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Abstract.

The effects of humans and climatic variation on fire history in northern

Patagonia, Argentina, were examined by dating fire scars on 458 trees at 21 sitesin rain
forests of Fitzroya cupressoides and xeric woodlands of Austrocedrus chilensis from 39°
to 43° S latitude. Climatic variation associated with fires was analyzed on the basis of 20th-
century observational records and tree ring proxy records of climatic variation since ap-
proximately AD 1500. In the Austrocedrus woodlands, fire frequency increases after about
1850, coincident with greater use of the area by Native American hunters. Increased burning,
particularly in the zone of more mesic forests, is also strongly associated with forest clearing
by European settlers from about 1880 to the early 1900s. The marked decline in fire
frequency during the 20th century coincides with both the demise of Native American
hunters in the 1890s and increasingly effective fire exclusion.

Strong synchroneity in the years of widespread fire at sample sites dispersed over a
north—south distance of ~400 km indicates a strong climatic influence on fire occurrence
at an annual scale. Tree ring reconstructions of regional precipitation and temperature show
a steeply declining influence of climatic variability on fire occurrence from annual to
multidecadal scales. It is the interannual variability in climate, rather than variations in
average climatic conditions over longer periods, that strongly influences fire regimes in
northern Patagonia. Although climatic variability overrides human influenceson fireregimes
at an interannual scale, human activity is an equally important determinant of fire frequency
at multidecadal scales.

Climatic conditions conducive to widespread fire in both xeric Austrocedrus woodlands
and Fitzroya rain forests are typical of the |late stages of LaNifia (cold phase of the Southern
Oscillation) events, as indicated by trends in the Southern Oscillation Index and eastern
tropical Pacific sea surface temperatures during the 1-2 years before and after fire event
years. Years of extreme fire occurrence are associated both with dry winter—springs of La
Nifia events and with the warm summers following El Nifio events. Years in which the
southeast Pacific subtropical anticyclone is intense and located farther south than normal
are years of enhanced drought and fire. Similarly, years of widespread fire in northern
Patagonia are associated with variations in mean sea level atmospheric pressure at about
50°—60° S latitude in the South American—Antarctic Peninsula sector of the Southern Ocean,
as reconstructed from tree rings for AD 1746-1984. Precipitation and, hence, fire regimes
in northern Patagonia are significantly influenced by high-latitude blocking events, which
drive westerly cyclonic storms northward. Variations at decadal to centennial time scales
in major circulation features, such as ENSO activity and the meridionality of regional air
flow at high latitudes, aswell as changesin the degree of coupling of thesefeatures, influence
climate and fire regimes of northern Patagonia.
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INTRODUCTION

Spatial and temporal variation of fire occurrence in
landscapes is highly sensitive to changes in both cli-
mate and land use. For most landscapes, however, the
relative roles of these components of global environ-
mental change, in altering fire regimes, are poorly un-
derstood. Across arange of temporal and spatial scales,
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climatic variation and human activities influence fire
regimes through their effects on ignition sources and
fuel characteristics (Flannigan and Wotton 1991, Ren-
kin and Despain 1992, Agee 1993, Granstrom 1993,
Turner and Romme 1994). Reconstructions of fire re-
gimes, based on stratigraphic charcoal and/or tree ring
records, have demonstrated strong associations be-
tween fire occurrence and climatic variation at inter-
annual to multidecadal scales (Clark 1989, 1990, Bais-
an and Swetnam 1990, Swetnam 1990, 1993, Johnson
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and Larsen 1991, Larsen 1996). Similarly, in some eco-
systems, humans have changed fire frequencies, which,
in turn, have altered fuel conditions and, thus, fire in-
tensity and spread (Kershaw 1986, Savage and Swet-
nam 1990, Agee 1993, Covington and Moore 1994,
Lehtonen and Huttunen 1997). Given that most land-
scapes and fire regimes have been altered to some de-
gree by human activities, the distinction between an-
thropogenic vs. climatic influences on fire regimes is
difficult. In this paper, we consider both humans and
climate as sources of variation in fire regimes along a
gradient from rain forest to xeric woodland, within a
region of essentially homogeneous climatic variation.
We stress the importance of both spatial and temporal
scale in disentangling anthropogenic from climatic in-
fluences on fire regimes and in linking climate-induced
changes in fire regimes to broad-scale climatic mech-
anisms.

Interannual climatic variations are likely to influence
fire regimes through their effects on lightning frequen-
cies and fuel desiccation, whereas longer term (decadal
or longer) climatic variation will have a greater impact
on fuel types and loads (Rothermel 1972, Chandler et
al. 1983, Agee 1993). Similarly, synchroneity of fire
occurrence at an annual scale across a broad region is
likely to be due to high-frequency climatic variation
rather than human activities (Swetnam 1993). Some-
times annual-scale variation in regional fire regimes
can be linked to variations in large-scale features of
atmospheric circulation, such as the El Nifio—Southern
Oscillation (ENSO) and blocking events in the mid-
latitude westerlies (L eighton and Wirawan 1986, Swet-
nam and Betancourt 1990, 1992, Nicholls 1992, John-
son and Wowchuk 1993).

Within a region of homogeneous climate, variations
infireregimes are related to stand- and landscape-level
differences in fuels, topography, and human activities
(Turner and Romme 1994). In many ecosystems, hu-
mans have significantly altered fire regimes so that new
patterns of vegetation and, therefore, fuels have de-
veloped. In some ecosystems, aboriginal populations
formerly set fires for hunting and other purposes, there-
by increasing fire frequency (relative to lightning ig-
nitions). These frequent surface fires maintained rela-
tively open, park-like conditions in areas that today
support dense forests after decades of fire exclusion
(Barrett and Arno 1982, Kershaw 1986, Christensen
1993, Clark and Robinson 1993, Covington and Moore
1994). To distinguish among controls of fire regimes
operating at different spatial scales, observations must
be made across a range of local to regional spatial
scales (Risser 1987, O'Neill 1988).

This paper is part of aseries of studies of disturbance
regimes and forest dynamics as influenced by climatic
variation and humans across a range of spatial and
temporal scales in northern Patagonia (about 37°-43°
S latitude in southwestern Argentina; Veblen and Lo-
renz 1988, Veblen et al. 1992a, Kitzberger et al. 1997,
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Villalba and Veblen 1997a, b, 1998, Kitzberger and
Veblen 1997, in press). Ten new fire records, in com-
bination with 11 previously published fire records
(Kitzberger et al. 1997, Kitzberger and Veblen 1997),
provide aregional network of 21 fire history sites over
3° of latitude that extends from rain forests to xeric
woodlands. We examine spatial variations in this fire
history network and compare temporal variations with
a broad array of instrumental and proxy records of
variations in regional climate and large-scale atmo-
spheric circulation features. Specifically, we address
the following issues: (1) intraregional spatial variabil-
ity and synchroneity of different types of fire event
years and their possible relationships to climatic vari-
ations vs. human activities; (2) influences of seasonal
to multidecadal periods of precipitation and tempera-
ture anomalies on fireregimes; (3) potential differences
between rain forest and xeric woodland habitats in the
sensitivity of their fire regimes to climatic variation;
and (4) effects on fire regimes of anomalies in large-
scale atmospheric circulation features such as ENSO
events and blocking events at higher latitude.

StubYy AREA

The sites sampled for fire history are on the eastern
slopes of the Andes in southwestern Argentina at about
39°22'-43°11" Slatitude (Fig. 1). Most of the sites are
in one of four large Argentine National Parks: Lanin,
Nahuel Huapi, Lago Puelo, and Los Alerces National
Parks (from north to south), which, together, extend
from Andean rain forests eastwards to Patagonian
steppe. Prior to permanent white settlement in the
1890s, Native American hunters used fire to hunt gua-
nacos (Lama guanicoe) and other game, mainly in the
xeric, open habitats of the eastern part of our study
area (Cox 1863, Fonck 1900, Furlong 1964). In the
1850s, the occupation of northern Patagonia by Native
American huntersincreased due to European settlement
of adjacent southern Chile and the emigration of many
Native Americans across the Andes into Argentina
(Cox 1863). Between about 1890 and the 1920s, Eu-
ropean settlers burned extensive areas of Andean forest
in thisregion (Willis 1914, Rothkugel 1916). Since the
creation of the national parksin the 1930s, however, a
policy of fire exclusion has been in effect. Although
most modern fires are set by humans, lightning is an
important source of ignition. Lightning ignited 8% of
al fires (n = 722 fires) and accounted for 16.4% of
the area burned (total areaburned = 118560 ha) in the
four national parksfrom 1938 to 1996 (Administracion
de Parques Nacionales, unpublished data).

