 4 (pl. 44).

Factor 2, which accounts for about one-fourth of the
total variance, is dominated by Quercus (factor score,
0.98), with lesser contributions from Pinus (0.10), TCT
(0.08), and Rhamnaceae (0.07) (table 6). Factor 2 produces
high factor loadings in the upper 20.00 m of core 4 and
the upper 6.80 m of core 7 and also between 108.90 and
112.03 m in core 4. Generally low values are found be-
tween 27.00 and 84.00 m in core 4, although some
systematic fluctuations that affect groups of adjacent
samples are found in this interval and below 112.00 m.
Low values are also found below 7.20 m in core 7. Be-
tween 84.00 and 108.00 m in core 4, factor 2 shows a
series of wide oscillations that change gradually with
depth (pl. 44).

Factor 3 responds primarily to Nymphaeaceae leaf hairs
(factor score, 0.99), and to a lesser extent to Pinus (0.07)
and TCT (0.05) (table 6). Loadings are low throughout core
4 except between 21.10 and 27.00 m. The upper 7.00 m
of core 7 show similar low loadings, as does the interval
between 9.80 and 16.40 m; high loadings are found be-
tween 7.20 and 9.40 m. Below a depth of 16.60 m is a
series of oscillations between high and low loadings
(pl. 44).

Factor 4 responds mostly to Cyperaceae (factor score,
0.97) but also to Pinus (0.18) and TCT (0.09) (table 6).
Typha tetrads and monads also have low positive factor
scores, whereas Nymphaeaceae leaf hairs and Isoetes
spores show low negative scores. Factor loadings are low

throughout core 4 and for the upper 9.40 m of core 7.
Between 9.80 and 15.80 m in core 7 the factor 4 loadings
are consistently high; below 15.80 m is a series of oscilla-
tions that appear to be inversely related to the oscillations
of factor 8 within this interval (pl. 44).

Factor 5, which accounts for only 4 percent of the
variance in the data, is more complex than the first four
factors. The variables that contribute positively to factor
5 are dominated by Pinus (factor score, 0.88) with a
smaller contribution by Isoetes (0.08) (table 6). Negative-
effect variables include TCT (-0.45) and Cyperaceae
(-0.12). High factor loadings for factor 5 are found for
samples that have a high frequency of Pinus pollen
relative to TCT pollen.

ZONE BOUNDARIES

The factor loadings were used to select boundaries
between pollen assemblage zones using the procedure
described earlier. These zones are listed in table 7 and are
shown on the pollen, algal, and factor diagrams (pls. 1,
2, 3, and 4). These zone boundaries account for 92.4 per-

TABLE 7.—Numbers of samples and depth ranges of the Clear Lake pollen
assemblage zones

Depth
Number (m)
Pollen of samples Top Bottom
zone in zone sample sample
Core 4
A 22 0.10 20.00
B 3 21.10 22.95
C 2 25.05 25.43
D 3 26.00 28.00
E 18 29.40 44 .30
Fa 27 46.00 72.04
Fo 14 73.01 83.88
G 2 84.25 84.55
H 3 84.85 86.07
I 8 87.04 92.62
J 4 92.82 94 .90
K 2 95.82 96.78
L 5 98.51 101.30
M 4 101.62 102.12
N 11 102.22 104. 36
0 6 104.56 105.68
P 4 105.88 107.10
Q 2 107.60 108.07
R 6 108.17 108.67
S 12 108.90 112.13
T 5 112.23 114.01
U 2 114.57 115.07
Core 7
A7 15 0.00 6.80
B7 9 7.20 9.40
c7 20 39.80 16.40
D7 28 16.60 27.10
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cent of the variance of the core 4 factor loadings and for
67.0 percent of the core 7 variance.

One zone (F) has been further subdivided empirically.
When the zone boundary between zones F, and F}, was
included in the zonation scheme, the boundary between
zones F and G became unstable. The F,-Fy boundary is
useful for interpretation, but it is treated as a different
class of boundary because of this stability problem.

ZONE DESCRIPTIONS

Once the zone boundaries were determined, mean
values and standard deviations were calculated for each
pollen type present in the zone. In the following section,
standard deviations are estimated values for each zone
rather than calculated values for a population consisting
of the samples in the zone.

CORE 4

ZONE A

Pollen zone A extends from the top of the core to a
depth of 20.00 m and is represented by 22 samples.
Loadings are high (>0.90) for factor 2 and low for the
other factors (pl. 44). The dominant pollen type, Quer-
cus, has a frequency of 59.0 + 5.0 percent. Pinus and TCT
frequencies are less than 20 percent. Other relatively com-
mon pollen types are Rhamnaceae (6.0 +4.0 percent),
Alnus (5.2 + 1.4 percent), high-spine Compositae (3.2 + 1.6
percent), Gramineae (2.6 + 1.4 percent, pl. 1), and Cypera-
ceae (3.3 £ 1.9 percent, pl. 2). Two types show systematic
variations within zone A. Rhamnaceae pollen is present
in only minor amounts in the bottom six samples of zone
A and rises in frequency above a depth of 13.00 m (pl. 1).
Chrysolepis is absent from the bottom three samples but
is present in low frequencies above a depth of 16.00 m.

ZONE B

Zone B is represented by three samples that range in
depth from 21.10 to 22.95 m. Loadings for factor 2 are
lower than in zone A and decrease with increasing depth
from 0.66 at 21.10 m to 0.39 at 22.95 m (pl. 44). The fac-
tor loadings for the other factors are higher than in zone
A, and the factor loadings for factor 5 are the highest
observed in either core. Pinus is the most common pollen
type in zone B (52.5 + 12.8 percent), followed by Quercus
(23.2+7.7 percent) and TCT (14.4 +2.9 percent) (pl. 1).
Isoetes spores (11.1+3.1 percent), Nymphaeaceae leaf
hairs (8.2 + 4.4 percent), and Cyperaceae pollen (3.6 +0.4
percent) are the most common aquatic elements (pl. 2).
Significant minor types are Alnus (4.0+2.3 percent),
which triples in frequency from the bottom to the top of

zone B, and high-spine Compositae (2.1+1.4 percent)
(pl. 1).

ZONE C

Zone C is represented by only two samples, at 25.05 m
and 25.43 m. Loadings for factors 2 and 5 are lower than
in zone B, factor 1 loadings are about the same, and fac-
tors 3 and 4 have the highest values observed in core 4
(pl. 4A). Pinus (45.4 + 3.4 percent) and TCT (32.2+ 5.5 per-
cent) are the most common AP (arboreal pollen) types,
followed by Quercus (15.2+0.8 percent) (pl. 1). Aquatic
types are important in zone C and include Nymphaeaceae
leaf hairs (53.7 +5.6 percent of AP), Cyperaceae pollen
(15.7 + 5.3 percent), Isoetes spores (9.0 + 3.9 percent), and
Typha-Sparganium type (2.3 + 0.6 percent) (pl. 2). Cruci-
ferae pollen (2.8 + 3.9 percent) may also represent aquatic
species. Minor types include high-spine Compositae
(8.0+£0.7 percent) and Alnus (2.0+1.1 percent) (pl. 1).
Within and above zone C, Alnus is consistently present
in core 4; below zone C, it is found only sporadically.
Another minor component of the zone C assemblage is
Unknown A (4.6 £1.5 percent).

ZONE D

The three samples in zone D are from depths of 26.00
to 28.00 m. Factor loadings for factor 1 are higher than
in zones A-C (0.70-0.84), and loadings for factor 2 are
lower (<0.28) (pl. 44). Loadings for factor 3 are fairly high
(0.17-0.40) and increase upward toward the peak in zone
C. Factor 4 loadings are similar to those in zones B and
C. Factor 5 loadings are higher than those in zone C
(0.42-0.54) but not so high as those in zone B.

Pinus is the most common pollen type (51.4 +4.4 per-
cent), followed by TCT (34.5+5.7 percent) and Quercus
(5.0 + 4.6 percent) (pl. 1). Abies (2.1 £ 1.9 percent) is pres-
ent as a minor element, along with Gramineae (1.6 +1.0
percent) and Saliz (1.1+1.1 percent). Both Abies and
Saliz are missing from the top sample. Nymphaeaceae
leaf hairs (12.6 + 7.5 percent), Cyperaceae pollen (3.4+0.7
percent), and Isoetes spores (3.4 +3.0 percent) are signifi-
cant, although much less common than in zone C (pl. 2).
Unknown A is also a minor component of the zone D
assemblage (3.4 £5.9 percent).

ZONE E

Zone E is represented by 18 samples ranging in depth
from 29.40 to 44.30 m. Loadings are high for factor 1
(mostly >0.90) and low for factors 2 and 3 (<0.17) (pl. 44).
Factor 4 loadings are fairly high compared to the rest of
core 4 (0.17-0.25) but not so high as in parts of core 7.
Loadings for factor 5 are systematically positive within
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zone E but vary considerably (0.07-0.61). The most com-
mon pollen types are TCT (51.9 + 6.7 percent) and Pinus
(42.5 + 6.8 percent) (pl. 1). Minor types include Artemisia
(3.9+2.0 percent), Gramineae (2.3 +1.2 percent), Abies
(1.8 +1.2 percent), and high-spine Compositae (1.6 +1.1
percent). Quercus is rare (1.2 + 0.7 percent). Aquatic types
(pl. 2) include Isoetes (8.9+6.1 percent), Cyperaceae
(2.5 £ 1.5 percent), and Nymphaeaceae leaf hairs (1.6 +1.1
percent). Nymphaeaceae leaf hairs are less abundant than
Cyperaceae or Isoetes, in contrast to zones C and D.

ZONE F

Zone F, the thickest zone recognized in the data set,
is represented by 41 samples ranging in depth from 46.00
to 83.88 m. The factor loadings for factors 1, 3, and 4 show
very little variability within the zone, except for a single-
sample local minimum for factor 1 at a depth of 59.04 m
(pl. 4A4). Factor 2 shows a series of low-amplitude oscilla-
tions above a depth of 70.98 m, and factor 5 fluctuates
in an apparently random way throughout the zone. The
dominant pollen type is TCT (62.3 + 6.1 percent), and the
other major type is Pinus (29.5 + 6.2 percent) (pl. 1). Quer-
cus is a minor type in zone F (4.1 +3.2 percent); other
minor types include Artemisia (2.5 + 1.7 percent), Cypera-
ceae (2.0 +1.3 percent), high-spine Compositae (1.8 +1.1
percent), Abies (1.4+1.0 percent), and Gramineae
(1.2 +0.9 percent). Artemisia is in general more common
in the upper third of the zone, as is Abies to a lesser ex-
tent. Three local maxima of Isoetes spores occur in the
upper half of the zone, including the prominent peak (48.9
percent) at 59.04 m (pl. 2).

