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Microscopic charcoal preserved in lake and swamp sediments
from 10 sites in Indonesia and Papua New Guinea and from 5 sites
in Central and South America have been used to reconstruct long-
term fire histories for these two regions. Comparison of these records
demonstrates that fire is promoted during periods of rapid climate
change and high climate variability, regardless of the presence or ab-
sence of humans. Broad synchrony of changes in corrected charcoal
values in each region supports an atmospheric transmission of the
climate signal via the dominant large-scale atmospheric circulation
systems (Walker Circulation) that appears to have persisted since
16,000 cal yr B.P. Altered climate boundary conditions under the in-
fluence of changing El Nifio-related variability, insolation, sea level,
and sea surface temperature all influenced the strength of this con-
nection. Correlation of biomass burning records between the regions
tends to increase in the Holocene. The main period of inverse corre-
lation occurs during the Younger Dryas Stade, when extratropical
climate most affected the tropics. The strongest correlation between
the two regions postdates 5000 cal yr B.P., when El Nifio-related
variability intensified. Fluctuations in tropical biomass burning are
at least partly controlled by orbital forcing (precession), although
extratropical climate influences and human activity are also impor-
tant. © 2001 University of Washington.

Key Words: fire; charcoal; Walker Circulation; El Nifo; rain
forest.

INTRODUCTION

events through time. Records of ancient microscopic charcc
show that fires have repeatedly occurred, even in tropical fores
since at least the late Pleistocene, resulting in disturbance of f
estecosystems thatin some cases have led to long-term deple
of rain forest communities (Kershast al,, 1997).

The extensive destruction of rain forest by fires across sout
eastern Asia and northern South America during the seve
1997-1998 El Nid event clearly demonstrated the suscepti
bility of large areas of rain forest to fire under conditions of
extreme drought (Goldammer, 1999). Climatic conditions cor
ducive to combustion in tropical rain forests are brought abot
by periodic failure of the tropical atmospheric circulation systen
to supply moisture to the land surface. In the region of Indones
and Papua New Guinea, the severity of the 1997-1998 & Ni’
event was brought about by an anomalous eastward displa
ment of the zone of convection over the maritime continent t
the central Pacific and a subsequent failure of the Southern Her
sphere Summer Monsoon (Websteal,, 1998). In the Central
and South American region convection over land was displac
westward of its normal position over Amazoniato northern Pert
and an enhanced subtropical jet stream blocked the southern
lar front systems from bringing moisture to the tropics (Martir
et al, 1993).

The broad synchrony existing between these two regions
determined by large-scale atmospheric circulation systems, i
cluding (1) zones of convection and subsidence over each |
gion, forming the Walker Circulation, and (2) redistribution of

Despite the importance of fire and drought to agricultural préveat from the tropics to the poles via Haldley Circulation. The
duction, forest management, biodiversity, and the global carbaverage zone of convection, or meteorological equator, over t
cycle, there is little information on the long-term persistenantinents is strongly dependent on the influence of land-s
or frequency of these events and the consequences for bidiigtributions, land—sea temperature gradients, and cloud co
communities. An evaluation of the paleoecological record oh large-scale atmospheric circulation (Philaneleal, 1996).
past fire events provides the best way of determining the drivilghile the seasonal movement of the meteorological equat
forces behind changes in the frequency and intensity of thesstermines the wet and dry seasons north and south of t

.
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FIG.1. Charcoalrecords from sites in Indonesia and Papua New Guinea (adapted from Eedigfitepress)) and in Central and South America. Standardize:
charcoal curves (dimensionless) are plotted agafi@sage with sample location shown in black squares (see Table 1 for details).

latitudinal equator, it is changes in the position and strength leidonesian and Papua New Guinearegion and Central and So

the meteorological equator on century to millennial time scal@snerican region (Fig. 1) to evaluate the role of climate and othe

that remains poorly understood. factors, such as human activity, in fire occurrence through tim
Terrestrial paleoenvironmental data has increased consider-

ably for the tropics within the last decade, and apart from the METHODS

observation of a synchronous expansion of pollen taxa repre-

senting cool and moist vegetation between Africa and SouthMicroscopic charcoal preserved in soils and lake and swan