The study area encompasses the eastern foothills of
the Andes and the adjacent Patagonian plains at an
elevation of ~800 m. Soils are mainly derived from
recent volcanic ash that overlies Pleistocene glacial to-
pography. To the west, the Andean Cordillera reaches
elevations of >2000 m and has a pronounced rain shad-
ow effect on moist Pacific air masses flowing from west
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Fic. 1. Map showing the location of fire history sample
sites. Details of the fire history samplesitesaregivenin Table
1. Note that North Rio Limay was divided into two sites for
analyses.

to east. Mean annual precipitation declinesfrom >3000
mm near the continental divide to ~800 mm in the
eastern foothills (Barros et al. 1983) and is reflected in
a steep vegetation gradient from temperate rain forest
to the Patagonian steppe (Veblen et al. 1992a). Toward
the west, rain forests are dominated by 40—45 m tall
evergreen Nothofagus dombeyi and have dense under-
stories of 3—6 m tall bamboo (Chusquea culeou). The
wettest areas (>3000 mm annual precipitation) south
of about 41° |atitude are dominated by the giant conifer
Fitzroya cupressoides, which often attains ages >1500
yr (Laraand Villalba 1993, Veblen et al. 1995). Toward
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the east, Austrocedrus chilensis and N. dombeyi form
extensive stands. Pure, dense stands of Austrocedrus
occupy more xeric sites. At amean annual precipitation
of 800-1200 mm, Austrocedrus forms sparse wood-
lands near the ecotone with the Patagonian steppe (Bar-
ros et al. 1983).

In the zone of sparse Austrocedrus woodlands, mean
monthly winter (June-August) temperatures are 2°—
3°C, and summer (December—March) temperatures are
12°-14°C (data from the Bariloche Airport, 41°09" S,
71°10" W). Approximately 60% of the annual precip-
itation falls from May through August, and >90% of
fires occur during the warm and dry season from Oc-
tober through March (Kitzberger et al. 1997). Seasonal
and annual variations in precipitation in northern Pa-
tagonia (at about 40° S) are strongly influenced by
changes in the intensity and latitudinal positions of the
southeast Pacific anticyclone (Pittock 1973, 1980). In
winter, the subtropical anticyclone is located near 33°
S off the coast of central Chile, and steers westerly
cyclonic storms into northern Patagonia. During the
spring and summer months (November—March), the
subtropical anticyclone migrates southwards to about
40° S, where it blocks the westerly flow of moist air
masses into northern Patagonia (Schwerdtfeger 1976,
Pittock 1980). Annual variations of one to two degrees
in the mean latitude of the anticyclone are accompanied
by variations of 0.5°C in mean surface temperature and
10-20% in regional precipitation (Pittock 1973).

The strength of the southeast Pacific subtropical an-
ticyclone is closely related to the anomalous Pacific
tropical convection associated with ENSO (Aceituno
1988, Karoly 1989). Coincident with El Nifio events
(the warm or negative phase of the Southern Oscilla-
tion), winter precipitation is abundant along the tem-
perate latitudes of the Pacific coast of South America,
particularly in central Chile. During the negative phase
of the SO, the southeast Pacific subtropical anticyclone
isweak and displaced to the north (Aceituno 1988). El
Nifio events are associated with higher than average
winter—spring rainfall and warmer summers, and La
Nifia events are associated with the opposite conditions
(Aceituno 1988, Kiladis and Diaz 1989).

The climate of northern Patagoniais also influenced
by blocking events over the South America—Antarctic
Peninsula sector of the Southern Ocean. The strength
of teleconnections between middle and high latitudes
in the South American sector varies with the degree of
zonal vs. meridional air flow (Trenberth and Mo 1985,
Villalba et al. 1997). There is a significant positive
correlation between November—December precipita-
tion in northern Patagonia and sea level atmospheric
pressure at 50°-60° S in the South American—Antarctic
sector of the Southern Ocean (Villalba et al., in press).
High pressure at these latitudes is associated with
blocking eventsin the westerly circulation, which drive
cyclonic storms northward into northern Patagonia.



50 THOMAST. VEBLEN ET AL. Ecological Monographs
Vol. 69, No. 1
METHODS Romme 1980) were scarred. We computed mean fire

Fire history chronologies

Master fire chronologies were developed from 20
sample sites that ranged in elevation from ~700 m to
1100 m (Fig. 1; Table 1). Each site was ~2 km? in
area, except for North Limay (NL), where an area of
~4 km? was sampled. For comparison of fire intervals
with the other sites, NL was divided into halves for
computation of fire statistics, giving atotal of 21 sites.
Three of the sites were Fitzroya-dominated forest or
bog in the western rain forest district, and 15 sites were
sparse Austrocedrus woodlands near the ecotone with
the steppe. One site of Austrocedrus bog was sampled
near the ecotone with the steppe, and two sites of dense
forests of Austrocedrus mixed with Nothofagus dom-
beyi and/or N. antarctica were sampled. Ring width
variations in Austrocedrus chilensis from sites span-
ning the latitudes of the 21 fire history sample sites
were highly correlated (i.e., all pairwise correlations
were significant; P < 0.05) over the interval of AD
1775-1974, which implies a similar pattern of climatic
variation (Villalba and Veblen 1997b).

All sample areas were searched for fire-scarred Aus-
trocedrustrees, and partial cross sectionswere cut from
live and dead trees until preliminary ring counts in-
dicated many redundant dates (Arno and Sneck 1977).
On sanded samples from live trees, dates of rings con-
taining fire scars were determined by counting back-
wards from the outermost ring, and were verified by
cross-dating against marker rings from master tree ring
chronologies from nearby sites (McBride 1983). Fire
scars from dead trees and from trees with severely sup-
pressed growth were cross-dated by measuring ring
widths and using the program COFECHA (Holmes
1983), which compares the ring width series with a
master tree ring chronology from the nearby site. Ac-
cording to convention, the calendar dates of annual
rings in the southern hemisphere are assigned to the
year in which ring formation begins (Schulman 1956).
Thus, afirethat occursin midsummer (February) would
be assigned to the preceding calendar year, becausetree
rings begin to form in October to December.

The computer program FHX2 (Grissino-Mayer
1995), an integrated software package for analysis of
fire history information from tree rings, was used to
analyze fire interval data. Composite fire intervals
(CFI; sensu Dieterich 1980) refer to fires affecting a
group of trees or occurring within a specified area (i.e.,
either a single sample area or group of sample areas).
High percentages of trees with fire scars of the same
year indicate more widespread fires or larger relative
areas burned during those years (Swetnam 1990, Gris-
sino-Mayer 1995). Thus, in addition to analyzing fire
intervals based on the occurrence of any fire in the
area, we also analyzed fire intervalsfor fire event years
in which a minimum of 2% and at least 10% of the
recorder trees (i.e., “‘fire-scar susceptible trees” sensu

intervals (MFI; sensu Romme 1980) and standard de-
viations for CFls.

