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Pollen and geochemical data from Little Lake, western Oregon,
suggest several patterns of millennial-scale environmental change
during marine isotope stage (MIS) 2 (14,100-27,600 cal yr B.P.) and
the latter part of MIS 3 (27,600-42,500 cal yr B.P.). During MIS 3,
a series of transitions between warm- and cold-adapted taxa indi-
cate that temperatures oscillated by ca. 2°-4°C every 1000-3000 yr.
Highs and lows in summer insolation during MIS 3 are generally
associated with the warmest and coldest intervals. Warm periods
at Little Lake correlate with warm sea-surface temperatures in the
Santa Barbara Basin. Changes in the strength of the subtropical
high and the jet stream may account for synchronous changes at
the two sites. During MIS 2, shifts between mesic and xeric sub-
alpine forests suggest changes in precipitation every 1000-3000 yr.
Increases in Tsuga heterophylla pollen at 25,000 and 22,000 cal yr
B.P. imply brief warmings. Minimum summer insolation and max-
imum global ice-volumes during MIS 2 correspond to cold and dry
conditions. Fluctuations in precipitation at Little Lake do not corre-
late with changes in the Santa Barbara Basin and may be explained
by variations in the strength of the glacial anticyclone and the po-
sition of the jet stream.  © 2001 University of Washington.

Key Words: Pacific Northwest; pollen records; millennial-scale
climate change; marine isotope stages 2 and 3; paleoecology.

INTRODUCTION

involved complex interactions between the atmosphere, ocea
biosphere, and cryosphere (see review by Alley, 1998). Despi
these advances, questions remain about the origin and glol
occurrence of millennial-scale climate change.

In western North America, records from the Great Basin an
the Pacific Northwest describe millennial-scale changes in pli
vial lake levels, glacial extent, and vegetation during the la:
glacial period (Benson, 1999; Hicoak al, 1999; Linet al.,
1998; Whitlock and Grigg, 1999). In the Northeast Pacific, core
from the Santa Barbara Basin and the central California ar
southern Oregon margins show variations in sea-surface temp
atures and oceanic circulation (Behl and Kennett, 199¢
Gardneret al,, 1997; Hendy and Kennett, 1999; Lund and Mix,
1998). Millennial-scale variations in these regions have prima
ily been associated with shifts in the position and strength of tf
Eastern Pacific subtropical high, the Aleutian low, and the je
stream. However, fluctuations in the ventilation of intermediat
and deep water in the North Pacific indicate that changesin Nor
Pacific oceanic circulation may also have been involved (Lun
and Mix, 1998). In addition, there is evidence that millennial-
scale climate change in western North America may be partial
regulated by orbital-scale controls, such as insolation and tl
size of the Laurentide ice sheet (Clark and Bartlein, 1995).

Vegetation changes in south-central Washington and glaci
advances in southwestern British Columbia imply a series ¢

Millennial-scale climate changes are evident in paleoclimatdmate oscillations that occurred ca. every 5000-8000 cal

records from the late Holocene to the early Pleistocene (Boddring the last glacial period in the Pacific Northwest (Hicocl
etal, 1997; Raymet al., 1998). However, much of this researcret al,, 1999; Whitlock and Grigg, 1999). However, records from
has focused on the last glacial period (125,000-14,000 caltpe Santa Barbara Basin and the Great Basin show a higt
B.P.), which in many parts of the world is characterized by faequency of climate change (ca. every 1000-3000 cal y
series of abrupt and extreme climate oscillations. Recent studnson, 1999; Liret al, 1998). The absence of a higher fre-
suggest that some of these changes were global in extent gnéncy climate change in Pacific Northwest records may refle

a relatively coarse sampling resolution, or it may suggest di

ferent patterns of change for separate regions of western No
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which is dominated byPseudotsuga menziegDouglas-fir),

T. heterophyllawestern hemlock)Thuja plicata(western red
cedar), and\nus rubra(red alder) with minor amounts éfbies
grandis (grand fir) andPinus monticola(western white pine;
Franklin and Dyrness, 1988). The climate of the Coast Ranc
is characterized by mild, wet winters and warm, dry summer:
Mid-latitude cyclones associated with the southward displac
ment of the jet stream result in 75-85% of the annual precipit:
tion occuring in the winter (Mock, 1996). The subtropical high
and the jet stream shift northward in the summer, bringing warr
dry conditions to the Pacific Northwest.

METHODS

A 17.25-m-long core was collected with a 5-cm-diameter pis
ton sampler (Wrighet al,, 1983) from the fen surrounding Little
Lake. Inthe laboratory, cores were sliced longitudinally, and th
lithology was described. From 10.56 to 17.22 m depth, sampls
of 1 cn?® were taken for pollen analysis every 4 to 6 cm. Fron
11.48 to 17.22 m depth, samples of ca. 6-1F ofsediment
were taken every 4 to 8 cm and analyzed for carbon conte
and major and trace elements. The remaining core was us
for magnetic susceptibility measurements, macrofossil anal
% sis, and radiocarbon dating.