Asnoted above, pollen zone F is further subdivided em-
pirically to facilitate discussion. The upper part of zone
F shows several systematic fluctuations in the Quercus
pollen curve, but the zoning algorithm did not produce
useful and stable boundaries within zone F. The zone is
divided into an upper part (F,) and a lower part (Fy,) using
a criterion of 5 percent Quercus pollen; the boundary
between the two subzones lies between samples 1409
(73.01 m) and 1416 (72.04 m). The same criterion is used
later to define subunits within subzone F,.

ZONE G

Zone G is represented by two samples at 84.25 and
84.55 m. The primary feature setting the zone apart from
those on either side is relatively high factor loadings for
factor 2 (about 0.43) and slightly lower loadings for fac-
tor 1(<0.90) (pl. 44). The lower sample also shows a sharp
peak for factor 5 (0.40). Loadings for factors 3 and 4 are
similar to those of adjoining zones. TCT (40.9 +9.5 per-
cent) and Pinus (37.7+10.5 percent) are the most com-
mon pollen types, but Quercus is also important (18.3 +0.2
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percent) (pl. 1). Minor types include Cyperaceae (2.3 +1.8
percent), Gramineae (2.1 + 0.7 percent), high-spine Com-
positae (1.5+0.01 percent), and Abies, Artemisia, and
other Compositae (each 1.0+ 0.7 percent).

ZONE H

Zone H is represented by three samples from depths
between 84.85 and 86.07 m. Loadings are similar to those
in zone F. TCT (58.3 + 1.9 percent) and Pinus (32.7+2.5
percent) are the most common pollen types, followed by
Quercus (5.1 +2.8 percent) (pl. 1). Minor types include
high-spine Compositae (2.6 + 1.0 percent), Abies (2.4+1.3
percent), Gramineae (2.0+1.6 percent), Cyperaceae
(1.5+0.8 percent), and Portulacaceae (1.4 + 1.9 percent).

ZONE I

Zone 1 is represented by eight samples that range in
depth from 87.04 to 92.62 m. Loadings for factor 1 are
<0.80, and loadings for factor 2 are >0.40 (pl. 44). These
joint criteria distinguish zone I samples from samples in
the adjacent zones. TCT is the most common pollen type
(44.0 + 4.3 percent), followed by Quercus (28.1+4.9 per-
cent) and Pinus (22.7+5.9 percent) (pl. 1). Quercus fre-
quencies decrease upward within zone I, whereas Pinus
and TCT increase. Small amounts of Alnus and Salix
pollen are found in the lower half of the zone but not in
the upper half. Minor pollen types include Cyperaceae
(1.83+0.7 percent, pl. 2) and high-spine Compositae
(1.1+0.7 percent) and Abies (1.0 +£0.5 percent) (pl. 1).

ZONE J

Zone J is represented by four samples ranging in depth
from 92.82 to 94.90 m. Factor loadings are similar to those
of zone E (pl. 44). TCT (51.0 +2.3 percent) and Pinus
(40.6 + 3.3 percent) account for most of the AP; Quercus
is scarce (4.0 +2.2 percent) (pl. 1). Minor types include
Abies (1.9+0.4 percent, pl. 1) and Cyperaceae (1.6+0.7
percent, pl. 2).

ZONE K

Zone K is represented by two samples at depths of 95.82
and 96.78 m. Factor loadings are generally similar to
those of zone J, except that loadings for factor 5 are
negative instead of positive (pl. 44). TCT pollen is very
common (68.6 + 1.0 percent), much more so than Pinus
(19.7 +5.1 percent) or Quercus (8.8 +6.1 percent) (pl. 1).
Minor types include Cyperaceae (2.6 + 1.2 percent, pl. 2),
Artemisia (1.7 + 1.8 percent), and high-spine Compositae
(1.1 +£0.2 percent) (pl. 1).
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ZONE L

Zone L is represented by five samples at depths be-
tween 98.51 and 101.30 m. Factor loadings are similar
to those of zone I, but factor 5 has more positive loadings
in zone L, notably in the lowest two samples (pl. 44). TCT
(39.1+6.2 percent), Pinus (28.8 + 8.0 percent), and Quer-
cus (27.5 + 6.4 percent) are all important pollen types (pl.
1). Minor types include Fraxinus (1.4 + 1.3 percent) and
high-spine Compositae (1.2+1.2 percent).

ZONE M

Zone M is represented by four samples from the 50-cm
interval between 101.62 and 102.12 m. The main feature
that sets zone M apart from adjacent zones is the low
loadings for factor 2 (<0.27); those loadings contrast with
values >0.45 throughout zones L. and N (pl. 44). TCT
(46.0+£6.2 percent) and Pinus (43.7+7.2 percent) are
nearly equally common, whereas Quercus (7.1+ 1.6 per-
cent) is much reduced from its frequency in the adjoining
zones (pl. 1). Minor types include high-spine Compositae
(1.7+0.8 percent) and Cyperaceae (1.2 +0.5 percent).

ZONE N

Zone N is represented by 11 samples between 102.22
and 104.36 m. The most common type is TCT (40.5+6.0
percent), and Quercus (31.7 +5.7 percent) is more com-
mon than Pinus (23.7 + 6.4 percent) (pl. 1). Minor types
include high-spine Compositae (1.5 + 1.1 percent), Cypera-
ceae (1.0+0.8 percent), and Alnus (1.0+0.8 percent).
Small amounts of Corylus appear irregularly in zone N
but are not found in adjacent zones.

ZONE O

Zone O is represented by six samples at depths between
104.56 and 105.68 m. Loadings for factors 1, 8, and 4 are
slightly higher in zone O than in zone N (pl. 44). The
distinctive factor patterns for zone O are for factor 2,
which has much lower loadings than in the adjacent zones,
and factor 5, which has much higher loadings. The most
common pollen type is Pinus (55.6 + 5.3 percent), followed
by TCT (33.0+4.6 percent) (pl. 1). Quercus is relatively
scarce (7.2 + 3.3 percent). Minor types include high-spine
Compositae (1.9 + 1.2 percent), Cyperaceae (1.6 + 1.5 per-
cent), Artemisia (1.2+ 0.5 percent), and Abies (1.1+1.1
percent). Smaller amounts of Salix, Pseudotsuga, and
Fraxinus are also present.

ZONE P

Zone P is represented by four samples that range in
depth from 105.88 to 107.10 m. Loadings for factor 2 are

in the range 0.33-0.52, higher than in the adjoining zones
O and Q but lower than in zones I, L, N, and S (pl. 44).
Loadings for factor 5 are low (<0.31) in contrast to zone
0. Loadings for factors 3 and 4 differ little from those
of adjacent zones. The most common pollen types are TCT
(42.7 +2.9 percent) and Pinus (37.1+5.1 percent) (pl. 1).
Quercus is more common in zone P than in the adjacent
zones O and Q. Less common types include Cyperaceae
(3.4 £ 0.8 percent), high-spine Compositae (2.3 +1.3 per-
cent), Artemisia (1.2+0.9 percent), Fraxinus (1.0+0.9
percent), and Cheno-ams (1.0 £ 0.9 percent).

ZONE Q

Zone Q is represented by two samples at depths of
107.60 and 108.07 m. The zone is separated from the ad-
joining zones on the basis of low (<0.25) loadings for fac-
tor 2 (pl. 4A4). There is also a peak value of 0.64 (pl. 44)
for factor 5 in the lower sample of zone Q, but that value
appears to be more closely related to the values in zone
R than to the other zone Q value. The dominant pollen
type is Pinus (52.8 + 16.8 percent); TCT pollen is also com-
mon (36.6 + 16.2 percent) (pl. 1). Minor types include high-
spine Compositae (4.1+5.1 percent), Fraxinus (3.4+1.7
percent), and Cyperaceae (2.4 +1.0 percent).

ZONE R

Zone R is represented by six samples at 10-cm inter-
vals between the depths of 108.17 and 108.67 m. These
samples plus the lower sample of zone Q came from a
single segment of the core. Loadings for factor 1 are in
the range 0.70-0.79, somewhat lower than in the two
overlying zones but much higher than in zone S (pl. 44).
Factor 2 loadings range from 0.38 to 0.58, again in-
termediate between the overlying and underlying zones.
Loadings for factor 5 reach a local maximum if the lower
sample of zone Q is included, and factors 3 and 4 both
show increases above the values found in zone S. Pinus
and TCT (42.2 + 4.6 and 33.3 + 2.3 percent) are the major
pollen types, but Quercus (18.7 +4.2 percent) is also fair-
ly common (pl. 1). This zone also includes the highest
percentages of high-spine Compositae (7.5 +2.6 percent)
found in either core 4 or core 7. Minor types include
Rhamnaceae (3.5 + 1.0 percent), Cyperaceae (3.3 +1.3 per-
cent), cf. Tilia (2.9+1.0 percent), Chrysolepis (1.6 +1.6
percent), Gramineae (1.3 + 1.1 percent), and Cruciferae
(1.1 £0.8 percent), as well as Saliz (1.0 + 0.4 percent) and
Pseudotsuga (0.8 +0.7 percent).

ZONE S

Zone S is represented by 12 samples that range in depth
from 108.90 to 112.13 m. Loadings for factor 1 are similar
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to those for zone A, but even smaller values are found
in the middle of this zone (pl. 44). Loading values for fac-
tor 2 increase from 0.80 for the lowest sample to more
than 0.95 for the upper eight samples. The dominant
pollen type is Quercus (66.9 +12.8 percent); in the mid-
dle of zone S it reaches its highest frequencies found in
either core (pl. 1). TCT is fairly common (20.7 +7.2 per-
cent), but Pinus is less frequent (8.4 + 5.4 percent) than
in any other part of the core. Pollen of the high-spine Com-
positae (3.3 +1.9 percent) and Cyperaceae (1.8 + 0.8 per-
cent) are found throughout the zone. Several minor types
are found primarily in the upper half of zone S, including
Cruciferae, Chrysolepis, Fraxinus, and Juglans. Saliz is
more common in the upper and lower parts of zone S than
in the middle.