Methods of relating fire history to climatic
fluctuations

Observational fire and climatic records.—Data on
areas burned each year, according to vegetation type
and source of ignition (human vs. lightning), were com-
piled from Argentine National Park Service records
from 1938 to 1996 for the Andean forests and adjacent
steppe in national parks from about 39°22" to 43°11’
S. Local climatic conditions during these fire event
years were analyzed with superposed epoch analysis,
based on the Bariloche Airport climate station, which
is centrally located in our study area and is the only
station in the region for which data are available
through 1996. Two quantitative records were used as
indicators of ENSO activity: the monthly Southern Os-
cillation Index (SOI) and sea surface temperature
(SST). The SOl is based on differences in standardized
sealevel pressure between Tahiti and Darwin, Australia
(Ropelewksi and Jones 1987), and is a broad-scale in-
dicator of the SO. Positive values indicate La Nifa
(cold) events and negative values indicate El Nifio
(warm) events. Although closely coupled, not all
Southern Oscillation events are associated with the re-
gional El Nifio (i.e., warming of the sea in the up-
welling zone off the coast of southern Ecuador and
Peru; Deser and Wallace 1987, Diaz and Pulwarty
1992). Consequently, SST for Nifio regions 1 and 2,
80°—90° W and 0°-10° S off the west coast of South
America, was used as an indicator of El Nifio and La
Nifia events for the period 1950-1996 (National Oce-
anic and Atmospheric Administration). All climatic
data (including the SOI and SST) were normalized for
the respective periods of analysis. The other documen-
tary record of ENSO activity was Quinn’s (1992) com-
pilation of regional El Nifio events of moderate to very
strong intensities for the period 1525-1987, based on
observations of oceanographic and atmospheric con-
ditions along the coast of southern Ecuador and Peru.

Superposed epoch analysis (Baisan and Swetnham
1990) was used to analyze mean climatic conditions
for different types of fire event years (i.e., al fireyears
or years of greater fire extent based on percentages of
trees scarred or hectares burned). Mean values of cli-
matic parameters from instrumental records or treering
proxy records were calculated for 5-9 year windows,
including the year of the fire event. Mean values of
climatic parameters during the fire event years were
compared to variation in the complete record by per-
forming Monte Carlo simulations that randomly pick
years, calculate expected means, and provide 95%
bootstrap confidence intervals (Mooney and Duval
1993, Grissino-Mayer 1995). In each case, the number
of randomly selected years equal s the number of actual
fire years.
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TaBLE 1. Summary of information on fire history sample areas.
Elevation  No. dated Earliest fire Latest fire No. years
Study area Site code  No. on map (m) series scar date scar date  with scars

Austrocedrus woodlands

Rahue Rahue 1 920 29 1439 1901 26

Lago Huechulafquen Huechu 2 900 10 1641 1905 14

San PedroSn Ped 3 880 6 1757 1854 6

Estancia Collun-co Collun 4 850 16 1656 1908 13

Piedra Tromphul Tromph 5 1060 15 1645 1957 21

Rio Caleufu Caleuf 6 850 29 1592 1897 23

East Lago Traful E Traf 8 1050 16 1867 1932 10

North Rio Limay 1 N Liml 9 1060 49 1634 1980 29

North Rio Limay 2 N Lim2 9 1060 48 1747 1962 31

South Rio Limay SLim 10 1050 42 1641 1989 37

East Rio Limay E Lim 11 1020 21 1573 1950 20

La Cascada la Virgen C Virg 15 850 16 1810 1919 9

Lago Epuyen Epuyen 18 600 17 1772 1923 15

Lago Rivadavia L Riva 19 800 9 1783 1943 10

Rio Grande R Gran 20 500 8 1871 1925 5
Dense Austrocedrus—-Nothofagus forests

West Lago Traful W Traf 7 950 26 1897 1943 9

Laguna Huala Hue Huala 14 900 28 1747 1950 9
Austrocedrus bog

Cordon Serrucho Serruc 17 750 7 1827 1980 6
Fitzroya—N. dombeyi forests

Mallin Blest Blest 12 950 4 1865 1950 6

Lago Roca L Roca 13 850 27 1675 1952 7

El Valle Rayado Rayado 16 1100 9 990 1877 6

Tree ring methods.—To examine possible intrare-
gional variation in climate and fire history, composite
Austrocedrus tree ring chronologies were created for
the northern, central, and southern sample areas for
comparison with fire history chronologies from the
same areas. Four to six tree ring chronologies were
selected for each sector from the 25 chronologies de-
scribed in Villalba and Veblen (1997b) according to
their proximity to fire history sample sitesin each sec-
tor (Table 2). Mean residua chronologies were pro-
duced for each of the three sectors and were compared
to temperature and precipitation records from nearby

climate stations, using correlation function analysis
(Blasing et al. 1984). Correlation coefficients were
computed between ring indices and climate variables
for a sequence of 17 months, starting with January of
the previous growing season and ending with May of
the year in which the ring was formed (i.e., at the end
of the current growing season). For comparison with
each composite Austrocedrus chronology, the climatic
records used were Collun-co (1912-1989), Bariloche
(1905-1990), and Esquel (1905-1988) for the northern,
central, and southern sectors, respectively.

Fire occurrence was also related to three published

TABLE 2. Site and chronology characteristics of Austrocedrus tree rings used for the three composite chronologies.

Latitude Longitude Elevation Period
Sector and site °s) (°w) (m) No. trees No. radii (AD)
Northern sector
Collunco 39°56' 71°08’ 870 12 19 1596-1989
C. LaHormiga 40°03' 71°17 920 13 26 1508-1989
C. Los Pinos 40°04' 71°02' 1100 29 40 1508-1989
P. Tromphul 40°07’ 71°26’ 1060 10 15 1823-1989
Central sector
A. Minero 40°42' 71°16’ 1050 10 16 1589-1991
Confluencia 40°42' 71°09’ 1075 23 25 1723-1989
Cuyin Manzano 40°43' 71°08’ 900 15 15 1543-1974
El Centinela 40°44' 71°06’ 1050 30 39 1461-1989
Southern sector
P. del Toro 41°32' 71°29’ 1160 17 17 1741-1991
El Maiten 41°59' 71°15’ 710 13 13 1690-1974
Est. Teresa 42°57' 71°14’ 820 19 20 1540-1974
Nahuel-Pan 42°58' 71°13’ 850 17 28 1567-1992
L. Terraplen 43°01' 71°34' 650 19 20 1700-1974
R. Futaleufu 43°11' 71°42' 470 8 19 1700-1992

Notes: Chronologies with periods ending in 1974 were collected by LaMarche et al. (1979) but were re-standardized by
Villalba (1995). Descriptive statistics on all chronologies are given in Villalba and Veblen (1997b).
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TaBLE 3. Summary of fire interval statistics for the 1830—1929 period for all sample sites that had at least four recorder
trees (i.e., fire-scarred trees) by 1830. Mean fire intervals (MFI) and their standard deviation (1 sb) are given in years for
all fire years and for years in which scars occurred on =10% of the recorder trees (minimum of two fire scars).

Maximum Minimum Number of
MFI 1sp fire interval fire interval intervals
Vegetation type and All 10% All 10% All 10% All 10% All 10%
site name (and number) years scarred  years scarred years scarred years scarred  years scarred
Austrocedrus woodlands
Rahue (1) 9.8 19.7 5.6 11.6 16 32 3 9 6 3
Lago Huechulafquen (2) 9.0 46.0 8.7 29 46 3 46 8 1
Estancia Collun-co (4) 12.3 14.8 5.6 13.8 20 35 4 4 6 4
Piedra Tromphul (5) 5.2 20.3 2.6 6.8 10 28 2 15 13 3
Rio Caleufu (6) 17.3 21.5 7.2 0.7 22 22 9 21 3 2
East Lago Traful (8) 5.8 115 1.8 6.6 9 20 4 4 8 4
North Rio Limay 1 (9) 4.0 5.0 2.1 1.9 8 8 1 2 15 9
North Rio Limay 2 (9) 3.5 4.1 21 3.3 8 7 1 1 20 8
South Rio Limay (10) 51 8.8 4.1 5.9 14 16 1 1 18 6
La Cascada la Virgen (15) 15.6 21.3 8.1 2.5 24 24 6 19 5 3
Lago Epuyen (18) 8.2 13.7 4.0 8.3 15 30 2 7 11 6
Lago Rivadavia (19) 10.3 17.0 6.4 10.8 20 26 3 5 6 3
Rio Grande (20) 13.5 14.0 8.7 1.4 26 15 7 13 4 2
Austrocedrus—Nothofagus forests

West Lago Traful (7) 6.0 8.3 3.4 3.5 12 12 4 5 5 3
Laguna Huala Hue (14) 5.0 6.0 2.8 8 6 2 6 5 1

Note: Ellipses indicate that the number of intervals was too small for computation of a statistic. Sites were only included
if they had at least three intervals for all fires between 1830 and 1929.

records of climatic variation derived from tree rings:
(1) reconstructions of spring (November—December),
spring and summer (October—-March), and annual
(March—February) precipitation over the period AD
1599-1988 from 16 Austrocedrus tree ring chronolo-
gies from 39° to 43° S (Villalba et al., in press); (2)
mean summer (December—February) temperatures re-
constructed for the period AD 869-1983 from a Fi-
tzroya cupressoides chronology in the west-central sec-
tor of our study area (Villalba 1990); and, (3) arecon-
struction of spring—summer (November—February)
mean sea level atmospheric pressure for AD 1746—
1984 for the South American—Antarctic Peninsula re-
gion (~50°-60° S) derived from tree ring chronologies
from Tierra del Fuego (54°-55° S) and New Zealand
(39°-47° S; Villalba et al. 1997).

