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Abstract

The East Asian monsoon Holocene optimal period has been debated both about duration and whether conditions were a
maximum in thermal conditions or in precipitation. In this study we show Holocene climate variability inferred by a forest
reconstruction of a subalpine pollen sequence from peat bog deposits in central Taiwan, based on modern analogues of various
altitudinal biomes in the region. A warmer interval occurred between 8 and 4 ka BP (calibrated "*C years) when the subtropical
forests were more extensive. The Holocene thermal optimum is represented by an altitudinal tropical forest at 6.1-5.9 ka BP and
6.9 ka BP and only the latter was accompanied by wet conditions, indicating decoupling of thermal and precipitation mechanism in
the middle Holocene. Abrupt and relative severe cold phases, shown by biome changes, occurred at about 11.2—-11.0 ka BP; 7.5 ka
BP; 7.2 ka BP; 7.1 ka BP; 5.2 ka BP, 5.0 ka BP and 4.9 ka BP. A spectral analysis of pollen of a relatively cold taxon — Salix,
reveals that the time series is dominated by a 1500 yr periodicity and similar to the cold cycle reported in the marine records of
Indian and western Pacific Oceans. The cold—warm conditions inferred by the change of forests show close relationship to solar
energy in comparison with the production rate of Be-10.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Holocene thermal optimum, at about 6 ka, is a
period when wide areas of high latitudes were warmer,
and the northern subtropical regions were wetter than at
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whether the optimum is synchronous has often been
debated in China [3—5]. In contrast, a relatively drier
middle Holocene has been indicated in southern [6] and
northern China [7]. Additional high resolution records
are necessary for understanding the Holocene variations
in eastern Asia.

Millennial to centennial time-scale abrupt climate
change during the Holocene, based on ice cores, marine
and lake and bog sediments and stalagmites exist [8—
14]. A major question remains on whether these changes
are hemispheric or global, and what the forcing
mechanism might be. Holocene records of abrupt
change in Asian monsoon circulation are based mostly
on marine sediments. Cycles of cold events, similar to
the ice rafted detritus (IRD) event in the north Atlantic
during the Holocene [12,13] are reported in peat bog
sediments [14] and marine sediments of the Indian
Ocean and Sulu Sea [15—17]. High resolution stalagmite
records of the Hulu Cave [10] and that of the Dongge
Cave [11] in China show that East Asian monsoon
changes are in concert with events in Greenland, while
Holocene precipitation change may result from orbitally
induced insolation, solar output and coupled oceanic/
atmospheric circulation. These records help improve our
understanding of East Asian monsoon circulation,
especially with respect to precipitation.

The relative magnitude of climatic changes (in both
temperature and precipitation) in the East Asian monsoon
areas, as well as that of sea surface temperatures in the
North Atlantic is important for discriminating whether
external forcing, such as solar output, or internal forcing
such as oscillations in the North Atlantic northward heat
transport, are the drivers of both the North Atlantic cycles
and variations of monsoon intensity [18]. We present the
result of a forest reconstruction, of the Holocene age from
a high resolution pollen sequence in Toushe Peat Bog, in
central Taiwan. We base our analysis on the biomization
technique [19,20]. We use this as a basis to reveal
Holocene climate variations, as well as the relative
magnitude of climate change of the East Asian monsoon
region, as shown by vegetation response.

2. Location, vegetation and pollen record

The Toushe Peat Bog (23°49” N, 120°53’ E), with an
area of 1.75 km? and an altitude of 650 m, is located
among a series of possibly pull apart basins of the main
NE-SW trending faults within the backbone of central
Taiwan (Fig. 1). In the mountainous central Taiwan area,
there exists the following altitudinal biomes or forest
zones [21,22] with an annual temperature range from
tropical to subalpine: tropical evergreen forest (altitude