:

PN YRV
1Y B}@ Pollen samples were processed using standard procedu
Yy ,( (Cwynaret al, 1979; Faegreet al, 1989). A known amount
T & pﬂ _ of Lycopodiurnspores was added to each sample to calculate tl
o . concentration of pollen (grains/én Pollen was examined at
FIG. 1. Map and inset showing location and topography of Litlle Lakemagnifications of 408 and 100 and identified using mod-
Other sites mentioned in the text are also shown. ern pollen collections and published atlases (McAndret.,
1973; Moore and Webb, 197&inus(pine) pollen grains were
help identify the mechanisms responsible for these changesdantified as haploxylon-type and diploxylon-type when the dis
western North America and the Northeast Pacific. tal membrane of the pollen grain was preserved. Those grai
In this study, we present high-resolution palynological, lithowithout an intact distal membrane were classified as “undiffe
logic, and geochemical data from Little Lake in the central Coashtiated.”Pinustypes,Abies(fir), Picea(spruce), and Cupres-
Range of Oregon (Fig. 1). This record extends from 42,500 saceae (juniper family) could not be identified to the species lev
27,600 cal yr B.P. and corresponds to the latter part of marin@hout the presence of macrofossils. However, modern ecolo
isotope stage (MIS) 3 and MIS 2. We describe the character, tiroal associations and phytogeography were used to determi
ings, and frequency of climate changes at Little Lake and evathich species were the most likely contributors. Pollen percen
uate the influence of orbital-scale climate controls. This stuéges were calculated based on the sum of terrestrial pollen &
also aims to establish some proximal causes for these changesymyes. Pollen accumulation rates (PAR; graind/gny pollen
comparing the Little Lake record with a high-resolution recordoncentrations (grains/ci and deposition times (yr/cm) were
from the Santa Barbara Basin (Behl and Kennett, 1996). Sincalculated using the TILIA program (Grimm, 1988). Pollen
lar patterns of climate change in these two regions would imptpnes from Worona and Whitlock (1995) were further dividec
the occurrence of large-scale shifts in atmospheric circulatiorto subzones based on the results of a constrained cluster ar
over the North Pacific during the last glacial period. Differencesis (CONISS; Grimm, 1988).
would suggest regional-scale changes or the greater influence dfleasurements of sediment magnetism indicate changesinf
specific climate controls, such as a glacial anticyclone, on oimgut or preservation of minerogenic clasts to a lake and impl
region. variations in the allochthonous component or anoxic-vs.-oxi
Little Lake (4410'N, 12335'W, 217 m elevation), located conditions, which can be used to infer environmental chang
45 km east of the Pacific Ocean, was formed ca. 42,500 cal yr B('TFhompson and Oldfield, 1986). Magnetic susceptibility wa:
by a landslide (Fig. 1; Grigg and Whitlock, 1998; Loagal, measured every 2 cm on 6-émnsubsamples of sediment us-
1998; Worona and Whitlock, 1995). At present, Little Lake liegig a cup-coil magnetic susceptibility instrument. A software
within the Tsuga heterophyllzone (250-1000 m elevation),program, Magsus.pas (David Adam and Sarah Shafer, perso
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communication, 1993) recorded and averaged four, 4-s readilagglyzed for 21 major and trace elements by induction-couple
of each sample. The results were converted to concentration \algon plasma emission spectrometry (ICP; Litattial,, 1987).

ues of electromagnetic units (emu/cm3). Total carbon (C) wasThe reconstruction of vegetation and climate from pollen pel
measured by combusting untreated samples of dried and crusbetages and accumulation rates was based on recent comg
sediment at 960 (Englemaret al., 1985). The CQ@released tions of modern pollen, vegetation, and climate data from th
during this process was measured by titration in a coulometeacific Northwest (Minckley and Whitlock, 2000; Peldtal.,

cell. Samples with the highest concentration of C were analyz&897). A square-chord measurement of dissimilarity (Overpec
by coulometry for inorganic C. These analyses and loss-cet-al., 1985) was used to compare modern and fossil polle
ignition analyses (Worona and Whitlock, 1995) indicated a negpectra of the 12 most abundant tree types. Square-chord val
ligible percentage of CaCQwhich sugests that most of the totabf less than 0.15, of 0.15-0.20, and of 0.20-0.30 were used
C in Little Lake sediments is organic. Nitrogen concentrationdentify “good analogues,” “probable analogues,” and “possi
were determined using a Carlo Erba NA 1500 analyzer. Samplds or weak analogues,” respectively (see method described
were combusted in oxygen at 10@) and the resulting NO was Andersonet al,, 1989). Most analogues between 42,500 an
reduced to M. N, was separated by chromatography and mea7,600 cal yr B.P., were good to probable, which allowed fo
sured with a thermal conductivity detector. Sediments were alde estimation of specific paleoclimate parameters (Table 1

TABLE 1
Description, vegetation type, and inferred climate of pollen subzones within Zone LL-1
Pollen subzone Vegetation type
age (calyr B.P.) and square-chord Inferred
depth (m) Pollen description distances climate
LL-1h High percentages dinus(haploxylon- and diploxylon-types) Montane to subalpine forest; Cold, wet

26,490-27,810 cal (20-60%) and Abies (15—-20%); increases in percentages of Sg= €hbsd 0.20
yr B.P. 14.36-14.64 m Picea(5-20%),T. mertensiang5-10%), and herbs (10-25%) at (probable analogue)

end of subzone. Total accumulation of terrestrial pollen and
spores (PAR): 1000-1900 g/éfyr.

LL-1g High percentages dfsuga heterophyll§40%) andAbies Montane forest; Sq. chord0.15 Cool, wet
27,810-28,300 cal (15%); small increases in percentages of Cupressaceae (8%) (good analogue)
yr B.P. 14.64-14.74 m arldseudotsugaype (2-5%). PAR: 1700-2900 g/éfyr.