ZONE T

Zone T is represented by five samples ranging in depth
from 112.23 to 114.01 m. Although loadings for factor 1
are high, they decline from a value of 0.97 at the base of
the zone to 0.85 at the top (pl. 44). Factor 2 loadings are
quite low at the base of the zone (0.12) but increase to
a value of >0.45 at the top. Loadings for factors 3 and
4 are comparable to those in zones O-R, and loadings for
factor 5 are positive but small. The most common pollen
types are TCT (48.3 + 8.8 percent) and Pinus (32.8 +2.5
percent) (pl. 1). TCT values reach a local maximum in zone
T, whereas Pinus values are steady within the zone, and
Quercus values increase almost steadily through time.
Zone T is notable for the uncommon but consistently pres-
ent pollen of several conifers in addition to Pinus and
TCT: these include Pseudotsuga (2.7 + 0.7 percent), Tsuga
(1.8+£0.9 percent), Picea (0.9+0.8 percent), and Abies
(0.9 + 0.4 percent). Other minor types include high-spine
Compositae (1.1+0.7 percent) and Cyperaceae (1.0+0.6
percent).

One problematical sample (1233) from zone T has been
excluded from the core 4 data. This sample, which was
recorded from a depth of 112.33 m, was taken from the
lowermost part of core slug 123 (Sims and Rymer, 1975c¢).
This sample contained abundant Quercus pollen com-
parable to that found in zone S but from a depth within
zone T. The resulting fluctuations in the pollen curves ap-
peared much more likely to be the result of an error in
the laboratory than the result of climatic changes, so the
sample has been excluded from this analysis. The data for
the missing sample are presented in Adam (1979a).

The most likely cause of the irregular results for sam-
ple 1233 is that it and the sample above it were reversed,
either during the initial sampling or during the process-
ing of the pollen samples. An alternative explanation,
since the suspect sample came from the lowest part of
a core section, is that the base of the section somehow

became contaminated with sediment from zone S before
the core section was removed from the hole. The degree
of consolidation of the sediments near the bottom of the
core makes this seem unlikely.

ZONE U

Zone U is represented by the bottom two samples of
core 4 at depths of 114.57 and 115.07 m. Loadings for
factors 1, 3, and 4 are similar to those found in zone T
(pl. 44), factor 2 loadings are lower than those in zone
T (and among the lowest found in the core), and factor
5 loadings are high (>0.40). The zone is dominated by
Pinus (54.5+ 1.6 percent) and TCT (39.5+ 0.3 percent)
pollen, followed by T'suga (1.9 + 0.7 percent), Pseudotsuga
and Gramineae (both 1.7+0.4 percent), and Abies
(1.0+ 0.8 percent) (pl. 1). Only a single grain of Quercus
was found in the zone.

CORE 7

ZONE A7

Zone A7 is represented by the top 15 samples in core
7 and ranges in depth from 0.00 to 6.80 m. The dominant
factor pattern is one of high loadings for factor 2 (pl. 44).
The other factors all show higher loadings in the upper
and lower parts of the zone than in the middle. The most
common pollen type is Quercus (41.5+5.2 percent),
followed by Pinus (15.5 + 3.9 percent) and TCT (9.7+2.1
percent) (pl. 1). Rhamnaceae pollen is common above a
depth of 4.40 m, and Chrysolepis pollen is present
throughout the upper half of the zone. Alnus (2.1 +0.8 per-
cent) is present throughout the zone, and high-spine Com-
positae are most common below a depth of 2.00 m.
Gramineae pollen shows two peaks, a broad one in the
middle of the zone and a sharper one in the topmost sam-
ple. Cyperaceae pollen is most frequent in the lower half
of the zone, and there is a single-sample peak of Pota-
mogeton pollen at 6.40 m (pl. 2).

ZONE B7

Zone B7 is represented by nine samples between the
depths of 7.20 and 9.40 m. The zone is characterized by
factor 3 loadings >0.90 and loadings near zero for the
other four factors (pl. 44). The dominant microfossils in
this zone are Nymphaeaceae leaf hairs (506.8 + 396.2 per-
cent of AP), which are several times as abundant as pollen
grains (pl. 2). Brasenia pollen (pl. 9F') is also common
(16.5+18.3 percent), and probably represents the same
plants as the leaf hairs. The most common tree pollen
types are Pinus (27.7+ 11.1 percent) and TCT (15.6 +4.1
percent), but Quercus is also present in quantity (10.1+5.7
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percent) (pl. 1). Other aquatic pollen types include Cypera-
ceae (12.1+ 7.4 percent), Unknown A (1.9 + 1.6 percent),
other aquatics (1.9+1.6 percent), and Potamogeton
(1.0£1.1 percent) (pl. 2).

ZONE C7

Zone C7 is represented by 20 samples at depths between
9.80 and 16.40 m. Loadings for factor 4 are consistently
high in this zone, whereas loadings for factor 3 are
generally low (pl. 44). Loadings for factor 1, which are
as high or higher than in zone A7, show the highest values
in the middle of the zone. Factor 5 increases irregularly
to values >0.40 near the top of the zone. Only factor 2
is consistent throughout the zone, and it generally has low
values. The most common pollen type in zone C7 is
Cyperaceae (38.1+12.9 percent, pl. 2), in marked contrast
to all other zones in both cores; zone C7 is the only zone
not dominated by Quercus, Pinus, or TCT (pl. 1). Other
aquatic types present in zone C7 are Typha, Typha-
Sparganium, and Umbelliferae (pl. 2; Umbelliferae are
shown on pl. 1). The major AP types are Pinus (20.3+7.3
percent) and TCT (20.1 + 8.0 percent). Small amounts of
Abies (1.0 + 0.8 percent) are also present as well as occa-
sional grains of Picea, Tsuga, and Pseudotsuga.

ZONE D7

Zone D7 is represented by the lowest 28 samples in core
7 and extends from a depth of 16.60 m to the bottom of
the core at 27.10 m. The zone is characterized by abrupt
short-term fluctuations in factors 1, 3, and 4, and some-
what smaller fluctuations in factor 5 (pl. 44). Although
zone D7 could easily be subdivided into several smaller
zones, the general appearance of the zone suggests that
this would not be useful, so this zone is characterized here
by its variability rather than by its uniformity. TCT
(32.7 £8.1 percent) and Pinus (28.4 + 8.5 percent) are the
most common AP types, and Quercus (2.0 + 1.7 percent)
and Abies (1.5+1.2 percent) are also present (pl. 1).
Artemisia (4.3 +2.4 percent) is also rather common, and
there are a few minor peaks in the Cheno-ams curve.
Aquatic types (pl. 2) are both common and highly variable,
and include Nymphaeaceae leaf hairs (96.8+106.2
percent), Cyperaceae (17.1+14.5 percent), Potamogeton
(2.7+ 4.5 percent), and “Other Aquatics” (2.4 +1.8 per-
cent). Typha and Typha-Sparganium also appear inter-
mittently, especially in the lower part of the zone.

POLLEN CONCENTRATION

Two independent pollen concentration curves were con-
structed for oak, pine, TCT, and total pollen in core 4
using the Eucalyptus and Lycopodium tracer counts (fig.
14). Where the two curves agree, their average value is

taken as a good estimate of the pollen concentration.
Where they disagree, the disagreement is taken as a
warning that the amount of tracer pollen added to the
sample was not what would have been expected on the
basis of the weight of the tablets. Such discrepancies are
not uncommon, as the scatter of the data points in figure
6 suggests. The dual-tracer technique allows one to
distinguish variations in the fossil pollen content of the
sediments from spikes caused by errors in the amount of
tracer pollen added to a sample.

Although pollen concentration data in many cases pro-
vide better estimates than percentage data of the amount
of a particular pollen type incorporated into sediment as
a function of time, such data are subject to more statistical
‘“noise” than percentage data. Both types of data are sub-
ject to statistical errors of estimation in counting a par-
ticular pollen type. Additional sources of error for pollen
concentration data include (1) variations in the amount
of tracer pollen added to the sample, (2) statistical count-
ing errors in estimating the amount of tracer pollen, and
(8) errors in measuring sample volume or weight.

The pollen concentration curves represent the in-
tegrated effects of three potentially independent factors:
pollen influx, sediment density, and sedimentation rate.
More sources of variability for both signal and noise af-
fect concentration data, and thus the pollen concentra-
tion curves are not so smooth and regular as the cor-
responding pollen percentage curves.

The statistical errors associated with the tracer pollen
counts are greatest where the counts are smallest. Tracer
counts are generally smaller at greater depths because
of the constant estimated number of tracer grains added
to each sample. At shallow depths, much of the initial sam-
ple volume is water, and the tracers are thus added to
a relatively small number of fossil grains. At greater
depths, the water content decreases and the volumetric
pollen content increases (figs. 7 and 14E).

The number of tracer grains recovered per sample
ranges from 22 to 228 for Fucalyptus and from 30 to 236
for Lycopodium. The frequencies of the tracers, expressed
as percentages of the fossil pollen sum (pl. 2), are generally
less than 100 percent of the pollen sum except near the
top of core 4. The narrowest confidence limits for esti-
mated pollen concentrations are obtained when the fossil
and tracer pollen types are equal (Regal and Cushing,
1979). The estimates of total fossil-pollen concentrations
are therefore probably most accurate near the top of core
4, but the concentration estimates for individual pollen
types may be better estimated at greater depths.

Before the differences between the pollen percentage
and concentration curves can be evaluated, it is necessary
to evaluate the reliability of the concentration curves
themselves. This has been done by plotting the Fucalyptus-
based and Lycopodium-based curves for a given type
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against the same depth scale (dotted and dashed lines in
figs. 14A4-C).

Inspection of the two curves for TCT concentration (fig.
14C) reveals several prominent peaks that appear in only
one curve. For the Eucalyptus-based curve, there are two
spurious peaks at depths of 104.76 and 105.88 m; for the
Lycopodium-based curve, there are six apparently spuri-
ous peaks at depths of 26.00, 46.00, 47.00, 70.01, 113.04,
and 114.01 m. These same false peaks are also seen in
the curves for pine (fig. 14B) although the peaks are not
so prominent when concentrations are relatively low (for
example, the 113.04- and 114.01-m samples).