<500 m, Ficus—Machilus Zone); subtropical evergreen
forest (500—1500 m, Machilus—Castanopsis Zone),
warm-temperate evergreen forest (1500-2000 m, Lower
Quercus Zone); temperate broadleaved and conifer mixed
forest (2000—-2500 m, Upper Quercus Zone); cool
temperate conifer forest (2500-3100 m, Tsuga—Picea
Zone); cold temperate conifer forest (3100-3600 m,
Abies Zone) and alpine vegetation zone (>3600 m, Ju-
niperus—Rhododendron scrub). The Toushe Basin is
surrounded by a subtropical evergreen broadleaved forest
i.e. the Castanopsis—Machilus Zone. The site was
previously a lake, becoming a peat bog by the early last
glacial and dried out at about 1.7 ka BP. The annual
temperature and precipitation, extrapolated from a nearby
meteorological station, Sun Moon Lake, are 21.2 °C and
2341 mm and reveals the primary rainy season is from
May to September. A 39.6 m-long core covering sedi-
ments since early last glacial was obtained in 1999 in
Toushe, of which the upper 30 m are mainly peat. Pollen
record has been published [23-25].

3. Methods
3.1. Chronology

There are thirteen '*C dates in peaty sediments of
Holocene age, based on 11 conventional and 2 AMS
dates (Table 1). The former were measured at the '*C
Laboratory at National Taiwan University and the latter
at laboratory of the Institute of Geological and Nuclear
Sciences, New Zealand. Calibrated radiocarbon ages
[26] are used for the following description and the age of
each depth is extrapolated from the two nearest dates.
The resolution is about 105—120 yr during the Holocene
where the sedimentation rate is relatively stable at about
86 cm/ka (Fig. 1).

3.2. Biomization of modern forests and Holocene
sequence of central Taiwan

This study offers results of a forest reconstruction of the
Holocene pollen sequence using the biomization technique
[25] so as to indicate the relative magnitude of climate
change. The biomization method was originally developed
in Europe and has been applied in China [19,20]. The
method assigns plant functional types (PFTs) to help
classify plant ecology for treating pollen taxa. Certain
basic physiognomic characteristics appear in functional-
type classifications, such as arboreal/non arboreal, leaf-
form (broad/needle), phenology (evergreen/summer
green) and criteria controlled by climate (warm/cold,
dry/wet, etc.). We then combined the PFTs into altitudinal
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Fig. 1. Study site, depth versus age of the Toushe core and the regional altitudinal forest zones.

vegetation (the biome) [27] defined by these known
criteria largely controlled by climate.

In this paper, plant functional types (PFTs) and
biomes used in the Holocene forest reconstruction or
biomization were first tested in modern forests of the
Salixian area, a mountain range 30 km southeast of the
Toushe core. Surface pollen assemblages of 16 sites in
the Salixian area between altitudes 700 and 2800 m were
simulated. In the simulation of modern forests [25], we
modified the previous work of Yu et al. [20] and name
PFTs (supplement Tab. 1) and biomes (supplement
Tab. 2) by the aforementioned altitudinal zones of
central Taiwan with reference to the altitudinal vegeta-
tion and ecological data available. Thus, the tropical
evergreen forest corresponds to the Ficus—Machilus
Zone (<500 m; .23 °C annual temperature) and
subtropical evergreen forest to Machilus—Castanopsis
Zone (500-1500 m; 17-23 °C); warm-temperate
evergreen forest to the Lower Quercus Zone (1500—
2000 m;14—17 °C) and temperate evergreen, deciduous
and conifer mixed forest (comprised of the montane
evergreen forest, montane mixed coniferous forest;
montane deciduous forest) to the Upper Quercus Zone
(2000-2500 m; 11-14 °C); and cool temperate coni-
ferous forest to Tsuga—Picea Zone (2500-3100 m; 8—
11 °C). The result of the simulations (Fig. 2) show a
good reconstruction of modern forests of which 15 of
the total the 16 sites of the natural forests of Salixian are

correctly reconstructed. Only one sample in the tem-
perate forest (altitude 2150 m) was incorrectly recon-
structed as a warm-temperate forest with regards to two
solutions of biome affinity are possible for those sites at
or around an ecotone boundary i.e. 1450 m; 1530 m,
1500 m and 2000 m.