LL-1f High percentages dPinus(haploxylon-type) (30-80%) and Alternatifinusdominated and Alternating cold, dry
28,300—-32,450 cal small increases in herbs (5-15%) and at the top of the subzone, temperate forests;=Sq. chord and cool, wet
yr B.P. 14.74-1554 m Picea(2-5%) andTsuga mertensiang2—5%) alternate with 0.15-0.20 (probable analogue)

peaks inAbies(5—-25%),T. heterophyllg5—-15%),Pseudotsuga
type (2%) and Cupressaceae (2-5%); moderate percentages of
Alnus sinuatatype (5-15%) an@\Inus rubratype (2-5%)
PAR: 1350-5400 g/cPyr.
LL-1e Significant increases in percentage#\bfes(15-25%),T. Temperate forest; Sq. choel0.15-  Warm, wet
32,450-33,330 cal heterophylla(5—-35%),Pseudotsugdype (5—7%) Cupressaceae 0.20 (probable analogue)
yr B.P. 15.54-15.70 m (5-10%) ardnus rubratype (5—10%); decline in percentages
of Pinus(haploxylon-type) (20-35%). PAR: 2500—-4600 gfdyn.
LL-1d Generally high percentages Binus(haploxylon-type; 25— Pinusdominated subalpine forest; Cold, wet
33,330-35,870 cal 60%), herbs (10—20%), and Abies (10-15%); small increases in Sa<@Hér¢good analogue)
yr B.P. 15.70-16.14 m percentageslahertensian§2—-5%),Picea(2-5%) and
Alnus sinuatatype (5-10%). PAR: 1350-3250 g/éfyr.

LL-1c Generally high percentages Binus(haploxylon-type; 15— AlternatinBinusdominated and Alternating cool, wet
35,870-39,500 cal 65%) alternate with peak3.iheterophyllg10-30%) and montane forests; Sq. cher®.15— and cold, dry
yr B.P. 16.14-16.74 m  Abies(5-20%); moderate percentages of herbs (15-20%), 0.20 (probable analogue)

Cupressaceae ardnus sinuataype (5-10%); percentages of
Alnus rubratype decline and. mertensiang5%) andPicea
(5—-7%) briefly increase toward the bottom of the subzone.
PAR: 900—4100 g/cRiyr.
LL-1b High percentages df. heterophyllg35%), Pseudotsugdype Temperate forest; Sq. choed Warm, wet
39,500-40,310 cal (5-10%), and Cupressaceae (10-15%); decline in percentages 0.15-0.20 (probable analogue)
yr B.P. 16.74-16.86 m d?inus(haploxylon-type; 10-15%) andlinus sinuatatype
(<5%). PAR: 1500-2100 g/chyr.
LL-1a High percentages ¢inus(haploxylon-type; 25-60%) Pinusdominated forest; Sq. chord Cool, wet
40,310-42,680 cal alternate with high percentagéelk beterophyllg20-30%) <0.15 (good analogue)
yr B.P. 16.86-17.22 m anibies(15-35%); moderate percentagedrius sinuata
type (5-10%). PAR: 1000—-2600 g/éfyr.

Note.PAR, pollen accumulation rate.
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TABLE 2
Description, Vegetation Type, and Inferred Climate of Pollen Subzones within Zone LL-2

Pollen subzone Vegetation type and
age (cal yr B.P.) square-chord Inferred
depth (m) Pollen description distances climate
LL-2h High percentages &lInus sinuataype (10-15%) and Developing montane forest; Sqg. chord Cool, wet
14,140-15,730 cal herbaceous taxa (20%); increasing percentabesyaf <0.15 (good analogue)

yr B.P. 10.56-11.30 m heterophylla(10%) and Pteridophytes (10%) toward top
of subzone. Total accumulation of terrestrial pollen and
spores. PAR: 2100-5300 g/éfyr.

LL-2g Base of zone begins with high percentagePicka(20— Wet, subalpine to montane forests; Cold, wet changing
15,730-17,250 cal 25%) and is replacedlisyiga mertensiang20-25%), Sq. chore: 0.20-0.30 to cool, wet
yr B.P.11.30-11.88 m Abies(15-35%), and herbaceous taxa (25%); percentages (possible analogue)

in the above taxa decline after 16,540 cal yr B.P. when
percentages of. heterophyllg10%),Alnus sinuataype
(5%), and Pteridophytes (15—-20%) increase. PAR: 1200—

3100 g/crd/yr.
LL-2f Generally high percentages of herbs (15-40%) dominate Dry, subalpine forest and parkland; Coldest and dri¢
17,250-20,220 cal this zone; periodic increaseRiims(diploxylon-type) Sq. chore= 0.20-0.30
yr B.P. 11.88-12.82 m (15-359%®)icea(10-20%),T. mertensian5—20%), and (possible analogue)
Abies(10-20%) also characterize this subzone. PAR: 740—
2300 g/cnifyr.
LL-2e High percentages of herbs (25%)mertensian20%), Wet, subalpine forest; sq. cherd Cold, wet
20,220-20,790 cal arficea(20%). PAR: 1200-2400 g/ctyr. 0.20-0.30 (possible analogue)
yr B.P. 12.82-12.98 m
LL-2d Generally high percentages Binus(diploxylon-type) Alternating wet, subalpine and dry Alternating cold, wet
20,790-23,930 cal (20-60%) alternate with peakBiagea(10-20%),T. subalpine forests; Sqg. chosgl and cold, dry
yr B.P. 12.98-13.78 m mertensiangd5—20%),Abies(5—-20%), and small increases 0.20-0.30 (possible analogue)

in T. heterophyllg5-10%); high percentages of herbs (15—
25%) separate peaks Rinusand associated taxa. PAR:
830-2670 g/criyr.