America (Servangt al,, 1993), comparisons have been focusesediments has been used, in association with fossil polle

on interhemispheric transects (PEP |, Markgraf, 2000; PEP ii&cords, to reconstruct the occurrence of “regional fire period:

Rokoshet al, 1997). In this paper we use a zonal intertropicah the landscape. A relatively small number of the total paleoec

comparison of long-term cumulative charcoal records from thegical sites available from the tropics have detailed informatio
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on changes in the abundance of microscopic charcoal presen (A)

. . . . . i} Cumulative charcoal i) Total iii) Corrected  iv) Environmental change
in the sediment. A total of 10 sites in the Indonesian and Papi ¢ caiyrar sites charcoal end human occupetion in
New Guinea region (mostly south of the equator) and 5 sites o f -G 'y a3

the Central and northern South American region (mostly nori i Cooling

of the equator) have been selected for this analysis on the ba insted spratore
of sampling resolution and chronological control (Table 1). Cri ~ « EiNioelted

teria for site selection include: (1) small basin ared kn?),

(2) sampling resolution 0&250 yr/sample, (3) good chrono-
logical control, and (4) consistent particulate charcoal measur ~ ®
ments. At each site detailed counts of microscopic particula
charcoal were expressed either as concentrations using the pt
counting method (Clark, 1982) or as a ratio of particles to polle

Summer Monsoon dominant

Warm (+2°C relative to present)
Stable climate

Rapid warming and
wetter

Island formation as

sum. Charcoal particle density values were standardized (unit 14 continental shelf flooded
for each site. Using a linear age model and interpolation, acum Increaeing nfencs of
lative charcoal record was constructed by summing the 200- .
values for each site, and a corrected charcoal curve was calt -
lated (cumulative charcoal per site) (Anderson and Smith, 199 -
Haberleet al,, in press). Within each region, high corrected char S
coal values are assumed to be related to periods of synchroni 2 (5 roervallp presoid
regional burning. 2 e
(B} i} Cumulative charcoal i) Tptal iiiy Corrected iv) Environmental change
RESULTS AND DISCUSSION 10'calyr 8. ‘o . . S . e
The individual charcoal records from each region (Fig. 1
have been derived from a wide geographical spread coverii 2 Intensified agricuture
different vegetation types and variable influence from huma
activity. Vegetation types vary from alpine grasslands to mor B Wiorlsked
tane and lowland forests, all with marked differences in biomas  °©
and susceptibility to fire, producing a variable pattern of firc —_—
frequency across the landscape. A comparison between p i Warm (+2°C rslafve 0 prasent
charcoal records from regions with different human historie
provides one of the most reliable means available of deco cotd water fpencs
pling climate influences from human influences in the foss D First? human occupation
record.
In the Indonesian and Papua New Guinea region the ear 1 Humans absent
est sustained rise in charcoal values occurred at different tim N . Gold (-5 reltve o present)