Table 1
Ages versus depths of the studied core

Depth 14C age Calibrated '*C Lab no or 0 age
(cm) (yr BP) age (yr) equivalent
30-40 1840+50 1711-1857 NTU-1883
80-90 2230+50 2156-2326 NTU-1862
172-182 4230+50 4650-4851 NTU-1873
190-210 4410440 4873-5042 NTU-2061
235-245 4800+50 5473-5594 NTU-2062
310-320 5640+ 60 6314-6487 NTU-1856
420-430 6480+60 7319-7430 NTU-1865
473-483 7370+ 60 8041-8289 NTU-1928
535-545 8270+70 9131-9417 NTU-1934
610-620 8780+ 60 9633-10,105 NTU-1847
705-707 9600+130  10,750-11,157  NZ-4089
700-710 9720+ 60 10,892-11,201  NTU-1852
733-734 10,059+87 11,263-11,885  NZA-6258
780-781 10,309+89 11,768-12,582  NZA-6259
787-796 10,450+70 12,158-12,786  NTU-1944
861-870 12,100+90 14,380-14,942  NTU-1988
930-941 12,350+90 14,116-15,053  NTU-1996
1008-1019  13,700+100  16,188-16,701  NTU-3006

Radiocarbon yr were converted to calendar yr. [45,46].
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Fig. 2. Simulated vegetation based on the surface pollen data of
Salixian natural forests using the biomization technique, central
Taiwan. The dash lines show the lower boundaries of actual vegetation
in order to compare with the simulated one. Codes for biomization
simulated vegetation are: A subtropical evergreen forest; © warm-
temperate evergreen forest; [ temperate broadleaved and conifer
mixed forest; < cool-temperate conifer forest.

Following the modern altitudinal forests which
were well simulated (15 of the total the 16 sites of
natural forests were correctly reconstructed), we
commence the simulation of the Holocene sequence
of Toushe.

4. Results
4.1. Results of the Holocene forest reconstruction

Fig. 3 shows the simplified Holocene pollen diagram
with the percentage of each pollen genus based on total
pollen, whereas that of the spores is based upon the sum
of pollen and spores. In contrast to the deciduous
broadleaved forest of A/nus, shown during most of the
last glacial, the Holocene is characterized by an increase
of Castanopsis type pollen — the major element of
subtropical to warm-temperate evergreen forests, and
the remarkable rise of pteridophyte spores which
indicates an increase of temperature and humidity
[24]. We adopted the PFTs (supplement Tab. 1) and
biomes (supplement Tab. 2) from the modern forest
simulation for the Salixian to the Holocene forest
reconstruction of the Toushe core. Results from the
biomization in the fossil sequence shows an altitudinal
shift of forests during Holocene (Figs. 3, 4a). The right-
hand column of Fig. 3 indicates the result of biomization
which shows the Holocene forests along the 1st axis of
detrended correspondence analysis (DCA by the Tilia
Program) [28] of pollen taxa with a percentage >2%;
whereas the last column shows the affinity score of each
forest (biome) during the Holocene. The same result is
also plotted along the time axis in Fig. 4a.

The frequency of forest shifts may relate to the spacing
of altitudinal biomes and their range of favorable habitats
[29]. A Holocene vegetation shift probably indicates that
the site in relation to major ecotones renders the surround-
ing vegetation potentially sensitive to relatively small en-
vironmental changes. The area is presently surrounded by
a subtropical evergreen forest, and was dominated by a
subtropical evergreen forest (500—1500 m) and warm-
temperate evergreen forest (1500-2000 m) during the
Holocene, except when abrupt climate change occurred.
This terrestrial pollen record (Fig. 3) provides the
response function of relative magnitude of abrupt climate
changes by simulated altitudinal vegetation; and the ac-
ceptable dates due to its peaty sediments which exclude a
reservoir effect of "*C date when compared with long
marine record.