The oak curves (fig. 144) show only one clearly false
peak, at 105.88 m; it is also observed in the pine and TCT
curves. In addition, there is also a rather wide range
between the two estimates of oak-pollen concentration
near the top of the core between depths of 2 and 5 m.
Within that depth range, estimates of oak-pollen concen-
tration based on Eucalyptus average 50 percent higher
than those based on Lycopodium. Both Fucalyptus and
Lycopodium curves increase with decreasing depth in that
interval (pl. 2), but Lycopodium increases faster than
Eucalyptus. The reason for the “‘extra” Lycopodium is
uncertain. Statistical errors are unlikely to produce such
a well-defined peak that includes several adjacent samples.
Furthermore, the distribution of Lycopodium in Califor-
nia suggests that the plant was not growing around Clear
Lake in the upper Holocene (Munz and Keck, 1959).

A curve (fig. 14E) showing the estimated total concen-
tration of fossil pollen in core 4 plots the average of the
Eucalyptus- and Lycopodium-derived values except for
the eight anomalous samples noted above that showed
spurious peaks in one curve. For those eight samples, only
the concentration value from the curve that lacked the
anomalous peak is used. The concentration curve in figure
14E has been smoothed using a three-level weighted mov-
ing average of the form

Yi=@i_1+22;+2;,.1)/4, (3)

where y; is the smoothed value for sample 4, and the 2’s
are the data values for sample + and the samples above
and below it. No correction was made to compensate for
the varying stratigraphic distance between samples.
To test the possibility that the total pollen concentra-
tion fluctuations (fig. 14F) are the result of variations in
sediment density, a revised pollen concentration curve
(not shown) was prepared by correcting each observation
to compensate for differences of sediment density from
the expected values shown by the calculated depth ver-
sus density curve in figure 7. The corrected curve differs
little from the concentration curve shown in figure 14E;
a few of the maxima and minima of the curve are slightly
decreased in amplitude. The agreement between the two

curves is evidence that the concentration curve shown in
figure 14F primarily reflects variations in pollen influx
and sedimentation rate and not variations in sediment
density. The uniform lithology of the core also supports
this conclusion.

Pollen concentrations are highest near the top and bot-
tom of core 4. A number of sharp peaks below a depth
of 80 m indicate pollen concentrations of more than 50,000
grains per gram. Between 27 and 80 m, concentrations
are generally less than 50,000 grains per gram. Above
a depth of 27 m in the core, pollen concentrations are
again generally greater than 50,000 grains per gram.

Below a depth of about 95 m, total pollen concentra-
tion appears negatively related to sediment-density resid-
uals. This suggests that at those times when the sediment
density was relatively high, the sedimentation rate was
also high, so that the pollen was diluted to lower concen-
trations. Above 95 m, there is no apparent relation be-
tween the total pollen concentration and sediment-density
residual curves.

COMPARISON OF PERCENTAGE AND
CONCENTRATION CURVES

Core 4 factor scores from a principal component factor
analysis on the Eucalyptus- and Lycopodium-based pollen
concentration estimates for oak, pine, and TCT pollen,
using the CABFAC program (Klovan and Imbrie, 1971,
Adam, 1976a), are shown in table 8. The first three fac-
tors accounted for 98.75 percent of the variance and cor-
respond to factors 1, 2, and 5 in the factor analysis of the
pollen percentage data (pl. 44). Factors 3 and 4 of the
percentage data respond mainly to aquatic variables that
are not included in the concentration data. The remain-
ing factors account for the variability that results from
differences between the Eucalyptus- and Lycopodium-
based estimates of pollen concentration. A VARIMAX
rotation of the first three factors produced the factor
scores shown in table 9 and the factor diagram shown in
plate 4B. The responses of factors 1 through 3 are
dominated by TCT, oak, and pine, respectively. The dif-
ferences between the three pollen coneentration factors
and the corresponding percentage curves of their domi-
nant pollen types are relatively minor.

The overall similarity between the first three factors
of the pollen concentration data and the corresponding
factors (1, 2, and 5) of the percentage data for all pollen
types in the summary data set is illustrated in figures 15,
16, and 17. For each pair of factors, a perfect linear rela-
tion would produce a straight line of plotted data points;
this condition is most nearly satisfied in figure 16, which
compares the two factors that mimic the oak curve. Only
three data points in figure 16 depart markedly from the
straight line formed by the rest of the sample points.
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TABLE 8.—Scaled factor scores for pollen concentration data for oak, pine, and TCT pollen in core 4
[Data are both Eucalyptus- and Lycopodium-based concentration estimates for oak, pine, and TCT pollen in core 4]

Pollen concentrations factors
2 3 4 5 6
Oak, based on Kucalyptus counts 0.227 0.700 -0.014 -0.216 -0.642 -0.004
Oak, based on Lycopodium counts .221 .639 -.043 272 .684 -.001
Pine, based on EKucalyptus counts .388 -.093 .624 -.390 .155 -.524
Pine, based on Lycopodium counts .401 -.125 .524 .491 ~.174 .526
TCT, based on Fucalyptus counts .527 -.172 -.344 -.555 . 189 .481
TCT, based on ZLycopodium counts .557 -.221 -.464 .422 -.172 -.466
Percent of variance 77.38 17.17 4.21 .96 .23 .05
Cumulative percent of variance 77.38 94.55 98.75 99.72 99.95 100.00

TABLE 9.—Scaled factor scores for VARIMAX rotation of first three
Sactors for oak, pine, and TCT pollen concentration data in core 4

Pollen concentrations VARIMAX factors

1 2 3
Oak, based on Fucalyptus counts -.240 1.786 -.018
Oak, based on Lycopodium counts -.161 1.649 -.072
Pine, based on Fucalyptus counts .295 .103 1.788
Pine, based on Lycopodium counts . 447 .083 1.583
TCT, based on FKucalyptus counts 1.563 .221 -.250
TCT, based on Lycopodium counts 1.786 . 163 -.481
Percent of variance 56.286 28.017 14.450
Cumulative percent of variance 56.286 84.304 98.754

Those samples are anomalous for all three pairs of fac-
tors; the depths associated with those sample points are
noted on figures 15, 16, and 17. The oak percentage curve
differs very little from the oak-pollen concentration curve
for core 4 (fig. 15). Much of the interpretation of the pollen
record is based on the fluctuations in the oak percentage
curve, so it is reassuring that except for three data points,
the oak percentage curve is apparently free of spurious
fluctuations introduced by the conversion of the pollen
counts to percentages.

The three anomalous samples are from depths of 25.05,
25.43, and 101.30 m. The upper two samples, which are
both from pollen zone C, contain the highest sedge
(Cyperaceae) pollen frequencies found in core 4. The
“extra” sedge pollen introduced a constraint on the oak-
pollen percentages for pollen zone C that was not present
elsewhere in core 4. The sample at 101.30 m is the
bottommost sample of pollen zone L and is discussed in
subsequent sections. The first factors for percentage and
concentration data sets are similar (fig. 15), but the cor-
respondence is not so close as that for factor 2 (fig. 16).
In addition to the three anomalous points already noted,
three distinct groups of points lie away from the perfect-
fit straight line. The first consists of a single point for sam-
ple 1245, at a depth of 59.04 m. The high peak of Isoetes
spores in that sample (pl. 3) accounts for the disparity
between the percentage and concentration data. The
second group consists of the three samples from pollen
zone B, and the third consists of a long, somewhat sinuous

cloud of points that fall well below the perfect-fit line in
the top right part of figure 15. The third group consists
primarily of samples from pollen zones O through R and
from pollen zones D and E. These zones are character-
ized by high frequencies of pine pollen (pl. 1) and high
factor loadings for percentage factor 5 (pl. 44) and con-
centration factor 3 (pl. 4B). These characteristics indicate
that high frequencies of pine pollen exert a constraint on
the percentage values of oak and TCT that is not apparent
at lower frequencies.

The third pollen concentration factor (pl. 4B) cor-
responds to factor 5 for the pollen percentage data (pl.
4A) and reflects the ratio of pine to TCT pollen. Values
for the two sets of factor loadings are plotted against each
other in figure 17. With the exception of the three
anomalous points noted for figure 16, most of the points
fall along a straight line. Although the best-fit line is off-
set well above a 1:1 relation, the fit is quite good. A group
of points found below the main linear grouping consists
of all the samples from pollen zones A and S. The
significance of this is not clear but the separation is quite
distinct, as shown by the dotted line (fig. 17).

The pollen percentage (solid lines) and concentration
curves (dotted and dashed lines) for oak, pine, and TCT
for core 4 are compared in figures 14A-C. The two curves
for a given type should fluctuate together if the percent-
age curves are a faithful record of changes in the vegeta-
tion. In general, the pollen concentration curves do agree
with the percentage curves, but not always.

The differences between the oak percentage and con-
centration curves (fig. 144) are that (1) oak concentra-
tion falls more rapidly than oak percentage during the
upper half of pollen zone S, (2) the oak percentage peaks
during pollen zones I and N are significantly higher than
the corresponding concentration peaks, (8) oak percent-
ages rose more rapidly than oak concentrations at the
start of pollen zone A, and (4) oak-pollen concentrations
during pollen zone A were much more variable than oak
percentages.
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Comparison of the pine curves shows a more com-
plicated pattern of real, exaggerated, and spurious peaks
in the percentage curve. The general pattern of the
percentage curve is best seen on plate 1. There is a series
of wide oscillations during and before pollen zones G-Q.
In pollen zones F-B, the oscillations become less
systematic and are superimposed on a rising trend. In
pollen zone A, pine percentages drop to between 10 and
20 percent.

The pattern shown by the pine-pollen concentration data
differs significantly from the percentage data in some
places (fig. 14B). The initial pine peak in pollen zone Q
is real, and the following pine concentration minimum dur-
ing pollen zone P was more than twice as intense as the
percentage minimum.

The two curves do not match well at all in pollen zone
0. The percentage curve shows a well-defined peak in pine
pollen, whereas the concentration curve shows three
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FIGURE 15.—Factor scores of pollen percentage factor 1 plotted against factor scores of pollen concentration factor 1 for core 4. Solid
line indicates 1:1 relation between the two factors; points above the dashed line follow the 1:1 relation more closely than those below
the dashed line. Numbers next to certain points are sample depths; points labeled B indicate samples from pollen zone B.
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separate peaks. The two strongest peaks, however, are
the spurious peaks in the Eucalyptus-derived curve at
104.76 and 105.88 m already noted. The Lycopodium-
based curve shows a much smoother peak in pine-pollen
concentration, and its maximum value is found slightly
above the percentage maximum. Since the percentage
curve and the Lycopodium-based concentration curve
are in reasonable agreement, the wild oscillations in
Eucalyptus-based pine concentration in pollen zone O are
ignored hereafter.