acrossthe island of New Guinea (Supulah Hilland Haea Swamp,
Fig. 1) and is considered to reflect the strong impact of initial hy-"'C: 2- (A Cumulative charcoal record for the Indonesia and Papua Nex
L . uinea region adapted from Habedeal. (in press). (i) Cumulative charcoal
man occupation in the region about 32’6&] yr BP (Ha.‘berle' record constructed by summing the 200-yr values for each site. (ii) Number
1998; Hope, 1998), supported by archeological evidence fgfes with data for each 200-yr period. (i) Value in (i) divided by the corre-
initial colonization (Swadling and Hope, 1992). Correspondingponding value in (ii). (iv) Summary of climate change and human occupation
pollen records show that burning appears to precede the exphfindonesia and Papua New Guinea region (after Hetag, 1997; Flenley,
sion of grassland at the expense of forest cover, suggesting t7a: Habere, 1998). (B) (i) Cumulative charcoal record constructed by sur
. . ming the 200-yr values for each site in the Central and South American regio
per_S"Stent burning may have forced forest retreat. Human OC%H'Number of cores with data for each 200-yr period. (iii) Value in (i) divided
pation of the Americas occurred much later, possibly betwegpine corresponding value in (ii). (iv) Summary of climate change and huma
13,000 and 11,000 cal yr B.P. (Cooke, 1998), although in thiscupation in the Central and South American region (after Markgraf (2000))
case corresponding pollen records show that burning occurred
at, or slightly after, the expansion of grasslands (Surucucho aity is strongly influenced by climate change and should nc
La Yeguada, Fig. 1), suggesting thatincreased burning may hbestreated as mutually exclusive.
been a response to grassland expansion rather than a causelofgeneral, periods of frequent regional burning in each re
this vegetation change. That subsequent increases in burrgi@n can be shown to correlate broadly with periods of rapi
occurred in both regions at times of increasing agricultural aclimate change or high climate variability, or prehistoric humal
tivity highlights the difficulty in separating human from naturahctivity (Figs. 2A and 2B). In the Indonesian and Papua Ne\
causes of biomass burning, even under a regional comparat&@nea region, reduced biomass burning during the last glac
approach. A more parsimonious interpretation is that human &asaximum (24,000-20,000 cal yr B.P.), at a time when peopl
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TABLE 1
Location, Description, Radiocarbon Dates, and Calibrated Dates (Stuiver and Reimer, 1993) for Sites Used in This Analysis

Site type, Calib. dates
elevation, Depth & range
Site location (cm) 4CyrB.P. (cal yr B.P.) Reference
Indonesian and Papua New Guinea region
Kosipe sedge swamp, 71-82 2Q¥00 2120-1950 Hope (1980)
1960 m, 110-125 353080 3900-3700
8°28S, 14712E, PNG 185-198 4196 80 4840-4780
360 9330+ 250 11,060-10,200
540 35,900+ 850 —
Noreikora Swamp grass/sedge swamp, 340-350 15880 1700-1300 Haberle (1996)
1750 m, 500-510 4479120 5300-4870
6°20'S, 14550E, PNG
Haeapugua grass/sedge swamp, 70-78 4880 920-710 Haberle (1998)
1650 m, 185-190 2868 100 3160-2850
5°50'S, 14247E, PNG 290-300 4386 80 5050-4850
344-350 834@ 150 9520-9090
420-430 11,2768-100 13,400-13,150
480-490 16,648- 250 20,250-19,410
495-505 16,998 180 20,600-19,850
550-560 20,676 150 —
642-650 27,766-390 —
Tugupugua grass/sedge swamp, 60-70 880 910-710 Haberle (1998)
2300 m, 195-200 1706210 1870-1350
5°40'S, 14235E, PNG 400-415 5758 80 6660-6410
600-615 929& 190 10,690-10,240
800-815 12,868 250 16,200-14,250
Lake Hordorli sedge swamp, 90-98 714020 8100-7800 Hope (1996)
780 m, 190-200 10,7568120 12,950-12,650
2°32S, 14033E, Indonesia 390-400 22,580240 —
Supulah Hill shallow lake, 150-170 172070 1820-1570 Hope (1998)
1580 m, 230-250 32,246880 —
4°7'S, 13858E, Indonesia 330-350 33,2801070 —
Lake Habbema lake, 215-225 305@0 3360-3080 Haberlet al. (in press)
3120 m, 382-392 56148 80 6470-6300
4°7'S, 13842E, Indonesia 635-645 9880130 11,550-11,200
ljiombe sedge pen, 310 6450100 7430-7270 Hope and Peterson (1976)
3630 m, 480 10,75 260 12,480-12,370
4°2'S, 13713E, Indonesia 1000 13,85D260 17,000-16,250
Lake Majo lake margin, 220-240 138090 1290-1150 Haberlet al. (in press)
140 m, 414-432 226 190 2350-1950
1°28'S, 12729E, Indonesia 634-648 4272090 4870-4660
Rawa Danau shallow lake, 270-280 3680 510-310 Van der Kaagt al. (in press)
100 m, 380-390 1816 60 1820-1630
6°11'S, 10558 E, Indonesia 490-500 3890160 4450-4090
860-870 545@ 150 6400-6000
1400-1410 11,468 160 13,790-13,170
1640-1650 13,204 240 16,220-15,500