The forest types present during the Holocene are
plotted on the 1st axis of detrended correspondence
analysis (DCA) of the pollen assemblage and indicate the
component gradient in Fig. 4a [28]. Subtropical and
warm-temperate evergreen forests dominated during the
Holocene while temperate broadleaved and conifer
mixed forest occurred during the last glacial period.
Subtropical conditions after the late glacial are indicated
from forest reconstruction at 11.5 ka BP (depth 7.28 m).
Subsequently, cold conditions (temperate forest) pre-
vailed around 11.2-11.0 ka BP yet again. Still later,
10.8 ka BP, warm-temperate and subtropical forests
prevailed, similar to the age of boundary late glacial/
Holocene 1.e.10,750 ka BP as inferred from the Dunde
Ice core [30]. An exception occurs in the following ages:
cold events are represented by temperate forest type at
about 7.5 ka BP; 7.2 ka BP; 7.1 ka BP; 5.2 ka BP, 5.0 ka
BP and 4.9 ka BP while warm events represented by
tropical forest type (red dot) at 6.9 ka BP and 6.1-5.9 ka
BP. Subtropical vegetation types prevailed between
8 and 4 ka BP and warm-temperate vegetation types
prevailed in the early Holocene. Pollen assemblages of
samples with equal affinity score of subtropical
evergreen forest and warm-temperate evergreen forest
were common during the early Holocene (Fig. 3).
However, they should be assigned to warm-temperate
forest rather than subtropical forest according to the rules
used for selecting the biome which composed the least
PFTs. The difference between these two forest types is
relatively small due to the fact that the main pollen types
of forests of the zone are the Fagaceae — especially
Castanopsis-type pollen. Castanopsis is the main
element of subtropical to warm-temperate forests. The
same idea was invoked by Tsukada [31], since he
clustered forest from altitudes 500 m to 1800 m as
“warm-temperate forest”.
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Fig. 4. a: Result of forest reconstruction along time axis of Toushe pollen sequence is shown on the DCA 1st axis; b: Be -10 curve'?

in solid line and

percentage of Salix, a relatively cold/dry element, among woody taxa shown by grey line; most of Sal/ix peaks lag to that of Be-10 curve about
hundreds of years but both dominated by a 1500 yr periodicity; dotted lines between Figs. a and b show the possible connection of peaks of Be-10

curve and major cold events indicated by forest shift.

4.2. The Holocene climate optimum

The nature of the Holocene optimum has been debated
in the East Asian monsoon area both for its duration and
on the conditions of maximum precipitation or temper-
ature. A relatively warm and wet period between 10 and
6 ka BP was proposed in both northern and southern
China, from studies of peaty sediments [6,32]. A middle
Holocene warm—humid from 9000 to 4000 '*C yr BP is
inferred from lacustrine and eolian deposits in the
Mongolian Plateau [33] and a warmer phase between 7
and 5.5 ka BP in the desert/loess transition of north central
China has also been reported [34]. According to our
present study, a warmer interval represented by abundant
subtropical forest, exists between 8§ and 4 ka BP and
thermal optima are represented by tropical forest at 6.9 ka

BP and 6.1-5.9 ka BP. In the South China Sea, a high sea
surface temperature between 6.8 and 5.0 ka BP was
reported from a study of mean Sr/Ca-SSTs of coral [35].
Although higher humidity of the Holocene optimum has
been proposed in previous studies [3], our record indicates
that the period between 8 and 4.5 ka BP is relatively low in
humidity compared with the higher humidity indicated by
spores in the early Holocene, except between 6—7 ka BP
when the amount of spores is still significant and
specifically a short wet period may exist at 6.9—6.8 ka
BP (Fig. 5b). A relatively dry phase in the middle
Holocene is probably related to the migration of the
summer monsoon front to northern China [36]. Abrupt
cold warm fluctuations shown by the shift of forest type
occurs in the warm period from 8 to 4 ka BP. Prominent
and abrupt cold phases are discussed below. A climate
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occurred between 8 and 4.5 ka BP. The upper curve for comparison is the 8'%0 value of stalagmite of Dongge Cave with resolution 19 yr, China'".
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change at 4 ka BP, is thought to be coincident with the
collapse of Neolithic culture in China [36]. However, the
ending of a long warm period from § to 4 ka BP may have
had a significant effect on ancient cultures, although the
cold event at 4 ka BP is not the severest one in the middle
Holocene, as shown in this study.

The high humidity intervals inferred by percentages
of spores (Fig. 5b), occur at 10.6—10.3 ka BP; 10-9.7 ka
BP; 9.5-8.5 ka BP and 6.9—-6.8 ka BP. Only the thermal
optimum at 6.9—6.8 ka BP (Fig. 4a) accompanied by a
high spore peak which probably indicates a precipitation
event. This phenomenon shows that thermal and
humidity conditions may decouple during the thermal
optimal 67 ka BP. The relatively drier record of the
middle Holocene is different from the record of the
Dongge Cave where high humidity conditions last from
the early to middle Holocene. This difference is possibly
due to the integrated influence of Indian and East Asian
monsoons in the Dongge Cave record.