REsuLTs
Fire regimes: spatial and temporal patterns

In the 21 sample areas, the number of cross-dated
fire scar samples ranges from 4 to 49 trees, with atotal
of 458 sampled trees for the entire region (Table 1).
Sixteen of the Austrocedrus-dominated sites have sam-
ple sizes large enough to allow comparison of fire in-
terval statistics for 1830-1929, which is the 100-yr
period prior to the beginning of modern fire exclusion
(Table 3). For these 16 Austrocedrus-dominated sites,
MFI varies from 3.5 to 17.3 yr for all fires and from
4.1 to 46 yr for years of widespread fire (i.e., yearsin
which =10% of the recorder trees were scarred; Table
3). As expected, maximum and minimum intervals be-
tween consecutive fires are generally greater for major
fire years than for all fire years.

Three Austrocedrus records and one Fitzroya record

include at least four fire-scarred trees before 1700;
these were used to compare fire regimes in these two
habitat types from 1700 to 1929 (Table 4). At the Fi-
tzroya-dominated site, MFlsare three- to fivefold great-
er than at the Austrocedrus sites. Similarly, fire history
charts of the other two Fitzroya sites (Mallin Blest and
Lago Roca) have relatively few fires in comparison
with Austrocedrus woodlands, but were not analyzed
due to small numbers of fire years (Fig. 2a). In the two
Fitzroya stands, the infrequency of fire events is par-
ticularly evident for major fire years (Fig. 2b).

For all sites combined, the percentages of sites with
scarred trees and of recorder trees scarred in each year
indicate a substantial increase in fire frequency begin-
ning about 1850, rising to a peak in the 1890s and
followed by a dramatic decline beginning in the early
20th century (Fig. 3). Relatively few fire scars have
been recorded since the 1920s (Fig. 2a), and the lack
of years of widespread fire since the early 1900s is
especially striking (Fig. 2b). For all 21 sites combined,
the MFI (years of =10% recorder trees scarred) is 16.5
yr for the fire exclusion era (1930—1989), compared to
2.2 yr for the preceding period of equal length, 1880—
1929 (P < 0.05; Kolmogorov-Smirnov test).

Most sites show an increase in fire occurrence be-
ginning in the late 1840s (Fig. 2). For the 15 Austro-
cedrus woodland sites, MFI declined from 6.1 yr in
1750-1839 to 2.4 yr in 1840-1929 (P < 0.05; Kol-
mogorov-Smirnov test). The timing and extent of the
19th-century increase in burning varies among the in-
dividual sites. Most of the Austrocedrus woodland sites
with long enough records to compare 18th- and 19th-
century fire occurrence show increases in frequencies
of all fire years beginning about 1850 (e.g., Rahue,
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TaBLE 4. Summary of fire interval statistics for sites with at least four recorder trees by 1700. Mean fire intervals (MFI)
and their standard deviation (1 sb) are given in years for all fire years and for years in which scars occurred on =10% of

the recorder trees (minimum of two fire scars).

Maximum Minimum Number of
MFI 1sbp fire interval fire interval intervals
Vegetation type and All 10% All 10% All 10% All 10% All 10%
site name (and number) years  scarred years scarred years scarred years scarred years scarred
Austrocedrus woodlands
Rahue (1) 17.2 38.2 9.5 25.5 39 84 3 9 20 9
Rio Caleufu (6) 12.2 39.8 9.5 38.2 31 107 2 15 18 5
East Rio Limay 1 (11) 19.8 49.0 12.8 22.6 45 85 6 32 14 5
Fitzroya—N. dombeyi forest
Valle Rayado (16) 59.3 36.9 99 26 3

Note: Ellipses indicate that there were too few intervals for computation of a statistic.

Collun, Tromph, N Lim1, N Lim2, S Lim, Epuyen, L
Riva). Years of widespread fire (=10% trees scarred)
at the same sites, however, show either a slight or no
increase in the 1850s (Fig. 2b).

The record from Huala, a site of dense Austrocedrus
and Nothofagus forest, does not show the mid-19th
century increase in fire frequency, but does record a
peak from 1890 to 1920 (Fig. 2a). The record from W
Traf, the other site from dense Austrocedrus and Noth-
ofagusforest, only beginsin the 1880s, but also records
numerous fires in the early 20th century.

Instrumental weather and fire report records:
1938-1996

The synchronous occurrence of fires in the same
years over extensive areas (Figs. 3 and 4) indicates a
strong influence of interannual climatic variation on
fire occurrence. Comparison of national park fire re-
cords with climatic records over the period 19381996
indicates that during years of extensive forest burning,
spring—summers and springs are warmer and drier, re-
spectively, than the means (P < 0.05; Fig. 5a, b). In
contrast, years of extensive grassland burning are not
associated with significantly different (P > 0.05) tem-
peratures or precipitation during the year of the fires
(Fig. 5c¢, d). However, years of major grassland fires
do follow above-average precipitation in the spring of
the preceding year, which may favor more widespread
burning a year later by enhancing the growth of fine
fuelsin grasslands. Lightning isrelatively rarein north-
ern Patagonia, and years in which at least two fires
were ignited by lightning have warmer than average
springs and summers during the fire season (P < 0.05;
Fig. 5e). However, such years are not anomalous in
precipitation (Fig. 5f).

Temporal patterns of seasonal SOl and SST (indi-
cators of ENSO events), which are similar for both
years of widespread forest burning and years of at |east
two lightning-ignited fires, indicate that, over the
1938-1996 period, La Nifia events have been the dom-
inant ENSO event promoting fire. Seasonal SOI reaches
peak values during the summer and occurs one year
prior to the fire season (Fig. 6a, c). Seasonal SST is

low for over ayear prior to the summer of major forest
fire years, and it reaches its lowest values in the fall—
winter of years with at least two lightning-ignited fires
(Fig. 6b, d). Both patterns imply that major fire years
are associated with late stages of La Nifia events.

Tree ring records of fire and climate: AD 990-1989

Tree ring proxy records of climatic variation.—Cor-
relations of Austrocedrus ring widths with monthly in-
strumental temperature and precipitation variations in-
dicate aregionally consistent response to climatic vari-
ation for all three sectors of the study area (Fig. 7).
Tree growth is negatively correlated both with summer
temperatures of the previous growing season and with
spring—summer temperatures of the current growing
season. All sectors also show a strongly positive cor-
relation with November precipitation of the current
growing season. This indicates that the radial growth
of Austrocedrus in xeric woodlands is favored by
above-average moisture availability during the spring—
summer one year prior to the growing season and dur-
ing the current growing season. Overall, these results
indicate that the three composite Austrocedrus chro-
nologies are good records of past variation in moisture
availability that can be used for describing climatic
conditions of fire event years in each of the three re-
spective sectors.