LL-2c High percentages dtinus(haploxylon-type; 20—60%) Dry subalpine forest/parkland; Sq. Cold, dry
23,930-24,960 cal and herbs (5-20%). PAR: 900-2000%jcm chord=0.20-0.30
yr B.P. 13.78-14.02 m (possible analogue)

LL-2b High percentages dtinus(diploxylon-type; 20-40%) and Montane forest; Sq. che@20-0.30 Cool, wet
24,960-25,940 cal Abies (10—-20%); moderate increase in percentages of (possible analogue)
yr B.P. 14.02—-14.24 m heterophylla(5-15%) at end of subzone. PAR: 500-2500 g/

cmélyr.

LL-2a High percentages ¢ficea(20-30%),T. mertensiana Wet, subalpine forest; Sq. chosd Cold, wet

25,940-26,490 cal (30%), arbies(20-30%). PAR: 1200-2100 g/&fyr. 0.15-0.20 (probable analogue)

yr B.P. 14.24-14.36 m

Note.PAR, pollen accumulation rate.

Between 27,600 and 14,100 cal yr B.P., most analogues weregram (Stuiver and Reimer, 1993). Radiocarbon ages fro
possible or weak, which limited reconstructions to more qua20,300 to 28,008*C yr B.P. were calibrated using a lake varve
itative estimates that were based on established relationshdpsa set from Lake Suigetsu, Japan (Kitagawa and van der Plic
between present-day pollen percentages, vegetation abundatb@®8). Calibrated age-ranges were derived using Method B fro
and climate for specific taxa (Table 2; Minckley and WhitlockCALIB 4.0, which constructs a probability distribution of cal-

2000; Pellakt al,, 1997; Thompsoet al, 1999). ibrated ages for any given radiocarbon age (see Stuiver a
Reimer, 1993). This method includes both the sample and ca
CHRONOLOGY bration curve error in the calculation of calibrated age-ranges

For radiocarbon ages28,000'“C yr B.P., a calibration curve
The chronology for the last glacial period at Little Lake isvas estimated using the Lake Suigetsu data set, a U/Th a
based on 11 accelerator mass spectrometry (AMS) radiocart$@ dated coral sample from New Guinea, and paleomagne
dates of charcoal and plant macrofossils (Table 3). Radiocarktata that indicate atmospheric*C changes close to zero at
ages<20,300'C yr B.P. were calibrated using the CALIB 4.050,000%C yr B.P. (Kitagawa and van der Plicht, 1988; Barc
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TABLE 3
Radiocarbon Dates and Calibrated Ages from the Last Glacial Period for Little Lake

Radiocarbon age aCalibrated age (cal yr
Depth (m) Material dated Lab No. HcyrB.P) B.P.) and@ range

11.67-11.70 charcoal, wood AA-27839 14,26A70 17,030 (16590-17540)
11.89-11.93 charcoal, wood Beta-111337 13,34060 15,650 (15,060-16,150)
11.89-11.93 lake sediment Beta-111336 1534180 18,260 (17,950-18,560)
12.48-12.51 charcoal, wood AA-27840 15,2050 18,140 (17,790-18,480)
13.41-13.45 charcoal, wood AA-27841 19,4440 23,100 (22,480-23,890)
13.99-14.01 charcoal, wood AA-27842 22,7970 26,320 (25,130-27,730)
14.69-14.73 charcoal, wood AA-27843 26,36G:40 29,741 (28,230-31,570)
15.49-15.52 charcoal, wood AA-27844 25,54000 28,960 (27,370-30,830)
16.48-16.52 charcoal, wood AA-31360 32,68®40 36,260 (35,160-37,500)
17.26 wood AA-27846 42,708 1700 44,720 (43,800-45,780)

aCalibrated ages were used to derive the age model for Little Lake. See text for discussion of calibration.

et al, 1998; Mazuackt al, 1991). From 28,000 to 50,006C  organic clay, silt, and fine sand with discontinuous lenses ¢
yr B.P., a discrepancy of 5000 yr exists between the lake a@t@anic material (2%—-3% organic carbon (OC)) from 10.56 i
coral data sets (Kitagawa and van der Plicht, 1998). To utilid&.62 m depth. The sediment from 14.62 to 16.42 m depth
all existing data sets, a curve was fit that approximated betwegifilar but with more discontinuous lenses of organic materi
the coral and lake varve data sets and assumget'@ of zero (2-4% OC), and a section of gyttja (3-5% OC) from 16.04 t
at 50,0001C yr B.P. Calibrated age-ranges were derived usirdg.35 m depth. Results of ICP elemental analyses of comm
a probability distribution, and a second-order polynomial waihophile elements (e.g., Al, K, Mg, Ti, Li, Ni, V, and Z) did
used to construct an age vs. depth model for the calibrated agesreveal any significant patterns of variability, suggesting the
(Fig. 2). the source of detrital clastic material into Little Lake remainec
constant.
RESULTS The concentration of OC in sediments deposited during Zor
LL-1 fluctuates between 1.75 and 5% (Fig. 3). Peaks in tot:
Lithology, Geochemical, and Magnetic Susceptibility Data N generally correspond to peaks3%) in OC, with an over-
ﬁll correlation coefficient of 0.85. Values of C/N in sediments
. . : eposited during Zone LL-1 are mosti10 (up to 16), suggest-
ate volcanic sedimentary rocks. The core contains mostly l|r|l|'g that much of the organic matter was likely from terrestria
allochthonous sources (Meyers and Ishiwatari, 1993). Total