4.3. Time series of the Holocene Salix series

Salix, presently a relatively cold dry taxon in Toushe,
(and seven of the total of nine Salix species in Taiwan are
distributed in mountainous areas higher than 1600 m)
grows in open areas of mountains above 1600 m near the
studied site [37]. Salix pollen percentage values peak
during Holocene (Fig. 4b) as follows: 11.2—11.0 ka BP;
9.4 ka BP; 8.9 ka BP; 7.1 ka BP; 7.2 ka BP; 7.5 ka BP;
5.2 ka BP; 5.0 ka BP; 4.0 ka BP; 3.7 ka BP. The higher
peak values usually coincide with the cold events
represented by temperate forest. The high-Salix values at
11.2 ka BP; 11.0 ka BP; 9.4 ka BP; 4.0 ka BP and 3.7 ka
BP correspond to the punctuated Holocene positive 6'%0
events in the Dongge Cave if put within dating limits in the
brackets. Both thermal and precipitation effects possibly
caused these events. Cold events represented by strong
winter monsoon at intervals between 7.5-7.0 ka BP are
also recognized by a Sr/Ca study of corals of the South
China Sea [38] and the more negative signal of 5'%0 of
Dunde Ice core at this time [30]. Cold events between 7.2
and 7.8 ka BP are also indicated in the records from Levant
(Middle East) and East Africa [39]. 5.2 ka BP and 4 ka BP
cold events have been reported in ice core studies from
Tropical Africa [40]. These events thus seem to be global
with the event at 5.2 ka BP stronger than that of the 4 ka
BP, as shown by vegetation response in our study.

A spectral analysis of Salix pollen percentages among
woody taxa indicates that the time series of the Holocene
sequence is dominated by the 1500 yr periodicity (Fig. 6).
This is similar to the cold cycle of 1500 yr in the Indian
Ocean [15,41] and Sulu Sea [16]; the Holocene IRD of the

35F 48kyr 15kyr

0.5 kyrd

5
0
5 0.8 kyr
0
5
0

0 0204 0608 1 12 14 16 18 2
Frequency

Fig. 6. Time series of Salix percentage dominated by the 1500 yr
periodicity.

north Atlantic [12,13], the ENSO cyclicity of the Holocene
in southern Ecuador [42] and that of the last glacial in
Australia [43]. In Australia the millennial-scale dry periods
during the last glacial, probably indicate periods of
frequent El Nino events (summer precipitation declines
in El Nino years) and these dry periods are possibly
correlated to the D/O events, millennial warm events in the
North Atlantic climate record. If this relationship extends
to the Holocene, periods of frequent El Nino events will
recur as millennial scale warm events in the North Atlantic
or Northern Hemisphere. The Holocene ENSO frequency
of Ecuador (Fig. 5a) compares with our Salix percentage
curve, thus the ENSO is in phase with low Salix percentage
(warmer event) before 7.0 ka BP, but not thereafter. As
shown in this study, 7.0 ka BP is a turning point of abrupt
change from cold (at 7.1 ka BP and before) to a remarkable
warm phase (at 6.9 ka BP and middle Holocene thermal
optimal) and from relatively dry (8—7 ka BP) to abruptly
wet conditions at 6.9 ka BP (Fig. 5a and b) which suggests
significant changes in ocean-atmosphere circulation
patterns.

5. The comparison between climatic variations and
production rate of Be-10

The record of sequential Holocene forest change
reflects the relative magnitude of climatic change. We
here compare climatic variations with the production rate
of nuclide Be-10 [12,13] within ice cores to further
discussion of one of the possible significant forcing agents.

The curve of smoothed (70 yr) detrended nuclide
record of Be-10 and curve of Salix percentage among tree
and shrubs are shown in Fig. 4b, both show their time
series dominated by the 1500 yr periodicity. Given the
response of vegetation to abrupt climate change with a lag
of 0—(150)200 yr [44], the prominent cold and dry phases
(temperate forest) revealed in the vegetation i.e. 11.2—
11.0 ka BP; 7.5 ka BP; 7.2 ka BP; 7.1 ka BP; 5.2 ka BP;
5.0 ka BP and 4.9 ka BP, coincide with the most broad,



Table 2

Comparison among events of Be-10 peaks, shifting forests (, relatively prominent which excluding those shifts between subtropical forest and
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warm-temperate forest) and Salix peaks

High Be-10 peak

Change to colder forest type

Existence of Salix peak

11.2 ka BP » 11.2—11.0 ka BP from subtr. to temp.
10.4 ka BP Absent

9.6 ka BP 9.4 ka BP from subtr. to warm-temp.
7.6-7.4 ka BP x 7.5; 7.2—7.1 ka BP from subtr. to temp.
5.6-5.3 ka BP » 5.2; 5.0 ka BP from subtr. to temp.