Fire-promoting weather.—Superposed epoch anal-
yses were conducted for each sector, using the fire event
years determined from the Austrocedruswoodland sites
and the respective composite ring width chronology.
Several criteriafor selecting fire event years were used
to identify years of successively more widespread fires:
years of all fires, years in which =10% of recorder
trees (with a minimum of two scars) were scarred at
one or more sites, and years in which =10% of recorder
trees (with a minimum of two scars) were scarred at
two or more sites (Fig. 8). In each of the three sectors,
the Austrocedrus tree ring index exhibits significantly
negative (dry) departures during years of all fires (Fig.
8). The strength of these departures increases substan-
tially for yearsin which =10% of the trees were scarred
at two or more sites. Given that the growth of Austro-
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Fic. 2. Composite fire scar records indicating (a) years of any fire occurrence and (b) yearsin which =10% of the recorder
trees (minimum two scars) recorded fire. Each horizontal line represents a different site, for which dates of fire scars are
indicated by short vertical lines. Dashed lines indicate years prior to the occurrence of the first scar on that tree. Within each

vegetation type, sites are arranged from north to south.
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Fic. 3. Records, based on all 21 sites, showing (a) percentage of sites with scars per year and (b) percentage of samples
(recorder trees) scarred per year. Sample depth lines give (a) the number of sites with recorder trees alive and (b) the total

number of recorder trees alive in each year.

cedrus is significantly correlated with climatic vari-
ables during both the current and prior growing season,
drought may occur during the fire year or in both the
fire year and the previous year. However, results from
the observational fire record for 1938-1996 (Fig. 5d)
imply that drought during the fire year is more critical.

The Austrocedrus tree ring index shows significantly
positive departures for yearst — 3 andt — 5 in the
central and southern sectors (Fig. 8). Thisimplies that
periods of greater moisture availability precedefire sea-
sons by several years, similar to the pattern of above-
average precipitation in year t — 1 for grassland fires,
shown by the observational record (Fig. 5d). The cen-
tral and southern sectors also show significantly pos-
itive (moist) departures of the Austrocedrus tree ring
index during the year following years of most wide-
spread burning (Fig. 8). This is consistent with the
wetter than average year t + 1 for years of widespread
forest burning during the observational period (Fig.
5h).

At the remote Rayado Fitzroya site, summer tem-
peratures are significantly above average during thefire
year; annual precipitation is below average, but not
statistically significant (Fig. 9a, b). Thus, reduced
moisture availability associated mainly with a temper-
ature-induced increase in evapotranspiration during the
summer of the fire year appears to promote fire in these
rain forests. Both summer temperature and annual pre-
cipitation (derived from tree ring chronologies from

unburned stands) are significantly above average for
the year following the fire event year (Fig. 9a, b).
For all of the Austrocedrus-dominated sites (n = 18),
reconstructed annual precipitation and summer tem-
perature were compared for years in which =10% of
trees were scarred in at least one site over the period
1600-1929 (i.e., prior to fire exclusion). Annual pre-
cipitation is significantly below average during the fire
event year and the preceding two years, and summers
are warmer than average during the fire year (Fig. 9c,
d). Five years prior to the fire event year, reconstructed
annual precipitation is high and summer temperatures
are relatively low, consistent with the above-average
moisture availability indicated by Austrocedrus ring
widths in year t — 5 (Fig. 8). Similarly, the lack of
significant departures of the ring width index in years
t—1andt — 2 (Fig. 8) is consistent with those years
being dry but not warm. Again, the year following the
fireyear ischaracterized by significantly above-average
precipitation (Fig. 9d). Thus, for both the Austroced-
rus-dominated sites and the Fitzroya site, years fol-
lowing fires have greater annual precipitation and a
tendency toward warmer than average summers.
Relationships of fire to climatic variation at different
time scales.—The importance of temporal scalein pre-
cipitation variability is revealed by comparing fire oc-
currence in the five wettest or driest November—De-
cember and October—March seasons over periods of 1,
5, 25, and 50 yr from 1599 to 1989, based on precip-
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had recorder trees at the date of the respective fire events but did not record fire.

itation reconstructions from Austrocedrus tree rings
(Table 5). The five single years that were driest during
November—December and October—March are yearsin
which the number of sites recording fire is 91-445%
above the average. Conversely, the five single years
with the wettest springs are mostly years of little or no
fire occurrence (Table 5). At a5 yr time scale, however,
there is no consistent relationship between fire extent
and drought, even if the 1958-1962 period within the
fire exclusion eraisignored. For wet 5 yr periods, there
is a tendency (seven of nine cases) toward less fire,
but, at time spans of 25 and 50 yr, the influence of
precipitation on fire occurrence is not evident.

The correspondence of single years of extreme sum-
mer temperatures with variation in fire extent is less
consistent than the annual-scale pattern for precipita-
tion (Table 6). Although three of the five warmest sum-
mers coincide with high fire occurrence, no fire scars
were recorded in the other two years. Four of the five
years with the coolest summers were years of no re-
corded fire. Of the eight warmest 25- and 50-yr periods,
only three were characterized by above-average fire
extent.

Relationships of fire event years to hemispheric
circulation anomalies

Superposed epoch analysis was used to relate vari-
ation from all 21 sites in percentage of recorder trees
with scars in each year to the initiation of regional El
Niflo events (moderate to very strong events in Quinn
1992). The time period analyzed was 1520-1929,
which corresponds to five years before the first El Nifio
event in Quinn’s (1992) record, until the beginning of
modern fire exclusion. Thisregional index of fire shows
a significant positive departure during the year prior to
the beginning of El Nifio events (Fig. 10a). Given the
tendency for La Nifia and El Nifio years to occur in
consecutive years (Diaz and Kiladis 1992), this pattern
indicates that years of more widespread fire are asso-
ciated with late stages of La Nifia events.

The 10 years of greatest fire occurrence (i.e., highest
percentage of sites with fire-scarred trees) show a
strong association of extreme fire years with ENSO
activity (Table 7). All 10 years are associated with be-
low-average spring, spring—summer, and annual pre-
cipitation, but the deficit of spring—summer precipita-
tion is greater than the annual deficit. Summer tem-
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Fic. 5. Seasonal temperature and precipitation departures in standard deviations (sp) for 5-yr windows (t — 2yrtot +
2 yr) centered on years of major forest fires (>1000 ha burned), major grassland fires (>10 ha burned), and =2 lightning-
ignited fires in Lanin, Nahuel Huapi, Lago Puelo, and Los Alerces National Parks for 1938-1996. Seasons are abbreviated:
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Dotted lines indicate bootstrap 95% confidence intervals based on 500 Monte Carlo simulations of the same number of years
as fire event years (Mooney and Duval 1993). Vertical dashed lines indicate the fire season, and n indicates the number of
fire event years. Fire data are from the Argentine National Park Service. Climatic data are from the Bariloche Airport station.

peratures associated with extreme fire years are much
more variable, and three of the 10 event years had
cooler than averge summers. According to historical
descriptions of climatic conditions along the west coast
of South America (Quinn 1992), six of the 10 years
(1747, 1841, 1854, 1871, 1877, and 1897) coincide
with moderate to very strong El Nifio events (Table 7).
Because the fire event years are dated in dendrochron-
ological years (e.g., the 1871 dendrochronological year
includes January—March 1872), they coincide with the

warmer than average summers expected in the calendar
year following El Nifo events (Kiladis and Diaz 1989).
For the four strong/very strong El Nifio fireyears, mean
summer temperatureis 1.11°C above the mean, whereas
it is 0.19°C below the mean for the non-El Nifio fire
years (P < 0.05; t test). In three of the four fire years
not coinciding with El Nifio events, the fire year pre-
cedes an El Nifo event by one year, as expected from
the association of fire and late stages of La Nifia events
(Figs. 6 and 10a). The year 1893 is the only extreme
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Fic. 6. Departuresin standard deviations (sb) of seasonal Southern Oscillation Indices (SOI) and sea surface temperatures
(SST) for 5-yr windows (t — 2 yrtot + 2 yr) centered on years of major forest fires (>700 ha burned) and years of =2
lightning-ignited fires in Lanin, Nahuel Huapi, Lago Puelo, and Los Alerces National Parks for 1938—1996 and 1950—1996,
respectively. Seasons are abbreviated as in Fig. 5. Dotted lines indicate bootstrap 95% cis based on 500 Monte Carlo
simulations of the same number of years as fire event years (Mooney and Duval 1993). Vertical dashed lines indicate the
fire season, and n indicates the number of fire event years. Fire data are from Argentine National Park Service. SOl and SST

data are from the U.S. National Oceanic and Atmospheric Administration.

fire year that neither coincides with nor immediately
precedes a regional El Nifio event. However, it closely
follows the very strong 1891 regional El Nifio and, for
the Pacific region in general, 1892 is considered a La
Nifa year (Diaz and Kiladis 1992). Thus, all 10 of the
most extreme fire years either coincide with an El Nifio
or a La Nifia event.