Age (cal yr B.P.) concentration averages0.2% in sediments deposited during
15,000 20,000 25,000 30,000 35,000 40,000 45,000 Zone LL-1, with peaks of up to 0.5% corresponding with peak
1000 bbb bonnben o b in C concentrationr(=0.80,n=71). The concentration of Fe
] Age (cal yr B.P.) = -5780.25depth + is low and invariant in sediments deposited during Zone LL-1
11.00 362.29depth? + 34782.33 which indicates that the S is likely from organic sources, rathe
] than from Fe sulfide mineral. High concentrations of OC and-
12.00 . . -

. are concurrent with low values of magnetic susceptibility. Thes
13,00 data suggest that the preservation of organic matter periodica
E ] increased as a result of increased anoxia in the bottom water
-_g 14,00{ During Zone LL-2, OC and S concentrations are relatively
3 ] constant with an average of ca. 2% and 0.1%, respectively. Ve

15.00 — ues of N average ca. 0.2, and C/N ratios average 9.5, suggest

] that the organic matter is mostly autochthonous (Meyers ar

16.00 Ishiwatari, 1993). Generally high values of magnetic suscept
17 00_3 bility in sediments deposited during Zone LL-2, together witt

T - low OC and S concentrations, indicate decreased preservat
1800 A Calibrated AMS dates of organic matter and the occurrence of oxic conditions. Thes

_ _ data are consistent with high and variable concentrations of |
FIG. 2. Age-vs.-depth curve and regression equation for the last glacial

period at Little Lake. Age model was developed using calibrated radiocarbgpd Mn, which imply that the hypolimnion and sediment pore

ages, which are shown with two sigma error bars. See text for discussionWS@_te_rS were well Oquenated’ resulting in the preservation «
calibration. oxidized Fe and Mn minerals.
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FIG. 3. Magnetic susceptibility and geochemical data from Little Lake.

Vegetation and Climate Reconstructions cense cedar)Abiespollen is not consistently associated with
any one taxa, which implies that it could be from a numbe
The last glacial period at Little Lake is represented by pollesf common species, includingy. amabilis(Pacific silver fir),A.
zones LL-1 (42,500-27,000 cal yr B.P.) and LL-2 (27,000grandis, A. procergnoble fir), andA. lasiocarpa(subalpine fir).
15,000 cal yr B.P.; Worona and Whitlock, 1995), correspondirigost of the fossil pollen assemblages from Zone LL-1 are sirnr
to the latter part of MIS 3 and to MIS 2, respectively. Zondar to modern pollen spectra from montane (ca. 900-1500 |
LL-1 is generally characterized by high percentages and adevation) and subalpine (ca. 1300—2000 m elevation) fores
cumulation rates dPinus(mostly haploxylon-type)Abies and from the Cascade Range in Oregon and Washington (Frank
T. heterophyllgollen (Table 1; Figs. 4 and 5). Zone LL-2isdom-and Dyrness, 1988; Table 1; Figs. 4 and 6). The presence
inated by generally high pollen percentages and accumulatiurch forests at Little Lake indicates conditions were €¢a84C
rates ofPicea, T. mertensiana, Abies, Pinmsostly diploxylon- coolerthan today and about as wet as present. Wet conditions
type), and herbaceous taxa (Table 2; Figs. 6 and 5). consistent with C/N values, which suggest an allochthonous C
Picea pollen in Zone LL-1 is most likely fromPicea en- source and increased erosion. Generally high but variable valt
gelmannii (Engelmann spruce) based on its association witi OC and S and low magnetic susceptibility imply anoxic con
T. mertensianandAbiesin Oregon today. However, the pres-ditions that were probably related to relatively warm condition
ence ofP. sitchensigSitka spruce) cannot be ruled out, beand long periods of thermal stratification.
cause it currently grows witll. mertensianan coastal British ~ During Subzone LL-1a, high percentagesioheterophylla
Columbia (Meidinger and Pojar, 1991). Haploxylon-tygiaus and Cupressaceae pollen are replaced by thogebiafs and
pollenis likely fromP. monticolebased on its occurrence with  Pinus(mostly haploxylon-type) pollen at ca. 42,250 cal yr B.P
heterophyllaand Abies Pseudotsugdlype pollen is probably This shift in dominance reflects a transition from montane t
from Pseudotsuga menziesiither tharLarix (larch), which is subalpine forest and from cool to cold conditions. High mag
rare west of the Cascade Range. The association of Cupressanetie susceptibility and low percentages of OC suggest ox
with T. heterophyllaandPseudotsugdype pollen suggests thatconditions that were likely related to a relatively short perioc
it is probably fromThuja plicataor Libocedrus decurrenén-  of thermal stratification (Fig. 3). The vegetation during Subzon
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of black curvesPinusincludes haploxylortype(P. monticolg and is shown with a stripped curve, diploxylon-tyfe ¢ontortaor P. ponderosgis represented by
an open curve, and totRinusis shown with a black curve. The results of a constrained cluster analysis are illustrated.
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FIG. 6. Pollen percentage diagram for selected Little Lake taxa during marine isotope stage 2. Open curves represent fivefold exaggeration of blacl
Pinusincludes haploxylortype(P. monticolaor P. albicauli§ and is shown with a stripped curve, diploxylon-tye ¢ontortaor P. ponderosgis represented by
an open curve, and totRinusis shown with a black curve. The results of a constrained cluster analysis are illustrated.