The pronounced peak in pine-pollen percentages just
below a depth of 100 m in pollen zone M does not have
a counterpart in the concentration curves. The pine
percentage peak is a result of decreases in the concen-
trations of oak and TCT pollen rather than a large
increase in the concentration of pine pollen. The pine
percentage peak in pollen zone J also appears to be an
artifact. Pine concentrations rise somewhat during the
last part of the interval but not nearly so much as the
percentage curve would suggest.
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FIGURE 16.—Factor scores of pollen percentage factor 2 plotted against factor scores of pollen concentration factor 2 for core 4. Solid
diagonal line indicates a 1:1 relation between the two factors; nearly all of the points are close to the line. Numbers next to point

away from line are sample depths.
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The final pine concentration peak of pollen zones G-Q
occurred in pollen zone G, at a depth of 84.55 m. Although
the peak is real, the steady rise in pine-pollen percentages
that preceded it was not.

In zone F the fluctuations in the pine-pollen concentra-
tion curve are smaller than the fluctuations in the pine-
percentage curve. In particular, there is no apparent trend

in the data to match the rising trend seen in the percent-
age curve between 42 and 65 m. Zone E initially shows
a short but strong peak in pine-pollen concentration,
followed by concentrations throughout the zone that
average somewhat more than those in pollen zone F,
followed by a sharp increase in concentrations in zones
B through D.

10 T |
L
. 7
4+ 7
ST
25.43 ++ /
+ /
101.30 :+1/
05, 4 + J/
7/
osl £% 7 |
3
) #
S /
< /
8 /
J
A
g .*#,ﬁ/ 4-#
: EREE
4 + ++
+H /"‘V+ +
0ol t S i
L XY
/
/
-0.5 | |

POLLEN PERCENTAGE FACTOR 5
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The TCT concentration curve (fig. 14C) shows many
high-frequency, high-amplitude fluctuations similar to
those of the pine concentration curve. These short-term
changes in pollen concentration are real because they are
found in both the Eucalyptus- and Lycopodium-derived
concentration curves. The origin of these high-frequency
fluctuations is not clear. In some parts of the core, the
pine and TCT peaks appear to be synchronous, but not
always. Synchronous fluctuations could be explained in
terms of changes in sedimentation rates, but the asyn-
chronous and out-of-phase fluctuations must reflect
vegetation dynamics in some way.

THE ALGAL RECORD

The sediments also include remains of numerous acid-
resistant phytoplankton, which are in some samples far
more abundant than pollen grains (figs. 18 and 19). These
were counted using largely empirical taxonomy and count-
ing methods that were in many cases less precise than
those used for the pollen counts. The ten major phyto-
plankton variables include six forms of Pediastrum, as
well as Botryococcus, Coelastrum, hystrichosphaerids, and
Peridinium cysts (pl. 3).
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FIGURE 18.—Ratio of total acid-resistant algae (Pediastrum, Botryococ-
cus, Coelastrum, hystrichosphaerids, and Peridinium cysts) to fossil
pollen (including Isoetes microspores) plotted against depth for core 4.

39
FACTOR ANALYSIS

The algal data were subjected to a factor analysis
independent of the other data, and the resulting nine fac-
tors are shown on plate 4C. These factors together
account for nearly all (99.9 percent) of the variance in the
algal data. The algal factors (pl. 4C) express the behavior
of the various algal types with respect to each other and

POLLEN
ZONES
0 :7 T
A7
7 87
10 1
w 12F -
I
" c7
z
£ 14 — T
z
[y
[=)
16 1
18 " N
20 I
D7
22 |- .
24 -
26 }' 7]
1 1
0 5 10 15

RATIO OF ALGAE TO POLLEN

FIGURE 19.—Ratio of total acid-resistant algae (Pediastrum, Botryococ-
cus, Coelastrum, hystrichosphaerids, and Peridinium cysts) to fossil
pollen (including Isoetes microspores) plotted against depth for core 7.
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are completely independent of the pollen data, whereas
the algal percentages (pl. 3) express algal variability in
terms of the pollen sum. The zone boundaries (pl. 4C) are
derived from the pollen data. Although not all of the
changes in the algal factors occur at pollen zone bound-
aries, there is considerable agreement. The changes that
affected the vegetation of the Clear Lake region also
affected the phytoplankton of the lake.

The factor analysis program is not nearly as effective
in reducing the dimensionality of the algal data set as it
is with the pollen data. Ten initial variables are reduced
to nine factors, and each factor appears to show signifi-
cant patterns in its variability with depth. However, most
of the variance (61.7 percent) appears in the first factor,
which responds most strongly to Pediastrum O and also
significantly to Coelastrum, Pediastrum X, Pediastrum
K, and Peridinium cysts (table 10). Factor 1 loadings are
positive for all variables, unlike the rest of the factors.
The strongly negative factor 1 loadings in zones F, J, K,
L, T, U, C7, and D7 correspond to samples in which algae
are scarce or absent, whereas those samples with strongly
positive loadings have abundant algae. Factor 1 is thus
interpreted as representing the overall favorability of con-
ditions in the lake for the growth of the algal types that
have been preserved as fossils. Negative loadings repre-
sent unfavorable conditions, and positive loadings repre-
sent favorable conditions.

Factor 1 loadings are consistently high throughout
pollen zone A and generally high in zone A7. Below zone
AT in core 7, conditions were generally unfavorable for
phytoplankton; the record of Cyperaceae pollen and Nym-
phaeaceae leaf hairs in zones B7 through D7 indicates that
open-water conditions did not exist in the Highlands Arm
of Clear Lake during deposition of those zones.

In the main basin of Clear Lake, favorable conditions
for algal growth apparently began early in the deposition
of pollen zone E, with the appearance of Pediastrum O,
Pediastrum X, and Pediastrum Y. Factors 1, 2, 4, 5, 6,
7, and 9 all reflect this change.

PALYNOLOGY OF QUATERNARY CORES FROM CLEAR LAKE, CALIFORNIA

Factor 2 responds positively only to Peridinium cysts;
the strongest negative scores are for Pediastrum O and
Coelastrum. High positive factor loadings are found in the
upper half of pollen zone P and in pollen zones G, I, and
0. The upper two samples of core 4 also have positive
loadings. High positive loadings are conspicuously absent
in pollen zone L; the rise in loadings does not begin im-
mediately, and the low peak continues upward into the
transitional conditions shown in pollen zone K. Negative
factor loadings are present in the interval from pollen
zones A through E in core 4 but only in pollen zone A7
of core 7.

Factor 3 responds mainly to Pediastrum K. High fac-
tor loadings are found in the lower part of pollen zone L,
in pollen zone H, and then intermittently from pollen zone
G through the upper part of pollen zone E. The changes
in the Pediastrum K curve for zones E-G are matched
by the Botryococcus curve in a general way, but this rela-
tion breaks down below zone I and above the top of
zone E.

Negative loadings for factors 2 and 3 are nearly iden-
tical in pollen zones A and A7. The primary variables
influencing these two factors, Pediastrum K and Botryo-
coccus, are missing in these deposits; no significance is
attached to the curves for these zones.

Factor 4 responds mostly to Pediastrum X. High fac-
tor loadings are found in the upper part of pollen zone
S and in the lower parts of zones A and A7 and to a lesser
extent in zone P. Comparison of the curve for algal fac-
tor 4 (pl. 4C) with the curve for Pediastrum X (pl. 3) shows
some significant differences in the two curves. The algal
curve shows the abundance of Pediastrum X relative to
pollen for each sample, whereas the factor curve reflects
the abundances of the various algae relative to each other.

Factor 5 responds positively to Pediastrum O and
negatively to Coelastrum. Samples with positive factor
loadings contain abundant Pediastrum O and little or no
Coelastrum. Such conditions prevailed in the lower part
of pollen zones E and C7 and were intermittent above the

TABLE 10.—Scaled VARIMAX factor scores for algae in cores 4 and 7
[Algae expressed as percent AP]

Variable Factor
1 2 3 4 5 6 7 8 9
Pediastrum A 0.460 -0.176 -0.115 0.153 -0.370 -0.054 0.232 -0.096 3.051
Pediastrum N .148 -.057 -.063 .259 -.128 -.045 .003 .120 .416
Pediastrum O 2.020 -.702 -.643 -.785 2.022 -.212 .205 -.457 -.110
Pediastrum X 1.055 -.351 -.289 2.878 -.236 -.123 .248 -.143 -.426
Pediastrum Y .781 -.239 -.302 -.181 -.797 -.006 -2.914 -.279 -.025
Pediastrum K 1.010 -~.168 2.960 -.151 -.269 -.099 .086 -.262 -~.088
Botryococcus .489 -.098 . 131 . 008 .244 -.077 -.236 3.097 .048
Coelastrum 1.164 -.753 -.745 -.968 -2.205 -.407 1.112 .082 -.559
Hystrichosphaerids(?) .416 -.092 -.065 -.068 -.177 3.122 .168 .041 -.041
Peridinium cysts 1.085 2.946 -.239 -.103 -.212 -.085 .143 -.042 -.036
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top of zone E in core 4 and in the upper half of pollen zone
A7 in core 7.

Factor 6 responds positively only to hystricho-
sphaerids(?). High factor loadings are restricted to the
middle part of pollen zone S, where high frequencies of
hystrichosphaerids(?) are found in the near absence of
other algae. Minor peaks also are found in the middle of
zone L and the lower part of zone I. Hystrichosphaerids(?)
also are present in substantial numbers in the lower half
of zones A and A7, but they receive little emphasis in the
factor analysis because of the overwhelming effect of
other species.

Factor 7 responds negatively to Pediastrum Y and in
a weaker positive way to Coelastrum. High-negative fac-
tor loadings are found in three main peaks in pollen zone
E and in a single sample at the base of zone F},; positive
peaks are found in the lower part of zones A and A7.

Factor 8 responds mainly to Botryococcus, but factor
loadings are high only when Botryococcus is present but
other types are scarce. The Botryococcus percentage
curve (pl. 3) is the most persistent of all the algal curves.
Below pollen zone F,, amounts of Botryococcus are fair-
ly low; peak amounts do not exceed 50 percent of the
pollen. Above pollen zone F,, Botryococcus frequencies
are generally higher.

Factor 9 responds primarily to Pediastrum A. Loadings
are high in pollen zone B, low in the lower and middle
parts of zones A and A7, and high once again in the up-
per part of zones A and A7. This pattern can also be seen
in the curves for Pediastrum A, N, and X.