Years of widespread fire in Austrocedrus-dominated
sites (i.e., =10% of trees scarred at one or more sites)
are also associated with low mean sealevel atmospher-
ic pressure at latitudes 50°—-60° S in the South Amer-
ican—Antarctic sector of the Southern Ocean (Fig. 10b).
Aswewill discuss, such yearsaredrier than the average
in northern Patagonia.

DiscussioN
Human influences

The most dramatic temporal change in fire occur-
rence in northern Patagoniais the abrupt declinein fire
frequencies in the early 1900s, which immediately fol-
lowed the demise of the Native American hunting pop-
ulation. Low fire frequency during the 20th century is
attributed both to decreased intentional burning and,

since about 1930, to fire exclusion. Fire frequencies
began to increase at most Austrocedrus woodland sites
after about 1850, and peaked in the late 19th century
(Fig. 2a). The mid-19th century increase in all firesis
coincident with increased use of the Austrocedrus hab-
itat by Native American hunters as a result of immi-
gration from the Chilean side of the Andes, stimulated
by the European colonization of southern Chile (Cox
1863). Although most the sites of Austrocedrus wood-
lands show an increase in the occurrence of al fire
years in the mid-1800s, for years of widespread fire
(=10% trees scarred), increases are either lacking or
weaker (Fig. 2). Given that single years of widespread
burning are more likely to be determined by weather
than by year-to-year variation in the frequency of ig-
nitions by humans, this suggests that the mid-19th cen-
tury increase in all firesis at least partially attributable
to an increase in human-set fires. Thisinterpretation is
supported by the lack of increase in fires in the mid-
19th century at the more isolated E Lim site (Fig. 2a).
Thissiteis physically separated from neighboring sites
that show the mid-19th century increase by the large
Rio Limay, which may either have impeded fire spread
or reduced human access.
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Fic. 7. Correlation functions, based on residual tree ring chronologies, relating variation in the radial growth of Austro-
cedrus to monthly mean temperatures and precipitation for the northern, central, and southern sectors. (Single-letter abbre-
viations of months are given at bimonthly intervals on the x-axes.) For each sector, mean ring width chronologies are based
on 4-6 site chronologies and are related to the longest climatic record for each sector. Bars capped with dots indicate
statistically significant correlations (P < 0.05). Tree ring chronologies used for the subregional composite chronologies are
given in Table 2.
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Time periods start 5 yr prior to the date of the first fire event

year and extend to the year of the most recent fire (1989). The number of fire event years is given by n.

High fire frequencies in the 1890s to early 1900s,
especially at sites of dense Austrocedrus forests, but
also at many open woodland sites, coincide with the
period of extensive forest burning by European settlers
in attempts to create cattle pasture (Willis 1914, Roth-
kugel 1916). This burning also resulted in the estab-
lishment of extensive even-aged, pure Nothofagus for-
ests with cohort ages indicating a marked peak in burn-
ing about 1900 (Veblen et al. 1992a). These more
densely wooded habitats were not generally utilized by
Native American hunters, and fires set by Native Amer-
icans were probably rare, except for forest clearing of
a few trans-Andean travel routes (Cox 1863, Fonck
1900, Furlong 1964). Consequently, fire records from
the more mesic forests would not be expected to show
the earlier increase in fire frequency associated with

aboriginal immigration from Chile, even if remnant fire
scar susceptible trees had survived the late 19th-cen-
tury episode of increased burning. The Rayado site in
Fitzroya rain forest is nearly inaccessible and not lo-
cated near any trans-Andean travel routes; thus, it is
unlikely to have been a site of fires set by either Native
Americans or Europeans. The lack of any trend toward
increased burning associated with human settlement of
the region is consistent with the isolation of this site
(Fig. 2a). In contrast, both Blest and L. Roca, the other
two Fitzroya sites, arein areas of relatively easy access
to Europeans, and were parts of important travel routes
utilized by Europeans since the late 1800s. Both show
marked increases in fire frequencies in the early 1900s
(Fig. 2a).

Although not examined here, changesin fire regimes
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Fic. 9. Departures of reconstructed summer temperature and annual precipitation for fire yearsin the Fitzroya-dominated
rain forest at El Valle Rayado (a and b), and for years in which =10% of recorder trees were scarred in one or more of 18
Austrocedrus-dominated forests and woodlands (¢ and d) for windows beginning 5 yr before and ending 2 yr after the fire
year. Time periods analyzed are (a) AD 900-1983, (b) 1600—1987, and (c, d) 1600—1929. Bars capped with dots are statistically
different (P < 0.05) from means determined from 1000 Monte Carlo simulations based on the same number of years as the
event years (Mooney and Duval 1993). The number of fire event years is given by n. The reconstructed summer temperature
time series is from Villalba (1990), and the reconstructed annual precipitation is from Villalba et al., in press.

by European settlers also have had important secondary
impacts on fuel conditions and the potential for fire
spread. For example, during the fire exclusion era, the
increase in tree density in Austrocedrus woodlands and
invasion of trees into the steppe have created more
contiguous woody fuels (Veblen et al. 1992a, Kitzber-
ger and Veblen, in press), so that sites previously sup-
porting only surface fires are now susceptible to stand-
replacing fires. Conversely, the extensive burning of
mesic forests in the 1890s to 1920s resulted in vast
areas of even-aged, regenerating Nothofagus—Austro-
cedrus forests. During the first few decades of stand
development, these young stands may be less suscep-
tible to fire spread, but as stands reach ages of 60—100
yr, self-thinning produces abundant, intermediate-sized
fuels that may favor fire spread. Thus, some of the
decline in fire frequency during the 20th century may
reflect human-induced changes in fuel conditions.

Influences of temperature and precipitation

Instrumental climatic records indicate that years of
widespread forest fires coincide with drier and warmer
than average spring—summers, but that fire occurrence
in grasslandsis not significantly related to weather dur-
ing the year of the fire season. In the grassland zone,
summer drought is severe enough in normal years to
permit burning, whereas summers in the forest zone
are only sufficiently dry in exceptional years to permit
widespread burning. Years of extensive grassland burn-
ing, however, do tend to follow wetter than normal
springs one year prior to the fire season, which may
increase the availability of fine fuels through enhanced
growth of grasses.

Thereisasharply declining influence of precipitation
and temperature on fire occurrence from annual to mul-
tidecadal periods. Although annual precipitation anom-
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TaBLE 5. Regional fire characteristics for the five driest and wettest seasonal (November—December and October—March)
events and for the five nonoverlapping wettest and driest 5-yr, 25-yr, and 50-yr periods, based on moving averages over

the period 1599-1989.