4.2 ka BP 4.0 ka BP from subtr. to warm-temp.

3.5 ka BP 3.5 ka BP from subtr. to warm-temp.

Low Be-10 peak

Change to warmer vergetation type or with high spore value

11.2-11.0 ka BP
Absent

9.4 ka BP
7.5,7.2,7.1 ka BP
5.2;5.0,4.9 ka BP
4.0 ka BP

Absent

11-10.4 ka BP » 10.8; temp to warm-temp.

10.2-9.7 ka BP 10.0-9.7 ka BP peak of spore; 9.5 ka BP from warm-temp to subtr.
9.1-8.8 ka BP 9.5-8.5 ka BP peak of spore

7.9 ka BP 7.9 ka BP from warm-temp. to subtr.

7.1-7.0 ka BP » 6.9—6.8 ka BP from subtr. to trop.

6.2-5.8 ka BP » 0.1-5.9 ka BP from subtr. to trop.

4.8-4.7 ka BP 4.8-4.7. ka BP from warm-temp. to subtr.

3.9 ka BP 3.9 ka BP from warm-temp. to subtr.

and/or prominent peaks (the dotted line between Fig. 4a
and b) in the curves of the smoothed detrended nuclide
record of high Be-10. The onset of the continuous
Holocene warm period (10.8 ka BP) and the middle
Holocene thermal optimum (6.1-5.9 ka BP) correspond to
the prominent trough of low Be-10. Sudden cold and warm
phases denoted by changes of forest type (Fig. 4a) are
compared with curve of Be-10 (Table 2). Climate changes
with higher magnitude shown by forest changes are likely
to relate with higher or wider peaks of Be-10. A close
relationship between events of vegetation change and Be-
10 values appear, except where short events corresponding
to the relatively narrow peaks of high Be-10 curve at 8.5 ka
BP and 6.4 ka BP and low Be-10 curve at 8.3 ka BP
(Fig. 4b). These are possibly due to the resolution of
samples missing the still short events or the response range
of forests. However, the warmer interval at about 5.9—
6.1 ka BP coincides with the broader but not the lowest
trough of Be-10 curve and the warm but punctuated wet
event at 6.9 ka BP, probably indicate the orbital forcing or
ocean-atmosphere circulation changes superposed on solar
variability that influences abrupt climate change.

6. Conclusion

1. The climatic events inferred from altitudinal forest
shifts during the Holocene in central Taiwan, based
on a biomization technique show that the warmer
Holocene period is between 8 and 4 ka BP. Thermal
optima occurred at 6.1-5.9 ka BP and 6.9 ka BP and
the latter was accompanied by wet conditions. Apart

from the time between 7 and 6 ka BP humidity is
relatively low between 8 and 4.5 ka BP compared
with the early Holocene as inferred from changes of
percentage values of fern spores.

2. Prominent and abrupt cold phases (represented by
temperate forest expansions) occurred at 11.2—11.0 ka
BP; 7.5kaBP; 7.2 kaBP; 7.1 kaBP; 5.2 kaBP; 5.0 ka
BP and 4.9 ka BP. In contrast, the cold event at 4 ka BP
does not appear to be the most severe during middle
Holocene. The diminishing of Neolithic culture in
northern China possibly resulted from the ending of a
long warmer period 8—4 ka BP in China rather than a
severe cold event at this time. Holocene abrupt
changes appear to be associated with solar radiation
inferred by nuclide production rates of Be-10.

3. The 1500 yr-cycle in the percentage curve of a
relatively cold element-Salix during the Holocene
indicates the teleconnection between regional climate
systems. Together with the close relationship of abrupt
climate change with the solar radiation mentioned
above, this study also indicates the significant
influence of solar output. Further modeling experi-
ments are expected to elucidate the relative role of
climate forcings for this region.
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