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High-resolution (;<100 yr sampling interval) Chilean pollen
ata between ;10,000 and 60,000 cal yr B.P. exhibit systematic
uctuations in Subantarctic Parkland development. These varia-
ions are dominated by a 30,000–40,000-yr cycle similar to that in
he Northern Hemisphere GISP2 d18O data and other climatic
ecords. Both Chilean and GISP2 data show oscillations in the
000–12,000 and 1000–3000-yr period bands. The coherence is,
owever, generally low, and distribution of power spectra differs,
ith the dynamics of the pollen assemblage dominated by
combination of 12,000- and 5000-yr cycles. We suggest a pref-

rential nonlinear response of Chilean vegetation to climatic
orcing and interhemispheric differences as possible mechanisms
nderlying the resemblances and dissimilarities between both
ecords. © 1999 University of Washington.

Key Words: pollen; South America; millennial-scale paleoclimate
ycles; interhemispheric comparison; Quaternary.

Global documentation of the behavior of various clim
ystem components in different modes is essential to u
tanding present climate and predicting future climatic cha
orthern Hemisphere ice-core and oceanic data record p
limatic variations on time scales ranging from decada
illennial. Comparable lengthy, detailed terrestrial data

are, particularly in the Southern Hemisphere, since few h
esolution land records extend continuously through the
lacial cycle. Previous studies of pollen from cores take

he island of Chiloe´ identified the presence of interstad
tadial oscillations in the glacial vegetation that were use
nfer climate of southern Chile (Heusseret al.,1999). Here we
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resent high-resolution pollen analyses of the exceptio
ell-dated 650-cm core (HE94-2B) from Taiquemo´, a record

hat extends from the end of oxygen isotope stage (OI
hrough OIS 2 (Fig. 1).

The core site (42°109250 S, 73°359500, 170 m above se
evel) is surrounded by remnants of temperate Valdivian
orest in whichNothofagus nitida, N. dombeyi,andEucryphia
ordifolia dominate a diverse community of trees, lianas,
erns (plant nomenclature follows Mun˜oz, 1980; Marticoren
nd Quezada, 1985; Marticorena and Rodrı´guez, 1995). Plen
lacial vegetation, for which the Magellanic Moorland
ierra del Fuego is probably the closest modern an
Heusseret al., 1999), differed strikingly. In the record fro
E94-2B (Fig. 1), Subantarctic Parkland, composed of a g

Gramineae), shrub, and herb mosaic (Lepidothamnus, Nan
dea,Chenopodiaceae,Lebetanthus,Caryophyllaceae,Ribes
caena, Gunnera, Drapetes,Umbelliferae,Euphrasia,Rubi-
ceae,Plantago, Valeriana, Huperzia, Ephedra,and Composi

ae), alternated systematically with relatively open Suban
ic Evergreen Forest (Podocarpus, Pilgerodendrontype,
seudopanax,Myrtaceae,Embothrium, Lomatia, Maytenu
rimys, and Weinmannia) and heath (Empetrum-Ericaceae)
outhern beech (Nothofagus cf betuloides) was presen

hroughout.
The overall temporal pattern of development of subanta

orest types (excluding southern beech) (Table 1, Fig. 1
embles orbital-scale climatic variations captured in Nort
nd Southern Hemisphered18O anddD records (Benderet al.,
994). Major intervals of forest expansion coincide within
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imit of radiocarbon age precision with European intersta
IS) forest expansions (IS 5–7,11,14, and 15–17, the D
emp, Hengelo, Glinde, and Oerel, respectively). Thes
urn, correspond to warming events identified in ice and ma
ores (Benderet al., 1994).
Grass assemblages (grass accompanied by subantarct

nd shrub taxa, such asLepidothamnus fonkii, Astelia pumi
rapetes muscosus, Donatia fascicularis, Euphrasia,andHu-
erzia fuegiana) show a steady sequence of brief peaks, w

ncrease in amplitude and have maxima at;28,000,;24,000
20,000,;16,000, and 14,000 cal yr B.P. These events

onsidered coeval with maxima of piedmont glacier lobe
he Chilean Andes and the Southern New Zealand Alps (
on et al., 1999), and with stadial events in the North Pac
Behl and Kennett, 1996) and North Atlantic (Bondet al.,
997). Prior to;30,000 cal yr B.P., there also appears to
orrespondence between grassland expansion in southern
nd Northern Hemisphere paleoclimate proxies, for exam
18O in Greenland ice and North Atlantic and North Pac

FIG. 1. Time series of pollen assemblages from core HE 94-2B tak
ollen data (shown here smoothed with a 3-point average to emphasize

aken at 1 cm intervals (C.J.H.). The age model derives from 3014C AMS dat
1996) and placement of the OIS3/4 boundary (59,000 cal yr B.P.) at 6
l
e-
in
e

erb

h

re
n
n-

e
hile
e,

ce-rafted detritus (Bondet al.,1997; Kotilainen and Shackl
on, 1995).