LL-1bwas probably similar to modern montane or low-elevatioh (annual temperatures estimated @£ C). Precipitation was
temperate forests based on high pollen percentage3. ofprobably equivalent to that of the present day, although mo
heterophylla, Pseudotsuggpe, and Cupressaceae. These taxd it would have been in the form of snow. Subzone LL-1d is
imply some of the warmest conditions of Zone LL-1 (mean amiso characterized by low values of OC and S, which sugge
nual temperature estimated 4t56°C). Low magnetic suscepti- relatively oxic conditions.
bility and high percentages of OC indicate a period of increasedDuring Subzone LL-1d?seudotsugdype, Cupressaceae, and
anoxia. T. heterophyllgollen increase significantly. This shift suggests
Subzone LL-1c is characterized by a series of fluctuatioasransition to a montane or low-elevation temperate forest at
betweenPinus (haploxylon-type) andr. heterophyllapollen to warmer conditions than the previous subzone (mean annt
that probably represent shifts between montane foresi® oftemperatures estimated at-6°C). At the base of this sub-
heterophyllaand those ofPinus (P. monticola) Although T. zone, OC and S percentages increase and magnetic susceptib
heterophyllaandP. monticolahave overlapping climate rangesyalues decrease, indicating a period of increased anoxia.
P. monticolatends to grow in areas with colder winter tem- Pinuspercentages reach their peak during Subzone LL-1far
peratures and less summer precipitation thameterophylla imply a montane forest probably dominated®ynonticolaand
(Thompsonret al, 1999). The high frequency fluctuations beeolder conditions than the previous subzone (mean annual te
tweenT. heterophyllaandP. monticolatherefore imply that the peratures estimated &t-31°C). Increased pollen percentages of
climate oscillated three times from cool, wet conditions (meakbiesandT. heterophyllaand minor amounts dPseudotsuga
annual temperatures estimated &t3C), to colder and pos- type and Cupressaceae at 30,500 cal yr B.P. indicate the est
sibly drier conditions (mean annual temperatures estimatedighment of a mixed montane and temperate forest and slight
3—4°C). Peaks in OC and S and low magnetic susceptibilityarmer conditions. A peak in OC and S at 30,500 cal yr B.F
suggest increased anoxia during théneterophylladominated suggests anoxic conditions and a brief warming. PAR show ¢
intervals. increase . heterophyllaPseudotsugdype, and Cupressaceae
Subzone LL-1d contains high percentagesPifius (hap- at 29,000 cal yr B.P. that coincides with a second peak in O
loxylon-type) andAbiespollen, and minor amounts dficea and S (Fig. 5). Thus, PAR and geochemical data imply anoth
andT. mertensiangollen, which indicate the establishment obrief warm interval at 29,000 cal yr B.P. The returnRifius
a subalpine forest and one of the coldest periods of Zone Ljellen in the top of this subzone reflects the reestablishme
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of P. monticolaand colder conditions. The latter part of Subbetter mixed and more oxygenated, probably as a result of tl
zone LL-1f and Subzone LL-1g are characterized by an ovenore open forest and increased wind.
all decrease in temperate and montane spetidseterophylla Few modern pollen assemblages are similar to Subzone L
Pseudotsug#ype, Cupressaceae, aithustypes) and an in- 2f. However, based on the composition of modern alpine con
crease in subalpine typeRi€ea, T. mertensianaand Abieg. munities, this assemblage implies a subalpine parkland don
This shift marks the transition from zones LL-1 to LL-2 andhated byA. lasiocarpaand Poaceae (grass family), similar to
an estimated 24°C decrease in temperatures. Superimposéiibse growing at present on the eastern slopes of the Washi
on this larger-scale trend is an increase in pollen percentagesoof Cascades and Olympic Mountains (Franklin and Dyrnes
T. heterophylladuring Subzone LL1-g, which indicate a chang&988). These environments suggest the coldest and driest c
to montane forest and warmer conditions than before. By the aditions of this zone. Subzone LL-2g marks the return of higl
of Subzone LL-1h, temperate and montane taxa are replacedbllen percentages dticea, T. mertensianaand Abiesand a
subalpine taxa. decline in herbaceous taxa, which indicate the development o