Cana Swamp

Wodehouse Swamp

grass swamp,
~500 m,
7°45N, 77°35W, Panama

grass swamp,
~500 m,
7°45N, 77°35W, Panama

Central and South American region

925-940

162-175
435-445
685—-700
830-840
1030-1040

36800

3%0
1926 140
2680100
339a-100

398a-80

4150-3850

500-320
2000-1700
2800-2500
3800-3500
4550-4300

Bush and Colinvaux (1994)

Bush and Colinvaux (1994)
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TABLE 1—Continued

Site type, Calib. dates
elevation, Depth & range
Site location (cm) 14C yrB.P. (cal yr B.P.) Reference

Central and South American region

La Yeguada shallow lake, 144-160 606010 650-500 Busht al. (1992)
650 m, 335-345 232670 2350-2200
8°27N, 80°51'W, Panama 740-760 5760100 6600-6350
867-877 679& 130 7750-7500
980-995 884a-130 10,200-9600
1030-1050 10216 130 12,300-11,600
1140-1150 10538 100 12,800-12,350
1200-1210 11256 140 13,400-13,000
1310-1320 11618 180 13,800-13,400
1630-1640 1367& 210 16,750-16,050
Lake Curca shallow lake, 25-30 152070 1500-1300 Behling (1996)
35m, 42-47 2748-60 2900-2800
0°46'S, 4751'W, Brazil 72-77 934@: 60 10,700-10,400
90-97 9430 70 10,750-10,550
Lake Surucucho lake 88-100 17200 1700-1550 Colinvauet al. (1997)
3180 m, 402-415 6508 80 7450-7350
3°3'45'S, ca. 78W, Ecuador 580-595 10330140 12,600-11,800
642-653 10008- 140 11,900-11,200
730-745 1307&-270 16,100-15,300
aAMS dates.

had already occupied the region, may have been a functionamid 11,000 cal yr B.P. (Fig. 2B). The strong correspondenc
low land temperatures, as evidenced from vegetation historlztween high charcoal values and the Younger Dryas Stade
(Flenley, 1998; Haberle, 1998) and glacial records (Hope amdggestive of a regional climate change conducive to increas
Peterson, 1976). However, there is sufficient discrepancy demass burning. High-resolution paleoclimate records fror
tween estimates of mean annual temperature from sea-surfagken (Islebeet al,, 1995; Van der Hamman and Hoogheimstra
records and land-based records (Rind and Peteet, 1985) th&885) and ice cores (Thompsenal., 1995) lend some support

causal link between lower temperatures and low biomass butathe notion of a rapid cooling, and possibly drying, event durin
ing is uncertain. Between 20,000 and 10,000 cal yr B.P. burthre Younger Dryas Stade in Central America and the northe
ing appears to have been exacerbated by an unstable con@mith American region. However, the close correspondence |
tion regime brought about by major environmental influencesveen human arrival and high climate variability associated wit
(1) rising sea level and rapidly decreasing continentality, aadYounger Dryas Stade influence would likely have led to an e
(2) the increasing strength of the Southern Hemisphere Sumraeerbation of biomass burning in this region, so the separati
Monsoon (Huanget al, 1997). The early Holocene, betweerof these two influences becomes problematic.

10,000 and 5000 cal yr B.P., is characterized by very infrequentCorrected charcoal values equivalent to the late-glacial p
regional burning at a time when high mean annual temperature&xl values occur during the earliest part of the Holocene, b
(+2°Crelative to present; Nix and Kalma, 1972), combined wittween 11,000 and 7800 cal yr B.P. The climate had shifted
reduced summer insolation and increased winter insolation, magrrmer and wetter conditions and in conjunction with reduce
have decreased the climate variability. Subsequent increasesaasonality (Martiret al, 1997) appears to have been suffi-
charcoal occurred only after 5000 cal yr B.P. and appear to tient to reduce biomass burning, despite the presence of peo
linked to the interacting forces of intensified Elnditelated in the landscape. The subsequent increase in regional burnil
climate variability (McGloneet al, 1992) and agricultural in- most notable between 7800 and 3000 cal yr B.P., corresponds
tensification (Haberle, 1998). paleoclimate records from pollen cores (Absyal, 1991),

In the Central and South American region the late-glacial pdebris-flow deposits (Rodbedt al., 1999), and beach-ridge ter-
riod is characterized by infrequent regional burning that persistces (Martiret al., 1993) that suggest the climate became drie
until about 12,500 cal yr B.P., when the highest corrected chand more variable. Martipt al. (1993) relate this to the onset
coal values are recorded prior to the beginning of the Holoceré El Nifio-related variability.