Climatic interpretation of the southern Chile pollen recor
ased on comparing fossil pollen spectra with modern p
pectra, vegetation, and climate (Heusseret al.,1999). Stadia
ntervals with high amounts of grass reflect open parkland
stimated summer temperatures of;6°C (;8°C below
resent). Interstadials characterized by increased repre

ion of thermophilous components in the Subantarctic E
reen Forest imply summer temperatures of;12°C. Effective
recipitation, which averages 4000 mm in the wet, oce
limate of Chiloé, probably was not a critical factor in suba
rctic vegetation development (Heusseret al., 1999). Rapid
scillations of the paleoclimate indicators (Fig. 1) are su
osed on a general cooling trend, which culminates at the
lacial maximum (OIS 2). Temporal changes in southern C
an climate inferred from the HE94-2B pollen data resem
illennial-scale oscillations found in various Northern He

phere climate proxies between;10,000 and 60,000 cal

in a mire near Fundo Taiquemo´, Chile. Percentages which account for 98% of
broad structure), are based on counts of.300 pollen grains/sample from 570 samp
from the 22 levels shown by arrows (Table 1, Fig. 1) adjusted using Laet al.
cm core depth (Martinsonet al., 1987).
en
the
es
18
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.P. (Grimmet al., 1993; Bondet al., 1997; Lund and Mix
998).
Recognizing the uncertainties in temporal correlations

trained by age models in which dating precision is not alw
onsistent (Benderet al.,1994) and possible differences in

nsolation forcing in different hemispheres, we investiga
elationships between the grass component of Chilean Su
rctic Parkland and Northern Hemisphere atmospheric re
d18O of a Greenland ice core, Grooteset al., 1993). The dat
ere first explored in the time domain for the period cove
y the whole record from Chile (Fig. 2a) and then for the
etween 25,200 and 56,200 cal yr B.P. (Fig. 2b). In this st
o tuning was done to the age model for the grass re

FIG. 2. Comparison of the Northern Hemisphere (GISP2)d18O ice core r
he d18O ice core record (top graph) compared with the Chilean grass r
0,000 cal yr B.P. Solid lines show the records interpolated to the commo

ong-term trend (thick gray line, 30,000–40,000 yr periodicity) and the cy
y independent smoothing of both records with a Gaussian kernel, with
hich might be used for “wiggle matching” techniques. The sedimenta
valuation. (b) The middle parts of both records, between 25,200 and 5
r and;10,000 yr (Chilean pollen data). (c) Normalized power spectra of
r, with 200 lags; and (d) spectra of GISP2d18O (thin line) and Chilean polle
etrended prior to spectral analysis. Coherence (plotted here on an inve

ine in the coherence plot corresponds to the 80% confidence limit; th
og-plot). These results were also tested by comparison with other meth
ound to be consistent.

TABLE 1
Chronostratigraphic Data for Core HE94-2B

Depth (cm) Age (14C yr B.P.) Laj-adjusted agea Lab. no.

90 10,3556 75 11,655 AA-17974
95 11,0506 75 12,450 AA-17975

105 11,3606 80 12,760 AA-17976
115 12,3006 90 13,750 AA-17977
125 13,0406 98 14,540 AA-14751
145 15,2006 100 17,100 AA-17980
160 19,0206 130 21,920 AA-17982
170 20,1606 200 24,160 AA-17984
180 21,4306 200 24,630 AA-17985
190 21,9606 170 25,160 AA-17986
200 22,6016 194 25,901 AA-14754
215 22,7746 202 26,074 AA-17989
230 23,2936 200 26,593 AA-17990
260 24,9856 232 28,195 AA-17991
300 26,0196 317 29,419 AA-14758
325 28,1856 330 31,385 AA-14759
350 29,7186 495 32,767 AA-14760
375 31,6746 565 34,474 AA-14761
385 32,1056 549 34,805 AA-17992
400 34,3756 632 37,075 AA-14762
435 35,4416 714 37,941 AA-17993
450 40,0116 1505 41,911 AA-1476
470 44,5206 2102 45,200 AA-1799
525 47,1106 2893 47,010 AA-1476