DISCUSSION

Pediastrum N is the only alga that has no high factor
loadings, despite its generally clear pattern in the percent-
age curve (pl. 3). Two circumstances appear to account
for these uniformly low factor loadings: Pediastrum N is
found in relatively few samples, and it is always rather
scarce compared to the other algae. Even the major peak
of Pediastrum N at the top of pollen zone B7 is over-
shadowed by the much higher peak of Pediastrum X in
the same sample.

The great increase in algal productivity that started dur-
ing the deposition of pollen zone E must represent a pro-
found change in the limnology of the basin. Contributing
factors probably include the shallowing of the lake as a
result of sediment accumulation and the climatic change
from warm to cold conditions. The consistent presence
of Isoetes spores throughout zones B-E indicates that the
plants were probably growing on the bottom of Clear
Lake. This implies that the water was clear enough for
sunlight to reach the bottom. Another possible explana-
tion is that the combination of a colder climate when zone
E deposition began and the decreased thermal capacity

of the shallowing lake caused the lake to change from
monomictic to dimictie, so that the water column over-
turned twice a year instead of only once. Such a change
would increase the recycling of nutrients from the lake
sediment and thus would enhance algal productivity.

In an earlier paper describing the pollen record from
Pearson’s Pond on the San Francisco peninsula (Adam,
1975a), l interpreted high frequencies of Botryococcus to
indicate wet conditions in which water persisted in an
ephemeral pond long enough into the summer for water
temperatures to rise and permit a Botryococcus bloom.
This model cannot be applied directly at Clear Lake
because of the great differences in lake size and perma-
nence of open water between the sites.
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Simple comparison of the lengths of cores 4 and 7 and
comparison of the two pollen records (pl. 1) suggest that
the core 4 sequence covers the longest time interval and
is therefore the sequence for which time control is most
needed. Early efforts to develop a time scale for core 4
(Sims, 1976; Adam and others, 1981; Sims and others,
1981a) led to the results shown in figure 20. The oak-
pollen curves for core 7 and the upper part of core 4 are
similar enough to enable correlation between the two
records at some levels, but the radiocarbon ages for ap-
parently correlative events are different in the two cores.
Also, sediment age in core 4 does not appear to increase
significantly below a depth of about 40 m. The age of the
base of core 4 was estimated at about 130 ka, primarily
on the basis of curve matching between the oak-pollen per-
cent versus depth curve (fig. 214) and the fluctuations
in d180 recorded in deep-sea cores. Here, I present results
of radiocarbon measurements on core 4 sediments that
are consistent with the age estimate of the core described
above.

RADIOCARBON

Because woody material is very rare in core 4, radiocar-
bon dating has been performed on disseminated organic
matter, which amounted to approximately 9 to 25 percent
of the dry weight. Detailed data on the genesis of this
organic matter is not available, but I assume that it
originated primarily from biological productivity in the
lake and secondarily from productivity in the drainage
basin. I further assume that the biological production of
the organic matter was essentially contemporaneous with
the deposition of the sediment.

The standard or “DeVries” method of chemical decon-
tamination of samples for radiocarbon analysis consists
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of leaching the sample sequentially in acidic, basic, and
finally acidic solutions at elevated temperatures for
periods of 8 to 16 hours each. The initial acidification
removes any carbonate detritus present; the basic leach
removes organic decomposition products known as humic
and fulvic acids which, by their mobility, may introduce
carbon from other horizons. The final acid leach neu-
tralizes any residual hydroxide and prevents subsequent
absorption of carbon dioxide from the air.
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All samples received acid treatment to remove car-
bonates, but for some samples the basic (sodium hydrox-
ide) leach was omitted. Samples from three depths (0.7
m, 58 m, and 71 m) were split and analyzed both with and
without the basic leach. For the 0.7-m sample, the sodium
hydroxide-soluble fraction was also analyzed. The carbon
in the pretreated sediments was combusted to carbon
dioxide in a quartz tube under oxygen flow at a temper-
ature of about 900 °C. The purified carbon dioxide was
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FIGURE 20.—Radiocarbon and amino-acid age determinations from cores 4 and 7, shown plotted on the oak-pollen percentage versus depth curves.
Sample identification is given in parentheses following each age. From Adam and others (1981, fig. 3).
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analyzed for radiocarbon by beta decay counting in an
underground laboratory described earlier (Robinson,
1979). The results of core 4 radiocarbon dating are pre- _
sented in table 11. 8 PN
The relation between depth and age in a lacustrine S . =2 _
deposit is controlled by (1) the rate of delivery of sediment SSE% g § § é” <
to the core site, (2) diagenetic sediment compaction, and 2L 4! i¥a § O
(3) variations in production of organic matter in the lake § g GRS Sgec—
and its preservation in the sediment. To eliminate the ef- 2?'2 « e %
fects of variables (2) and (3), one can replace the depth S
parameter by the mass of noncombustible sediment per
unit area above a given depth (hereafter termed ‘“‘noncom- _
bustible overburden”; fig. 21B). The new scale will deviate i
from linearity against age only if the inorganic-sediment E
influx changes with time. This technique has been applied g
by Stuiver (1970, 1971) in the investigation of atmospheric £ o B
radiocarbon variation. He found that rates of accumula- s ,S &b S
tion of noncombustible sediment are remarkably uniform E § 2! 8*1.; L o
in lakes in equatorial Africa and Taiwan, far from the : |TE SElIEREKI i E
geomorphic and climatic influence of ice sheets. However, N %78 £ NS
he did observe a significant change in sedimentation rate §2 <53 8§
in the one lake record that includes the major glacial- sz =
nonglacial transition at 14-15 ka. § g
The bulk dry density of the core 4 deposits varies fair- S %
ly smoothly from about 0.5 g/em3 in the upper part to E 2
about 2.0 g/em3 in the lower part of the core (fig. 7A). ; g |=
Thirty-eight of the original bulk density samples were S S g4 c20ccoB% g SReQ
selected for measurement of weight loss on combustion SE |29 @ gt g g HEHY HHH ﬁ Hi
in order to construct a noncombustible overburden scale 5 % ;ﬁé) eQ E QAT In % % é A %
for the core. The sediment pellets (2 to 4 g) were pow- Sz |8 fysosofFogaaadda
dered, then roasted at 550 °C for 35 minutes to oxidize ~§ E
the organic matter to carbon dioxide. The weight-loss S 5
results (fig. 7B) appear to show a rapid diagenetic loss o g
of organic matter in the upper part of the core, and below 5 g 0288 2 9 99
a depth of 30 m, a uniform organic content of 9 to 10 per- 2 a g |.2s88, . .8. 38 253
cent. The relation between noncombustible overburden “: |BEE |E = EEEEEEEESEE S
(X) and core depth (z) is given by : |EEE |meoooosmoToTTT
T |7 |23a223283322322
z g =
X@)= [ oE)0-FE, @) :
0 L I
$ |E2¢g
where p is the bulk density of dry sediment and F is the g é S
fractional loss on ignition. For X we adopt units of E _é AAZI LRI RTAIAT
kilograms of noncombustible sediment per square centi- Q2 = A B Rt S N N
meter. It should be noted that this noncombustible sedi- é °
ment also contains minor amounts of biogenic silica and
carbonates, which we assume are negligible. oS - |®x®
Conventional radiocarbon ages are plotted against the 3 %g - e PP ivia i b B,
noncombustible overburden scale in figure 22. Prominent ©= ToaaTaneEe
features of figure 22 are (1) the linear relation between
X and radiocarbon age for the upper five samples, (2) the 2 ¢ |lemou <m<m
core-top age of about 4,200 radiocarbon years, (3) the %‘ SO XIIQL28a § sodas
deviation of the deeper ages from the straight line fitted S8 |60 FICQEIRZEAT
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NONCOMBUSTIBLE OVERBURDEN, IN KILOGRAMS PER SQUARE CENTIMETER
>
T

8 | |

I
EXPLANATION

Sample pretreatment

e With NaOH

X  Without NaOH

1

0 10 20

30

40

50

CONVENTIONAL RADIOCARBCN AGE, IN THOUSANDS OF YEARS BEFORE PRESENT

FI1GURE 22.—Conventional radiocarbon age plotted against weight of noncombustible overburden for Clear
Lake core 4. Solid line indicates regression of age against weight of noncombustible overburden as calculated

from uppermost five radiocarbon ages.
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to the observations for the upper five samples, and (4) the
older ages obtained for NaOH-treated sediment samples.

THE OLD-CARBON EFFECT

Clear Lake has an alkalinity of about 2.5 moles of car-
bon per cubic meter and an average depth of about 8 m,
so the mean residence time of dissolved inorganic carbon
in the lake due to gas exchange (5 to 30 moles/m?/yr;
Peng and Broecker, 1980) with atmospheric carbon diox-
ide is of the order of one year. With such a short residence
time, the radiocarbon content of the lake’s dissolved in-
organic carbon and hence of the phytoplankton would be
expected to yield a conventional radiocarbon age very
close to zero years. The unusually old core-top age is due
to two factors: old inorganic carbon from the sediments
and even older carbon entering the lake from subaqueous
springs beneath the lake. The flux of inorganic carbon
from the mineralization of organic matter in the sediments
may be estimated from the variation of organic matter
(weight loss) with depth, and its radiocarbon content is
approximately 25 percent of that of modern carbon. The
effect of this carbon source is significant in Clear Lake
because of the exceptionally high primary productivity in
its waters. Clear Lake overlies a large number of sub-
aqueous springs (Sims and Rymer, 1976a) that emit car-
bon dioxide gas and bicarbonate-rich waters (Thompson
and others, 1981). The inorganic carbon contained in
geothermal fluids is known to contain very little or no
radiocarbon because of its apparent isolation from the
atmosphere for many half-lives. For example, six mea-
surements performed in the U.S. Geological Survey Menlo
Park Radiocarbon Laboratory on geothermal fluids from
Steamboat Springs, Nevada, Yellowstone Park, Wyo-
ming, and Cerro Prieto, Mexico, have yielded radiocar-
bon contents ranging from 0.09 percent to 1.64 percent
of modern activity, corresponding to apparent ages of
from 56 to 33 ka.