The combined impact of rapid climate change during the late-Comparison of the cumulative charcoal records demonstrg
glacial transition and the arrival of people on the landscape maypersistent, though modulating, climate connection betwet
have contributed to increased biomass burning between 12,506 Indonesia, Papua New Guinea, and the Central and So
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0 2 4 6 8 10 12 14 16 18 20 22 24 frequency El Niio-related variability in the Central and South
T S0 o4 A : P 5 American region during the late-glacial to early Holocene perio
g‘g §§ (Rodbellet al, 1999) is at odds with recent paleoclimatic mod-
58 < 5 o eling experiments (Clemenét al, 1999) that suggest the am-
fg’é o4 plitude and frequency of El N-related climate variability, in-
[E g% ' fluenced by solar forcing, was high during this period (Fig. 3C)
3§ g§ However, there is a strong correspondence between recc
383 o structed El Niio frequency and biomass burning recorded ove

the last 24,000 yr in the Indonesian and Papua New Guinea |
gion. That the same cannot be said for biomass burning in tl
Central and South American region during the late-glacial peric
implies that climate boundary conditions had altered, possib
under the enhanced influence of relatively cool equatorial A
lantic and eastern Pacific waters (Hostetler and Mix, 1999). A
ternatively, the weak connection between the two regions me
relate to differences in the geometry of the continental shel
where rising sea level transformed the exposed shelf in the |
donesian and Papua New Guinea region into a mosaic of islan
and small ocean basins, creating a complex and rapidly changi
meteorological equator. This may have been a sufficient desta
lizing force on local climate to generate a high regional burnin
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Age (10° cal yr B.P) mate patterns appears to be reflected in the western Pacific

FIG. 3. Comparison among (A) corrected charcoal records (cumulatidé Slightly reduced biomass burning signal. However, supportir
charcoal per site), (B) correlation between these records (moving 2000-yr @vidence for Younger Dryas Stade cooling in the western Pacif
tervalr value), (C)580 ice-core data from the Northern Hemisphere (GISPZegion remains scarce (Peteet, 1995).
oS el t ot s o oo et oo Holocer palynological da show that vegetaton comm
39)91),and (E) number of EI NO'events per 500 yr in ar’1 orbi?ally forced moc;elnltles ad.apted to wet and warm climates were eStab_“Shed
of the tropical Pacific (Clement al, 1999). both regions (Haberle, 1998; Markgraf, 2000). Insolation dat

(precessional) suggests that low latitudes during the ear

Holocene were characterized by reduced seasonality, with re
American tropics (Figs. 3A, 3B). The broad synchrony dively warmer Southern Hemisphere winters and cooler Southe
changes in corrected charcoal values in each region suppéttsnispher summers and a much more restricted meteorolof
an atmospheric transmission of the climate signal via the doral equator covering both Northern and Southern hemispher
inant large-scale atmospheric circulation systems: (1) Walk@vartin et al, 1997). After 7800 cal yr B.P., the cumulative
Circulation across the tropics that creates zones of convectioe signal increases and appears to have become synchron
and subsidence over each region, and (2) Hadley Circulationthe two regions, especially after 5000 cal yr B.P. when th
that redistributes heat from the tropics to the poles. Howevéaw latitudes came under the influence of intensified BhdNi™
fluctuations in the strength of these broad-scale connectioastivity (Sandweisst al, 1996; Clementst al., 1999; Rodbell
as revealed using a moving 2000-yr interval correlation coefét al, 1999). This is further supported by pollen records show
cient calculated between these two records (Fig. 3B), may ing increased vegetation distrubance across the Pacific Ba:
explained by altered climate boundary conditions under the ifMcGloneet al, 1992) after 5000 cal yr B.P. Whether the short-
fluence of changing El Mi6-related variability, insolation, seaterm shift to inverse correlation between the two regions fror
level, and sea-surface temperature (Figs. 3C-3E). 7000 to 5500 cal yr B.P. and after 1500 cal yr B.P. corresponc