Abiespollenin Zone LL-2 could be from several species contlosed and mesic subalpine forest. A sharp decline in Fe and N
mon to montane and subalpine forests in the Pacific Northwésiplies increased lake stratification and anoxia that probably r
(A. amabilis A. lasiocarpaor A. procerg. Piceapollen is prob- sulted from a more protective forest cover around the lake ar
ably fromP. engelmannibased on the identification of a macrofrom warmer conditions. Subzone LL-2h shows the first majc
fossil needle at 11.70 m (ca. 16,700 cal yr B.P.). Diploxylorincrease in warm-adapted taxa bieterophyllaandAlnustype)
type Pinuspollen could either be fror®. contorta(lodgepole and a decrease in subalpine taxa. These changes suggest a
pine) orP. ponderosgponderosa pine). Howevé: contorta to montane forest and the onset of the warm-wet conditions th
is more commonly associated with subalpine species, suchnaark the end of the last glacial period.
T. mertensianaThe fossil pollen spectra from Zone LL-2 are
similarto modern pollen assemblages from subalpine forests (ca.
1300-2000 m elevation) and upper treeline (ca. 1400-2200 m DISCUSSION
elevation)inthe P;axcnﬂc Nor.thv_vest (Franklin anq Dyrnes;, 198§Ummary of Changes at Little Lake and Comparison
Pellatet al., 1997; Table 2; Figs. 5 and 6). Climate estimates_ . o

with Other Pacific Northwest Records

based onthese modern analogues suggest that temperatures were
7°=11°C colder and precipitation was 250-500 mm less than The sum of nonarboreal pollen percentages is used asam
present, values consistent with previous estimates (Worona @ude of changes in vegetation cover near Little Lake (Fig. 7
Whitlock, 1995). Dry conditions are also reflected in C/N valueEhe establishment of arelatively open forest between 25,000 a
that indicate an autochthonous source for the OC and that it¥-,000 cal yr B.P. is concurrentwith an increase in oxidizing cor
ply less erosion. OC and S percentages are considerably logiions in the hypolimnion, perhaps as a result of less protecti
than in Zone LL-1, whereas magnetic susceptibility is highdigrest cover around the margins of the lake. Effective precipite
reflecting more oxic conditions (Fig. 3). tionis represented by the sum of the wet-adapted talxi@sand

Subzones LL-2a through LL-2e are characterized by repeafednertensianawhich are both currently associated with high
fluctuations between high pollen percentage®ioka, Abies annual precipitation and actual/potential evaporation (Minckle
andT. mertensianand those oPinus(mostly diploxylon-type). and Whitlock, 2000). After the establishment of a more ope
The spectra dominated Wyicea, Abiesand T. mertensiana forest, intervals of high effective precipitation are associate
pollen are similar to those from modern mesic subalpine forestith peaks in magnetic susceptibility, perhaps indicating in
in coastal British Columbia (Pellatt al., 1997). The climate creased erosion within the watershed. Millennial-scale chang
of this area is characterized by abundant year-round preciptemperature are reflected by the sum of warm-adapted ta
itation and cold temperatures. Intervals with abundgimus (Pseudotsugaype, Cupressaceae, aficheterophylljover the
pollen are similar td®. contortadominated subalpine forests insum of cold-adapted tax®icea, T. mertensianand Poaceae).
Oregon and Washington and suggest a more xeric or season#bBone LL-1, fluctuations ifinus(probablyP. monticol3 par-
wet subalpine forest. These fluctuations reflect a series of oscikélel the cold-adapted taxa. Howev@inuspollen was not in-
tions between cold-wet and cold-dry conditiomsheterophylla cluded in the cold sum because the taxon reflects dry conditio
pollen increases during subzones LL-2b and LL-2d (ca. 25,08Qring Zone LL-2. The warm intervals shown by this ratio are
and 22,000 cal yr B.P.), suggesting more montane forests araially supported by corresponding periods of increased anox
slightly warmer and wetter conditions than before. Minor peaks Many of the millennial-scale climate changes identified a
in the percentages of OC and S overlap with these peaKs irLittle Lake are evident in other records from the Pacific North
heterophylleand suggest relatively anoxic conditions. Increasesest (Fig. 1). A series of peaks in arboreal pollen at Carp Lak
herbaceous taxa at ca. 25,000 cal yr B.P. indicate the establsiggests four warm and/or wet periods (39,500, 36,000, 32,5(
ment of a more open forest and the onset of cold-dry conditior@sid 29,000 cal yr B.P.), which correlate with warm interval
This increase occurs at about the same time as levels of Fe, iuaring Zone LL-1 (Whitlock and Bartlein, 1997). A record from
and magnetic susceptibility increase, implying that the lake wtse Kalaloch sea cliffs on the Olympic Peninsula, Washingtor
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FIG.7. Summary of changes in vegetation and climate at Little Lake during marine isotope stages 2 and 3 based on vegetation and climate indexes c
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shows five fluctuations between arboreal and nonarboreal pollafiuence of Orbital-Scale Climate Controls

taxa between ca. 40,000 and 27,000 cal yr B.P. (Heusser, 1972).