Five driest periods

Five wettest periods

Nov—-Dec Oct—Mar Nov—Dec Oct—Mar
Period  Precip.t Sitest Precip.  Sites Period  Precip. Sites Precip. Sites
(AD) (sp) (%) Period (sp) (%) (AD) (sp) (%) Period (sp) (%)

1-yr periods

1943 -1.63 +312 1682 -1.66 +91 1600 +1.26 —100 1941 +1.44 +9

1813 —1.60 +382 1943 —1.43 +336 1945 +1.23 +9 1920 +1.24 —100

1682 -159 +91 1841 —135 +445 1868 +1.22 —-100 1811 +1.24 -100

1962 —-1.47 +118 1913 —1.31 +445 1941 +1.14 +9 1940 +1.12 -100

1599 —-1.46 +154 1962 —1.22 +118 1760 +1.08 —100 1760 +1.07 —100
5-yr periods

1817-1821 -0.63 —28 1680-1694 —-0.60 +91  1868-1872 +0.56 +74 1937-1941 +0.69 —78

1680-1684 —0.54 +91 1958-1962 —0.47 —35 1938-1942 +0.55 78 1634-1638 +0.60 —49

1910-1914 -0.47 +118 1744-1748 —-0.46 +62 1808-1812 +0.55 —28 1944-1948 +0.53 —53

1743-1747 -0.47 +62 1663-1667 —0.45 —-100 1944-1948 +0.46 +53 1808-1812 +0.50 —28

1958-1962 —0.45 —35 1910-1914 -0.44 +118 1926-1930 +0.45 -78 1617-1621 +0.49 -50
25-yr periods

1895-1919 -0.20 +143 1895-1919 -0.20 +143 1925-1949 +0.26 +1 1925-1949 +0.26 +1

1804-1828 —0.19 +9 1662-1686 —0.19 —31  1868-1892 +0.18 +92 1630-1654 +0.21 —48

1662-1686 —0.15 —-31 1697-1721 -0.11 —63 1630-1654 +0.15 —48 1719-1743 +0.14 —42

1733-1757 -0.13 -6 1803-1827 -0.11 -1 1720-1744 +0.12 —49 1868-1892 +0.12 +79

1695-1719 -0.07 -56 1731-1755 -0.10 -4  1600-1624 +0.10 —59 1963-1987 +0.10 —83
50-yr periods

1798-1847 -0.10 -5 1655-1704 —0.11 —21 1926-1975 +0.12 —34 1928-1977 +0.14 —26

1875-1924 -0.10 +132 1875-1924 -0.10 +132 1605-1654 +0.10 —59 1605-1654 +0.14 —59

1644-1693 —-0.09 -39 1818-1867 —0.07 +50  1843-1892 +0.09 +88 1851-1900 +0.05 +121

1737-1786 -0.05 —-21 1710-1759 -0.03 -39 §

§ 1761-1810 —-0.02 -36

T Precipitation departures are in standard deviations and are from Villalba et al. (in press).
F Percentage departures from the 1599-1989 mean number of sites.
§ Precipitation was above the long-term mean for all other nonoverlapping 50-yr periods.

alies strongly influence the regional extent of fire at 1-
and 5-yr time scales, climatic influences over longer
periods are weak or inconsistent. In fact, at 25- and
50-yr time scales, maximal fire occurrence coincides
with periods of above-average precipitation in the late
19th to early 20th century (e.g., 1868-1892, 1843—
1892, and 1851-1890 in Table 5), which was a time of
increased intentional burning by humans. Nevertheless,
the inclusion within the post-1930 fire exclusion era of
several 1- and 5-yr periods of spring—summers that
were among the wettest since 1599 may have contrib-
uted to the decline in fire extent during the present
century.

ENSO influences

Although multidecadal average precipitation and
temperature do not strongly influence fire occurrence,
variations in fire regimes at a 50-yr time scale have
been tentatively associated with variations in ENSO
activity, which affects interannual variability in mois-
ture availability (Kitzberger and Veblen 1997). Month-
ly SOI, over the period of 1882-1989, indicates that
major fire years tend to coincide with the late stages
of La Nifa events (Kitzberger and Veblen 1997). The
larger and more varied data sets on climatic variation
and fire history in the current study strongly support
our preliminary finding of ENSO influences on fire

occurrence in northern Patagonia. Observational re-
cords of fire and indicators of ENSO from recent de-
cades indicate that summers of major forest firesfollow
fall-winters of positive SOI and cooler SST in the east-
ern tropical Pacific, which indicate La Nifia conditions
(Fig. 6). Similarly, comparison with the documentary
record of regional El Nifio events (Quinn 1992) shows
that fire occurrence is greater during the year imme-
diately prior to the initiation of El Nifio events (Fig.
10a), which tends to be the late stage of La Nifiaevents
(Kiladis and Diaz 1989). This is consistent with the
above-average annual precipitation that characterizes
the year following fire years, based on the long-term
tree ring record of climate and fire in both the Fitzroya
forests and in Austrocedrus-dominated forests and
woodlands (Figs. 8 and 9).

Consideration of the 10 years of most widespread
fire since 1740 (Table 7) indicates that years of major
fires also coincide with the warm summers that follow
strong/very strong El Nifio events. Thus, there are two
ENSO-related patterns associated with years of ex-
treme burning: (1) warmer summers in the calendar
year following El Nifio events (which is the same year
as the dendrochronological year); and (2) reduced win-
ter—spring precipitation during La Nifia events preced-
ing extreme fire years.

The positive association of fire event years in Aus-
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TaBLE 6. Regional fire characteristics for the five warmest and coolest seasonal (summer) events and for the five non-
overlapping warmest and coolest 5-yr, 25-yr, and 50-yr periods, based on moving averages over the period 1599-1983.

Five warmest summers Five coolest summers
Temp.t Sitest Temp. Sites
Period (sp) (%) Period (sp) (%)
1-yr period
1655 +3.62 —100 1736 -2.35 —100
1877 +3.43 +554 1971 -2.14 —100
1699 +3.31 +91 1655 —2.09 —100
1718 +3.31 —100 1947 —-2.04 +118
1851 +3.28 +335 1610 —2.02 —100
5-yr period
1718-1722 +2.71 —41 16551659 —-2.41 =17
1665-1669 +2.60 —100 1641-1645 -2.30 +67
1877-1881 +2.43 +96 1826-1830 -2.28 +165
1766-1770 +2.37 —-20 1947-1951 —-2.20 +52
1698-1702 +2.06 +52 1899-1903 -1.95 +270
25-yr period
1755-1779 +2.18 —-41 1636-1660 -2.31 —42
1874-1898 +2.03 +136 1927-1951 -1.83 +6
1668-1689 +2.00 -32 1601-1625 -1.67 -60
1839-1863 +1.61 +81 1785-1809 -1.35 -35
1698-1722 +0.98 —64 1886-1910 -1.20 +176
50-yr period
1744-1793 +1.94 -20 1601-1650 —2.50 -55
1833-1882 +1.93 +70 1899-1948 -1.95 +55
1651-1700 +1.00 —28 1783-1832 -1.09 -4
§ 1688-1737 -0.37 —-34
§

T Temperature departures, in standard deviation, are from Villalba et al.(in press).
¥ Percentage departures from the 1599—-1983 mean number of sites with scars.
§ Temperature was below the long-term mean for all other nonoverlapping 50-yr periods.
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Fic. 10. Departures from (a) the mean percentage of samples (recorder trees) scarred in all 21 fire history sites for 9-yr
windows centered on initial years of regional El Nifio events, and from (b) mean summer sea level atmospheric pressure for
9-yr windows centered on years in which =10% of recorder trees were scarred in one or more of 18 Austrocedrus-dominated
forests and woodlands. Time periods analyzed are: (a) 1520-1929, and (b) 1746-1984. Bars capped with dots are statistically
different (P < 0.05) from means determined from 1000 Monte Carlo simulations based on the same number of years as the
event years (Mooney and Duval 1993). The number of fire event years is given by n. The reconstructed mean sea level
pressure time series is for 50°-60° S in the South American—Antarctic Peninsula sector of the Southern Ocean (Villalba et
al. 1997).
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TaBLE 7. The 10 years of most widespread fire and their climatic characteristics for the period 1740-1995.
Sitest Scarst Regional Precipitation (1 so)f Summer
Year (%) (sb) El Nifio§ Intensity|  Nov-Dec Oct—Mar Annual temp. (°C)
1747 36 +3.4 1747 S+ -0.91 —1.06 -0.24 +0.87
1827 61 +10.7 1828 VS —1.06 -1.02 —0.47 -0.79
1841 24 +2.1 1841 M? -1.24 -1.39 -0.76 +1.37
1854 31 +4.7 1854 M -0.25 -0.12 -0.21 —0.46
1859 25 +3.3 1860 M -0.43 —-0.10 -0.49 +0.47
1871 21 +1.7 1871 S+ -0.51 -0.41 -0.87 +0.38
1877 26 +2.8 1877-1878 VS -1.36 -1.21 -0.73 +2.12
1893 32 +3.1 1891 VS -1.33 -1.01 -0.78 +0.34
1897 52 +5.6 1897 M+ -0.42 -0.19 —0.06 +1.07
1901 30 +2.1 1902 M+ -0.49 -0.34 -0.65 -0.77
Mean 34.2 +4.0 —0.80 —0.69 —0.53 +0.77
1 sb 13.0 2.7 0.43 0.50 0.28 0.95

T Percentage of the 21 sample sites with recorder trees alive

that record fire in that year.