a Laj et al. (1996)
-
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pectral analysis (Blackman-Tukey, ARAND by P.J. How
rown University) was used to study the cyclicity and coh
nce of the records (Figs. 2c and 2d corresponding to Fig
nd 2b, respectively).
The coherence between Chilean grass and Northern H

phered18O ice records (Figs. 2c and 2d) was found to
enerally lower than that between marine records. For
hole time series, the concentration of coherence and sp
ower at low frequencies (Fig. 2c) suggests a common
ith a temporal span comparable to the length of the
eries (this effect may be interpreted as a nonstationarity o
eries). Such a long-term trend is clearly visible in Figure
thick gray line), as both the Chilean and GISP2 records
ominated by the characteristic saw-tooth pattern with a d

ion of ;30,000–40,000 yr.
In the Chilean record, the long-term variations mask

ehavior of the higher frequencies in the spectral analysis
c). To increase the resolution of analyses in the h

requency domain, we also considered both records bet
5,200 and 56,200 cal yr B.P. (Figs. 2b and 2d). When t
ecords are additionally linearly detrended (not shown),
o longer appear nonstationary and show more cons
yclicity (Fig. 2d). The pollen record is dominated by cyc
ith a period of;5000–6000 yr modulated at 10,000–12,
r (see Fig. 2d, and spacing of the minima in Fig. 2b).
ISP2 sequence oscillates with a similar;6000-yr period, tha

s clearly visible in Figure 2b. Although the 10,000–12,000
ignal is not readily apparent in the spectral analysis o
ce-core data, more sensitive methods (maximum entr
how the presence of such cycles by splitting the broad pe
igure 2d. This explains a relatively high coherence with
rass signal at the corresponding frequency.
In addition to a long-term trend, the GISP2 record is d

nated by high-amplitude and high-frequency oscillati
1000–3000-yr periods, Figs. 2c and 2d). Such periods
resent in the pollen record but with a much smaller amplit
his descrepancy could be a result of nonlinearity in
esponse of the vegetation to climatic forcing, with a pre
ntial selection of lower frequencies.
Little coherence occurs at periods around 6000 yr and

rd and the grass record from Chile in the temporal and frequency doma
rd transformed by log(11 x) (bottom graph) for the interval between;10,000 and
qual interval of 100 yr by Gaussian kernel smoothing (100-yr bandwidth)ommon
ity at 5000–6000 yr and 10,000–12,000 yr (thin gray line) have been me visible
dwidths of 10,000 yr and 2,000 yr, respectively. Arrows mark potentialarities,
rate, dating, and periodicity implications of such adjustments would neareful
00 cal yr B.P. show apparent cycles with periods of;6000 yr (GISP2) and;5000
P218O (thin line) and Chilean pollen data (thick line) between 10,000 and 60

ata (thick line) between 25,200 and 56,200 cal yr B.P. All records were
hyperbolical tangent scale) is shown in the bottom part of (c) and (d). Thorizontal
ror bars correspond to confidence intervals of the spectral power (adthe
, notably Burg’s (maximum entropy) method (not shown here), and thes were
eco
eco
n e
clic
ban
tion
6,2
GISd
n d
rse
e er
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CLIMATE INSTABILITY IN CHILE158
r, even though both records show a substantial spectral p
oncentrated at the corresponding frequencies. The app
orrelation of cycles at 5000–6000 yr in both records is
een in Figures 2a and 2b (see arrows there). At prese
ave no satisfactory explanation of the lack of coherenc
uch cycles, but differences in the amplitude modulation an
hase shifts within the sequence can be suggested as po
echanisms.
In this paper we compare two high-resolution records,
hilean grass record and the Northern Hemisphere ice
ata. While there is ample evidence for a high degre
imilarity between the data, evidence also exists for subst
issimilarities. The mechanisms for the differences, inclu

he nonlinear response of the vegetation to the climatic for
nd the interhemispheric synchronizations and desynchro

ions, deserve further investigation. In particular, the com
son with other climatic and vegetation records from b
emispheres (including Vostok and Byrd Station data; Joh
t al., 1987) needs to be combined with testing differ

nterpretations of the age model for the Chilean record.
equently such tests may help to determine the implicatio
he apparent phase and amplitude changes during OIS 3
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