Increased percentageRiteapollen at Carp Lake suggestcold, The generally moderate climate of the Pacific Northwest dul
wet periods at ca. 26,000, 23,000, and 17,500 cal yr B.P., whiclyg MIS 3 (Alley, 1979; Barnosky, 1981, 1985; Heusseéal.,
are concurrent with the wet periods at Little Lake during Zon#99; Warneet al., 1984; Whitlock and Bartlein, 1997) corre-
LL-2. Advances of the Cordilleran ice sheet in southwestesponds with intermediate levels of summer insolation and glob
British Columbia also indicate cold, wet conditions between cize-volume. These orbital-scale controls fluctuated during MIS.
18,000 and 16,000 cal yr B.P. (Vashon Stade) and between lmat. the highs and lows were not as dramatic as those of MIS 2
24,500 and 22,000 cal yr B.P. (Coquitlam Stade; Hicetkl, the Holocene (Fig. 7). Acomparison of MIS 3 climate changes:
1999). The ca. 22,000 cal yr B.P. warm period at Little Lake isittle Lake with summer insolation and ice-volume suggests th:
registered at other sites in the Pacific Northwest between 23,0@0iability in the magnitude of climate change partially reflect:
and 22,000 cal yr B.P. (Hicoctt al., 1999; Mathewes, 1991; orbital-scale variations (Fig. 7). Two of the warmest periods ¢
Whitlock and Grigg, 1999). These similarities in the directio@one LL-1 (at 33,000 and 30,500 cal yr B.P.) occurred during
and timing of vegetation changes throughout the Pacific Nortperiod (33,000 to 30,500 cal yr B.P.), of high summer insolatio
west imply that they represent a response to regional variaticared moderate ice volumes whereas the coldestintervals occur
in climate. before and after this time. Between 38,000 and 35,000 cal yr B.
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a series of moderate shifts in climate imply a generally cool and Little Lake Santa Barbara Basin
seasonably equable climate, which coincides with relatively low Cold Warm Cold Warm
summer and moderate winter insolation. However, some of the 14,000 —prmgmwprmym
warmest conditions occurred (40,000 cal yr B.P.) when summer | /
insolation was low and ice-volumes were moderate, suggesting 16,000 ]
that variations in millennial-scale climate controls, independent 18.000 —
of orbital-scale forcings, also influenced the degree of climate ' i
change at Little Lake during MIS 3. 20,000 -
During MIS 2 (27,600-14,100 cal yr B.P.), the presence of .
subalpine forest and parkland in many low-elevation areas of 22,000
the Pacific Northwest indicates colder, drier conditions than at N
present (Alley, 1979; Barnosky, 1981, 1985; Heussat, 1999; 24,000 — >
Worona and Whitlock, 1995). Paleoclimate model simulations 1
show that such conditions were related to the size of the Lau- g~ 26,000
rentide ice-sheet (Bartleigt al., 1998; Thompsoet al., 1993) 03' 28 000—_
with the climate of the Pacific Northwest being affected by (1) > ! |
the large extent of the ice-sheet causing a decrease in northern § 30,000
hemisphere temperatures; (2) the height of the ice-sheet dis- g 4
placing the jet stream to the south of its present position and; (3) < 32,000 |
the presence of a large ice-sheet resulting in a midcontinental, 8
glacial anticyclone that increased easterly flow across western 34,000 —
North America. The coldest and driest conditions occurred at 1
Little Lake between ca. 21,000 and 17,000 cal yr B.P., which 36,000
corresponds to a low in summer insolation and a maximum in 1
) 38,000 |
global ice-volume. |
40,000 —
Causes of Millennial-Scale Climate Change at Little Lake 42,000 1
A comparison of the Little Lake data with a record of sea- .
surface temperatures and sediment bioturbation from the 44,000 s B e e
Santa Barbara Basin (Behl and Kennett, 1996; Hendy and %T hf;?;rf’: P;eu:f:g(’u r/“ 32
Kennett, 1999) provides an opportunity to evaluate current ex- T mert + Pices + Poa. Pr- B";}:gg:‘““

planations of millennial-scale climate change in western North

America and the Northeast Pacific. The pollen-based temperE'G-_S- A c_ompari;on _of the pollen-based temperature ratio from Little

ature proxy from Little Lake, when compared with the biol__ake with the blotu_rba_non index from S_anta Barpara Basin (_Behl and K_ennel

turbation index from the Santa Barbara Basin. shows that Iql\zal&. A bloturbatlpn |nde>.< of.four |nd|cate§ periods of laminated ;edlments

values of the bioturbation index reflect intervals that correlate with warme

values coincide with warmer sea-surface temperatures (Fig. &h-surface temperatures (Hendy and Kennett, 1999).

The Santa Barbara record, like that from Little Lake, has the

greatest frequency and magnitude of millennial-scale climate

change during the latter part of MIS 3. Warm intervals are cosignal implies little change in the position of the jet stream. Ir

current at both sites with the exception of the 38,500 cal wddition, strong upwelling along the central California margir

B.P. warm period at Little Lake. This event is registered bguggests that the jet stream and subtropical high were close

an increase iT. heterophyllgpollen and not by the warmest-their present positions (Gardnetral., 1997). An alternative ex-

adapted taxa{seudotsugdype or Cupressaceae). Consequentplanation invokes variations in thetrengthof the subtropical

it may reflect a modest climate warming or one of locdligh and the jet stream, without significant shifts in theosi-

extent. tion. A stronger subtropical high would explain warmer condi-
Warmer sea-surface temperatures in the Santa Barbara Baisins in both the Santa Barbara Basin and the Pacific Northwe!

during MIS 3 have been attributed to northward shifts in the positile an increase in the strength of the jet stream would hay

tion of the subtropical high, the Aleutian low, and the jet streagaused a shift in the Pacific Northwest from wet to wetter winte

(Hendy and Kennett, 1999). A significant northward shift ofonditions. This more subtle change may explain the eviden

North Pacific atmospheric circulation patterns would have lexf only small increases in precipitation during warm intervals a

to warmer year-round conditions in the Pacific Northwest andttle Lake.

to a change from relatively dry to wet winters. Although this ex- The correlation of MIS 3 sea-surface temperatures in th

planation is consistent with evidence for warming at Little Lak8anta Barbara Basin with changes in temperatures and surge

during the latter part of MIS 3, the lack of a strong precipitatiotne Laurentide ice-sheet implies that variations in the streng
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