T Departures, in standard deviations, from the 1599—1989 mean number of recorder trees scarred per year.
§ Date of the previous regional El Nifio event, taken from Quinn (1992). The question mark for 1841 indicates that this
date was not listed in Quinn (1992) but was included in a more recent analysis by Ortlieb (1994).

|l Intensities of El Nifio events are given as: M, moderate; S,

strong; and VS, very strong.

9 Departures, in standard deviations, from the 1599-1989 regional annual precipitation for northern Patagonia, taken from

the tree ring reconstruction of Villalba et al. (in press).

trocedrus woodlands with above-average moisture
availability 3-5 yr prior to the fire season (Figs. 8 and
9) falls within the common return intervals of ENSO
events and anomalies in high-latitude circumpolar cir-
culation (Mann and Park 1994, White and Peterson
1996). Thus, it may reflect the autocorrelation of ENSO
events at time scales of 3-5 yr, rather than a causal
relationship between increased fuels and greater fire
hazard. For example, the tendency for fire event years
at the Rayado site to follow wet years by 3 yr (Fig.
9b) isunlikely to be dueto increased fuelsin rain forest
vegetation. On the other hand, the positive association
shown by the observational record (1938—-1996) for fire
events in grasslands with above-average spring precip-
itation 1 yr prior to the event, and the lack of such a
relationship for forests, suggest that there is a causal
relationship between increased growth of fine fuelsand
increased grassland fire. Many of the open woodland
sites of Austrocedrus are more similar to grasslands
than to mesic forests in their fuel characteristics, and
itislikely that increased moisture availability enhances
the fire hazard several years later.

The strength of the relationship between ENSO
events and climate is known to have varied at hemi-
spherical and global scales over decadal and centennial
time scales (Diaz and Pulwarty 1994). In northern Pa-
tagonia, although spring and summer temperature vari-
ations are significantly correlated with the SOI for the
interval 1909-1981, the correlation is nearly absent
during the 1930s and 1940s (Villalbaand Veblen 1998).
The relationship between climate and ENSO forcing in
northern Patagonia is highly variable according to the
timing and strength of events (Villalba 1994). Thus,
despite the statistically significant associations dem-
onstrated here, variation in fire regimes in northern
Patagonia can only partially be explained by ENSO
forcing.

Association of fire years with other circulation
features

Variation in fire regimes in northern Patagonia is
strongly related to the intensity and latitudinal position
of the subtropical anticyclone of the southeast Pacific
(Kitzberger et al. 1997). When the anticyclone is more
intense and located farther south off the coast of south-
ern Chile, fewer cyclonic storms enter the continent at
about 40° latitude, resulting in drought and more fire
in northern Patagonia. Mgjor fire event years in north-
ern Patagonia are also associated with below-average
atmospheric pressure at 50—60° S in the South Amer-
ican—Antarctic Peninsula sector of the Southern Ocean
(Fig. 10b). Lower pressure reflects lack of blocking
highs that otherwise increase precipitation in northern
Patagonia by steering westerly cyclonic storms north-
wards into the continent. Again, the strength of the
relationship between precipitation in northern Pata-
gonia and sea level atmospheric pressure at high lati-
tudes has varied markedly; it is stronger during the 20th
century than during the previous roughly 150 yr (Vil-
lalba et al., in press). Similarly, interannual variability
in precipitation has been greater during the 20th cen-
tury than during the previous three centuries (Villalba
et al., in press), which may reflect variations in both
high-latitude circulation features and ENSO activity.

Variation in the southeast Pacific anticyclone and
high-latitude atmospheric circulation is also linked to
ENSO events (Diaz and Kiladis 1992). Major blocking
highs southwest of South America at about 55° S, 90°
W tend to coincide with warm SO events (Rutllant and
Fuenzalida 1991). Thus, precipitation anomalies in
northern Patagonia are linked to both ENSO events and
high-latitude circulation features, which themselves
may be coupled. In the circumpolar flow at about 55°
S, interannual variations in sealevel atmospheric pres-
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sure, SST, and sea ice extent have been shown to have
a periodicity of 4-5 yr for 1979-1994 (White and Pe-
terson 1996). Over the interval 1746-1984, mean sea
level atmospheric pressure has a peak oscillation of
~3.4yr (Villalba et al. 1997). Such a close association
between the oscillatory behaviors of circumpolar cir-
culation and the SO has led to a postul ated relationship
to El Nifio activity in the equatorial Pacific (White and
Peterson 1996, Villalba et al. 1997). Variations at de-
cadal to centennial time scalesin major circulation fea-
tures such as ENSO activity and the meridionality of
regional air flow at high latitudes, as well as changes
in the degree of coupling of these features, are impor-
tant influences on climate and fire regimes of northern
Patagonia.

At much longer time scales, increased fire has also
been linked to periods of greater climatic variability.
Comparison of sedimentary charcoal records with fos-
sil pollen records from different environmentsin south-
ern South America indicate increased fire occurrence
during periods of greater climatic variability during the
late-Glacial and late-Holocene periods (Heusser 1987,
Markgraf and Anderson 1994). The greater late-Glacial
variability has been attributed to fluctuations in the
extent of Antarctic sea ice, which, in turn, influence
the latitudinal position of the westerly storm tracks.
The variability of the late-Holocene appears to be re-
lated to the onset of ENSO as an important influence
on mid-latitude climates along the west coast of South
America(McGloneet al. 1992, Markgraf and Anderson
1994).

Conclusions

Changes in fire frequencies at multidecadal time
scales in northern Patagonia strongly coincide with
changesin human activities since the mid-19th century.
In contrast, interannual variationsin fire regimes close-
ly track regional climatic variability, which accounts
for the synchronous occurrence of major fire years over
a north—south distance of =400 km. Although climatic
variability overrides human influences on fire regimes
at an interannual scale, human activity can be of equal
or greater importance in determining fire frequency at
multidecadal scales. However, by focusing on years of
widespread fire that are mainly controlled by climate,
it is feasible to relate changes in fire regimes and cli-
mate at decadal to centennial scales.

Interannual variation in both regional climate and
fire extent in northern Patagonia is linked to variations
in several potentially coupled, large-scale atmospheric
features. Climatic conditions conducive to widespread
firein both rain forests and xeric woodlands are closely
related to ENSO events. Years in which the southeast
Pacific subtropical anticyclone is more intense and is
located further south are also years of greater drought
and fire. Despite the significant influence of tropical
Pacific atmospheric phenomena, ENSO activity is not
the sole determinant of fire weather in northern Pata-
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gonia. Years of widespread fire are also associated with
an absence of atmospheric blocking events at about
50°—60° S that otherwise steer cyclonic storms north-
wards into northern Patagonia.

Similar to the association of drought and fire dem-
onstrated here, other studiesin northern Patagonia (Vil-
lalba and Veblen 1997a, 1998) show that the estab-
lishment of seedlings and mortality of adult trees of
Austrocedrus are strongly associated with variationsin
ENSO and in the strength and position of the south-
eastern Pacific anticyclone. For example, the predom-
inance of the negative mode of the Southern Oscillation
(i.e., El Nifio conditions) since the late 1970s is re-
flected by warmer summers and alack of Austrocedrus
seedling survival in dry habitats (Villalba and Veblen
1997a). However, tree ring proxy records indicate that
over the past roughly 250 yr, there have been important
variations at decadal to centennial time scalesin major
circulation features, such as ENSO activity and block-
ing events at high latitudes, and also in the rel ationships
of climate in northern Patagonia to these circulation
features. In order to understand possible impacts of
global climate change on regional fire regimes and for-
est dynamics, it isimportant to consider past variations
in large-scale atmospheric circulation features and fluc-
tuations in the strengths of their influences on regional
climates.
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