A further test of the existence of an old-carbon effect
on radiocarbon in dissolved inorganic carbon in Clear Lake
was provided by analysis of the shell of a modern pelecy-
pod provided by Barry Roth of the California Academy
of Sciences, San Francisco, that was collected in 1922 at
an unknown location in the lake. The apparent age of the
shell is 6,300 + 50 radiocarbon years (USGS-644).

There are two possible interpretations of the discrep-
ancy between this result and the core-top age of 4,200
years. One is that the mollusk lived closer to sources of
geothermal carbon than the phytoplankton whose debris
reached the lake bottom at the core site. The other is that
the lake may be well mixed with respect to the geother-
mal input and the discrepancy due to terrigenous organic
detritus. This organic component would have zero-

effective-age carbon and would reduce the apparent core-
top age. If this is the case, it implies that about 24 percent
of the core organic carbon is terrigenous. To use the
radiocarbon measurements on the core as age indicators,
it is necessary to subtract this net 4,200-year-old carbon
effect from each date, assuming a constant old-carbon
effect over the period for which the radiocarbon ages are
used.

The upper five radiocarbon ages from core 4 (fig. 23)
indicate a sediment accumulation rate of 0.1224 + 0.0014
kg/em?2/1,000 yr (1,000 conventional radiocarbon years)
and a core-top age of 4,215 + 60 years. This accumulation
rate would give an age of 123 + 1.4 ka (conventional radio-
carbon years) for the lowest part of the core.

Below 1.309 kg/cm? the radiocarbon ages suggest a
markedly greater rate of sediment accumulation (fig. 22).
In addition, the samples pretreated with NaOH plot closer
to the line of constant accumulation rate than the samples
not so treated. This younger age of the samples not sub-
jected to NaOH leaching is an indication of contamina-
tion with younger carbon, because in an uncontaminated
sample all the chemical species of organic carbon would
have the same radiocarbon age. Unfortunately, there is
no assurance that the NaOH treatment removed all the
contaminant carbon, and the ages below the X=1.309
kg/em? level are discarded as unreliable. In the sample
pairs USGS-193A and B and USGS-322A and B, the ex-
cess activities of the splits not treated with NaOH are 0.9
and 2.8 percent, respectively, of modern activity level. The
most likely cause of this contamination is the incorpora-
tion of modern carbon by bacterial activity during the 4
to 6 years that the sediment was stored in a wet condi-
tion before the radiocarbon analyses were performed. A
similar case of contamination of a marine core has been
documented by Geyh and others (1974), who believe that
atmospheric carbon dioxide is absorbed by the core pore
water and subsequently assimilated into the cells of
sulfate-reducing bacteria. The ages of the younger sam-
ples will be less affected by the incorporation of the same
amount of younger contamination because of their higher
radiocarbon and carbon contents. Because of the excess
radiocarbon in the atmosphere from nuclear weapons
testing, the atmospheric CO4 contamination could have
contained as much as 50 percent more radiocarbon than
did the 1950 modern standard.

Because the deeper part of the core appears to extend
well beyond the range of the radiocarbon dating method,
it is desirable to convert the chronological data thus far
obtained from conventional radiocarbon years (Stuiver
and Polach, 1977) into absolute years so that they can be
compared to time scales based upon other dating methods.
This is done by using calibration data for radiocarbon in
tree-ring-dated wood over the last 8,000 years (Stuiver,
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1982; Klein and others, 1982). For the two older samples, | of radiocarbon in Lake of the Clouds (Minnesota) sedi-
an approximate extrapolation is used {from the calibration | ments against a varve chronology that extends back 9,200
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Fi1Gure 23.—Conventional radiocarbon ages from core 4 (upper curve) and same data after correction for apparent reservoir age
(“old carbon” effect, explained in text) and secular variations in atmospheric radiocarbon activity lower curve). Dendro-calibration
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tion rate shown by lower curve is used to estimate age at base of core.
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conventional radiocarbon years (Stuiver, 1971). The con-
version formula used here for ages in the range of 8,000
to 13,000 conventional radiocarbon years is

Tabsolute = 1.029 Tragiocarbon + 700, (5)

where Tapsolute 1S the estimated absolute age and
Tradiocarbon 1S the conventional radiocarbon age. The up-
per five ages converted to absolute years in this manner
give a noncombustible sediment accumulation rate of
0.1144 £ 0.0019 kg/cm?/ka, and this rate projects back to
a core bottom (15 kg/cm?2) age of 132.9+2.2 ka (fig. 210).

CORRELATION WITH DEEP-SEA RECORD

The calculations of the previous section assume an ap-
proximately uniform sediment accumulation rate over the
period of deposition of Clear Lake core 4. This assump-
tion can be tested by comparing the climatic signal of the
oak-pollen curve with the marine isotopic record for which
a time scale has been more firmly established (fig. 21).
The ¢80 record of benthic foraminifera in deep-sea cores
has been dated by uranium-series disequilibrium, correla-
tion with high sea levels, magnetostratigraphy, and by
comparison with the periodicities of the earth’s orbital
mechanics (Hays and others, 1976; Kominz and others,
1979). If the oak-pollen curve (fig. 21C) is compared with
6180 in core V19-29 from the Panama Basin in the east-
ern equatorial Pacific Ocean (fig. 21E; Ninkovitch and
Shackleton, 1975), we find good general agreement with
high oak-pollen percentage correlating with low 180/160
ratio (interglacials). However, the last interglacial period
(isotope stage 5) seems too short in the Clear Lake core,
while the Wisconsin glacial (isotope stages 2-4) seems too
long. This is probably a consequence of our projecting the
accumulation rate derived for the present interglacial
stage through the last glacial. We can now refine our esti-
mates of Clear Lake sediment accumulation rates by cor-
relation with isotope-stage boundaries 4/5 and 5/6, which
are dated (Hays and others, 1976; Kominz and others,
1979) at 73 and 127 ka, respectively. The stage 1/2 bound-
ary is chosen at X=1.809 kg/cmZ; this boundary has an

age of 11.44 ka on the time scale of figure 21C, derived
from the Holocene sedimentation rate. Choosing the Clear
Lake stage 4/5 boundary at X=9.7225 kg/cm? and the
stage 5/6 boundary at X =14.7125 kg/cm? from the oak-
pollen curve (fig. 21B), we obtain an accumulation rate
of 0.1367 kg/cm?/ka for the last glacial period (isotope
stages 2 through 4) and a rate of 0.0924 kg/cm?/ka for
the last interglacial period (isotope stage 5). The refined
sedimentation rates give rise to the oak-pollen curve of
figure 21D. A higher accumulation rate during the last
glacial period is not unreasonable in a regime of higher
precipitation and greater geomorphic instability. It is not
clear why the rate during the last interglacial should have
been so much less than during the present one. The rela-
tion between age and weight of noncombustible over-
burden for the entire core is summarized in table 12.

Other possibilities for comparison are the Bglling-
Dryas-Allerdd complex of climatic oscillations and the
middle Wisconsin interstadials. The Bglling-Dryas-
Allergd complex is dated at 10.0 to 12.5 ka (conven-
tional radiocarbon years) in northwestern Europe
(Andersen, 1981). Correlative events may be present in
the Clear Lake oak-pollen record between X=1.3 and 1.65
kg/em? just before the onset of the present interglacial
period. For purposes of comparison, the European
radiocarbon ages are approximately converted to absolute
ages by the same procedure (eqn. 5) used for Clear Lake
samples USGS-319 and 320. The comparisons (table 13,
fig. 24) show general agreement, although a gap between
samples in the core 4 pollen record between 1.37 and 1.54
kg/em? probably included most of Allergd time.

In table 14, the ages of events in the Clear Lake oak-
pollen record are compared with correlative interstadials
radiocarbon dated at Grande Pile in northeastern France
(Woillard and Mook, 1982) and relatively high sea-level
stands dated by uranium-series disequilibrium in corals
from raised terraces in the Huon Peninsula, New Guinea
(Chappell and Veeh, 1978; Bloom and others, 1974; Chap-
pell, 1974). The conventional radiocarbon ages from Grande
Pile have been converted to a half-life of 5,730 years, but
no further data are available to enable conversion to ab-
solute years. Again, if the correlations are accepted, the

TABLE 12.—Summary of the relation between age (T, in ka) and weight of noncombustible sediment overburden
(X, in kglem ¥ in core 4

Formula Range

T=X/.1144 X < 1309
T=11.44+(X-1.309)/.1367 1309 < X < 9.723
T=73.0+(X-9.7225)/.0924 X > 9723
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agreement is excellent. Although at Grande Pile the Dene-
kamp or “30 ka event” is the most prominent interstadial,
it is the least pronounced in the Clear Lake oak curve.
Another comparison would be the uranium-series-dated
high sea-level stands at 82, 105, and 125 ka (Bender and
others, 1979); these ages correspond to values of X =10.4,
12.5, and 14.4 kg/em? in the Clear Lake core. Each cor-
responds to a time of high oak-pollen percentage, but one
major and one minor oak peak in stage 5 are left without
an associated high sea stand. The age of the apparent loca-
tion of the isotopic stage 3/4 boundary (close to the 8.0
kg/cm? level) agrees well with the age of 61 ka assigned
to it by Kominz and others (1979).

The radiocarbon data presented here require extrapola-
tion of sedimentation rates far beyond the range of the
valid data in order to estimate the age of the base of core
4. The extrapolated age of 138 ka for the base of the core
is nevertheless remarkably consistent with the age ob-
tained by matching the oak-pollen curve with well-dated
deep-sea oxygen-isotope records. I interpret the con-
sistency of the results obtained by the two independent
methods as confirmation of a last-interglacial age for the
high oak-pollen zone just above the base of the core.

TABLE 13.—Age comparison of Bglling-Dryas-Allerpd complex in Europe
and in core 4

[A, Conventional MC age of boundary in Europe
(Andersen, 1981). B, Estimated absolute ages of
the boundaries shown in column A, using formula
Tabsolute = 1.029 Tradiocarbon + 700
(see text). C, estimated absolute ages of pollen
samples that appear to correlate with European
intervals, calculated from rate of noncombustible
sediment accumulation]
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AMINO-ACID RACEMIZATION

The only other age determination available for the Clear
Lake cores is an amino-acid racemization age of 55+ 13
ka at a depth of 79.55 m in core 4 (Blunt and others, 1981,
1982; Dungworth, 1982). This age is consistent with the
age of 67.3 ka for this level (X'=8.95 kg/cm?) given by the
time scale derived above.