There is a general trend of increasing correlation fromoe periodic enhanced extratropical influences on the tropical cl
16,000 cal yr B.P. to the late Holocene, with periods of immate patterns remains unclear.
verse correlation occurring during the Younger Dryas StadeRecords of past regional fire activity appear to reflect mos
and between 7000 and 5500 cal yr B.P. Weakened or lostrongly past global climate change, despite different vegetatic
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communities or human influences on a region. The broad SBieecker, W. S. (1998). Paleocean circulation during the last deglaciation:
chrony and abruptness of changes in the two cumulative firgdipolar seesawPaleoceanography3,119-121.

records support a strong atmospheric transmission of the @gsh, M. B., and Colinvaux P. A. (1994). A paleoecological perspective o
mate signal throughout the tropics. That short-term fluctuationélr;’(';"lc"‘l';Z;seSt disturbance: Records from Darien, Pandalogy 75(6),

in climate are an important determinant of species distributio Ssh. M. B.. Piperno, D. R., Colinvaux P. A., De Oliveira P. E., Krissek L. A.

has been shown by recent ecological studies demonstrating thgge, m. c., and Rowe, W. E. (1992). A 14,300-yr paleoecological profile of
population-level dynamics are affected by annual to decadak jowland tropical lake in PanamBcological Monograph§2(2), 251-275.
scale climate change (Phillips and Gentry, 1994). Forest diebasik, R. L. (1982). Point count estimation of charcoal in pollen preparation
duetodrought stress and fire, or the patchy destruction of canopgnd thin sections of sedimentollen et Spore24, 523-535.

trees after cyclone events, provide evolutionary possibilities bdements, A. C., Seager, R., and Cane, M. A. (1999). Orbital controls on tt
cause they create gaps, Speeding up regeneration dynamics aﬁ&liﬁo/Southem Oscillation and the tropical clima@aleoceanography4,
leading to a maintenance of high biodiversity. Periods of hi%]4_41—456' . _

. L olinvaux, P. A., Bush, M. B., Steinitz-Kannan M., and Miller, M. C. (1997).
climate Var',ab'“ty’ such as 5100 cal yrB.P.to th,e pr,ese_”t' m_ayGIaciaI and postglacial records from the Ecuadorian Andes and Amazo
have been important driving forces for promoting fire in rain quaternary Researohig, 69-78.
forest environments and maintaining diversity of tropical raigooke, R. (1998). Human settlement of central America and northernmost Sot
forests. America (14,000-8000 B.PQuaternary Internationa#t9, 177—-190.

The number of records of charcoal abundance from the trdfenley, J. R. (1998). Tropical forests under the climates of the last 30,000 yea
ics remains very sparse. Additional data no doubt will revealClimate Change9,177-197.
new trends in temporal and spatial patterns of biomass burniffg/dammer, J. G. (1999). Forests on feience284,1782-1783.
although the current data present a Strong argument that tropférgptes, P. M., Stuiver, M., White, J. W. C., Johnsen, S. J., and Jouzel, J. (199

. . . Comparison of the oxygen isotope records from the GISP2 and GRIP Gree
forests have been subject to fluctuating levels of burning througrpand ice coresNature366,552-554.

time. These fIUCtuatlon_S in troplcal blomas_s’ burning are at le@%%erle, S. G. (1998). Late Quaternary vegetation change in the Tari Bas

partly controlled by orbital forcing (precession), although extra- papua New GuineaPalaeogeography, Palaeoclimatology, Palaeoecology

tropical climate influences and human activity are also important37,1-24.

causal elements. Haberle, S. G. (1996). Palaeoenvironmental changes in the eastern highland
Papua New Guine&rchaeology in Oceanidl,1-11.
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