Younger Dryas

Allergd

Older Dryas

Balling

ESTIMATEO AGE, IN THOUSANDS OF YEARS BEFORE PRESENT

Climatic A B C
interval (ka) (ka) (ka) (kg/cm?2) | | I l
S —— 10.0 1n.ec " %5 10 20 30 40 50
Younger Dryas 11.4 1.31 OAK POLLEN, IN PERCENT
(cold)
11.0 12.0 et
Allerad (warm) 11.9 1.37 FIGURE 24.—O0ak pollen percentage versus estimated age in calendar
11.8 12.8 years for Clear Lake core 4 for period 16 to 10 ka. Ages of Younger
Older Dryas 13.2 1.54 Dryas, Allergd, Older Dryas, and Bélling periods of northwestern
(cold) 12.0 13.0  ——- Europe have been converted from radiocarbon to calendar years
Bolling (warm) ’ ’ 13.4 1.58 usipg tl'le same method as was used for Clear Lake ages (eq. 1). Data
12.5 13.6 —m — points indicate samples.
TABLE 14.—Comparison of ages of climatic events in deep-sea isotopic stage 3
Clear Lake Grand Pile Huon Peninsula
minor oak peaks?! Interstadials? high sea stands?3
(ka) (kg/cm2) Interval (ka) (ka)
32.3-34.3 4.1-4.4 "Denekamp" 29.8-31.9 31.0:2.5
39.6-42.8 5.1-5.5 "Hengelo" 41.2 40.0:3.0
48.6-57.6 6.3-7.5 "Moershoofd” 48-62 ca. 60

!Based on Clear Lake time scale T=11.36 + (X-1.3)/0.1347,

T (ka), X (kg/cm?)
2Woillard and Mook, 1982, with 14C
life of 5.73 ka
3Chappell and Veeh,

1978; Chappell

, 1974;

ages recomputed using a half-

and Bloom and others,

1974 (uranium-series disequilibrium dating)
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INTERPRETATION OF THE
FOSSIL RECORD

POLLEN FACTORS

The first two pollen factors account for nearly three-
fourths of the variance in the pollen data. The highest
scores for these two factors are for the three major pollen
variables, Pinus, Quercus, and TCT. The two factors
taken together provide a summary of the forest vegeta-
tion history of the Clear Lake region. Scores for factor
1 are highest for TCT and Pinus (table 6). Samples with
high loadings for factor 1 represent times when the forest
vegetation surrounding Clear Lake was dominated by
some combination of members of the TCT group and
Pinus spp. There are two reasonable possibilities for the
vegetation that produced high factor 1 loadings: montane
coniferous forest dominated by Pinus ponderosa and
Calocedrus decurrens, or a closed-cone-pine/cypress forest
dominated by Pinus attenuata and Cupressus spp., most
likely C. sargentii and C. macnabiana.

The interpretation preferred here is that high factor 1
loadings represent montane coniferous forest; this inter-
pretation is based on factor scores for Abies and Pseudo-
tsuga and on modern pollen surface-sample data from the
Coast Ranges and the Sierra Nevada. The factor 1 scores
for Abies and Pseudotsuga are small but positive and are
larger for factor 1 than for any other factor. Relatively
high frequencies of these uncommon pollen types should
be found in a montane coniferous forest but not in a
pine/cypress forest.

Modern pollen surface-sample data from the northern
Coast Ranges (Adam and West, 1983) show that the
highest pine pollen percentages in the Clear Lake area
are found at high elevations in the montane coniferous
forest. The modern pollen rain of the California montane
coniferous forest is also known from surface transects of
soil-surface pollen samples across Carson and Tioga
Passes in the Sierra Nevada (Adam, 1967). In those
transects, associated high frequencies of Pinus and TCT
pollen are found in a belt along the lower western slope
of the Sierra, where TCT frequencies were between 20
and 30 percent and Pinus frequencies were 40 to 60 per-
cent. Above the high-TCT belt was a belt in which Pinus
frequencies were even higher and low amounts of Abies
pollen were consistently present; below the high-TCT belt
was a belt bordering the Central Valley in which oak
pollen was consistently present, although the frequencies
were not nearly so high as the Quercus frequencies
observed at Clear Lake. Also of interest is the upper
Holocene pollen record from Hodgdon Ranch in Yosemite
National Park, Calif. (Adam, 1967), in which TCT frequen-
cies of as much as 80 percent are found at an elevation
of about 1,300 m.

The similarity between high-TCT surface samples from
the Sierra Nevada and the pollen spectra with high
loadings for factor 1 at Clear Lake suggests that high fac-
tor 1 loadings at Clear Lake represent a mixed coniferous
forest containing a strong admixture of Calocedrus. Such
a forest is presently found on the lower western slope of
the Sierra Nevada.

A regional Pinus attenuata/Cupressus spp. forest is not
likely because of the rather restricted environmental
preferences of the plants. Although they can tolerate a
wide range of conditions, they are easily excluded by more
aggressive competitors. The modern pine/cypress forests
of California are generally found in areas where
serpentine-derived soils or other poor substrates exclude
their competitors (Vogl and others, 1977), and they also
depend on recurrent fires for favorable reproduction. The
distribution of serpentine in the Clear Lake area probably
did not change much during the interval recorded in core
4, and it thus seems unlikely that pine/cypress forest was
more widespread than at present.

The scanty macrofossil evidence available from core 4
is not sufficient to provide a definite interpretation of the
TCT-pollen record. Both Calocedrus and Cupressus/
Juniperus leaves are present in core 4, but remains are
scarce and generally poorly preserved. Juniperus leaves
were not distinguished from Cupressus because of poor
preservation.

The scores for factor 2 are very low for all variables
except Quercus, which has a score of 0.98 (table 6).
Several other types have scores for factor 2 that are
higher than their scores on any other factor. These include
Alnus, Saliz, Cruciferae, high-spine Compositae,
Gramineae, Chrysolepis, and Rhamnaceae. Although
Pinus and TCT have scores for factor 2 that are higher
than the other secondary types, their scores on factors
1 and 5 are greater than their scores on factor 2. Factor
2 is interpreted here to represent primarily an oak
woodland such as that which now grows in the lower parts
of the Clear Lake basin.

The remaining factor that represents the behavior of
the forest vegetation is factor 5. The highest factor 5 score
is for Pinus (0.88), which is counterbalanced in part by
a negative score of —0.45 for TCT. The pattern summar-
ized in factor 5, which is independent of factors 1 and 2,
describes a tendency for samples with the highest TCT-
pollen frequencies to have relatively low pine-pollen fre-
quencies and vice versa. This pattern is interpreted here
in terms of the Sierra Nevada pollen surface transect
described previously to mean that times of high factor 5
scores were periods in which the vegetation belts of the
Coast Ranges were vertically depressed a maximum
amount, so that the high-TCT vegetation belt was grow-
ing largely below the Clear Lake basin. Such times
probably represent the maximum cooling observed in the
pollen record.
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This interpretation of factor 5 may be in error for the
peaks recorded in the lower half of core 4. In that part
of the section, there were a number of apparently quite
rapid climatic shifts that may well have occurred faster
than the vegetation was able to respond to them. Some
of the high pine-pollen frequencies observed below a depth
of 90 m may be the result of pine pollen blown in from
a distance at a time when local pollen production was in-
hibited by sudden climatic changes.

The two remaining factors, 3 and 4, summarize the
behavior of aquatic and riparian vegetation. Factor 3 is
dominated by Nymphaeaceae leaf hairs; Brasenia pollen
also has its highest score on factor 3 and probably
represents the same plants. High loadings on factor 3 in-
dicate that Brasenia or Nuphar, or both, were growing
in the vicinity and thus indicate fairly shallow standing
water, probably with a depth of about 0.5 to 2.0 m.

Factor 4 has its highest score for Cyperaceae, and
Typha also has its highest scores for factor 4. Factor 4
is therefore interpreted to represent a reed/cattail marsh,
with little or no open standing water.

CLUSTERING OF ZONES

The relations between zones are shown in figure 25, a
mean-linkage clustering tree based on Euclidean distances
between the centroids of the zones in a five-dimensional
factor score space. The distances were divided by the max-
imum distance observed and then subtracted from 1.0 to
yield a similarity coefficient that ranges from a value of
1.0 for identical zones to a value of 0.0 for the most
dissimilar pair of zones in the analysis.

Several groups of zones are apparent (fig. 25). Six
groups have mean similarity coefficients of at least 0.9
among their members. These include zones G and P, zones
E, J, and M, zones O, Q, and U, zones F and H, zones
I, L, and N, and zones A and A7.

The clusters of samples summarized in the dendrogram
(fig. 25) are shown in greater detail in figure 26, in which
the centroids of the zones are plotted against all combina-
tions of the five summary factors. The broadest disper-
sion of zones occurs along factors 1, 2, and 5. Though fac-
tors 3 and 4 are useful in separating zones B-D and
B7-D7 from each other and from the other zones, they
offer little discrimination elsewhere. The groups of zones
that have mean similarity coefficients >0.8 can be
recognized easily in the plots of factor 1 compared to fac-
tor 5 and factor 2 compared to factor 5, and somewhat
less clearly in the plot of factor 1 compared to factor 2,
where there is some overlap.

The clusters represent groups of similar samples, and
presumably similar environmental conditions, that are
found in different parts of cores 4 and 7. The most promi-
nent separation is the one that separates zones A, A7, and
S from the rest of the zones. The degree of separation

is apparent on the clustering dendrogram, on the plot of
factor 1 compared to factor 2 (which accounts for 72 per-
cent of the variance), and by direct inspection of the pollen
diagram (pl. 1).

Zone A represents the upper 20 m of core 4 and zone
A7 the top 6.8 m of core 7. The youngest radiocarbon age
in core 7, 11.220+0.330 ka, comes from 7.63-7.71 m,
some 80 cm below the base of zone A7. The relative posi-
tions of the date and the A7/B7 boundary suggest that
the age of the boundary lies somewhere between 10 and
10.6 ka. Because of the stratigraphic position of zone A7
in the uppermost part of the core and because the core
7 radiocarbon ages are more reliable than those in core
4, zone A7 is interpreted here as corresponding to the
Holocene. Zone A is correlated directly with zone A7 on
the basis of the curves for factor 2 and the similar
stratigraphic position. The radiocarbon ages for core 4
support a Holocene age for zone A.

The other member of the cluster containing the two
Holocene zones is zone S. This zone is the only interval
in either core in which the pollen spectra resemble those
of the Holocene, and this resemblance is a primary reason
for correlating zone S with <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>