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Abstract The Puelo River is a watershed shared between Chile and Argentina with a mean
annual streamflow of 644 m3 s−1. It has a high ecologic and economic importance,
including introduced farmed salmon, tourism, sports fishing and projected hydroelectricity.
Using Austrocedrus chilensis and Pilgerodendron uviferum tree-ring records we reconstructed summer–fall (December–May) Puelo River streamflow, which is the first of such
reconstructions developed in the Pacific domain of South America. The reconstruction goes
back to 1599 and has an adjusted r2 of 0.42. Spectral analysis of the reconstructed
streamflow shows a dominant 84-year cycle which explains 25.1% of the total temporal
variability. The Puelo River summer–fall streamflow shows a significant correlation (P>0.95,
1943–2002) with hydrological records throughout a vast geographic range within the
Valdivian eco-region (35 to 46°S). Seasonal Puelo River interannual streamflow variability is
related to large-scale oceanic and atmospheric circulation features. Summer–fall streamflows
showed a significant negative correlation with the Antarctic Oscillation (AAO), whereas
winter–spring anomalies appear to be positively connected with sea surface temperature
variations in the tropical Pacific. In general, above- and below-average discharges in winter–
spring are related to El Niño and La Niña events, respectively. The temporal patterns of the
observed and reconstructed records of the Puelo River streamflow show a general decreasing
trend in the 1943–1999 period. Projected circulation changes for the next decades in the
Southern Hemisphere would decrease summer–fall Puelo River streamflows with significant
impacts on salmon production, tourism and hydropower generation.
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1 Introduction
The importance of water availability as one of the main limitations for future economic
development has been largely documented for extended regions of the world (Arnell et al.
2001; Viviroli et al. 2003). This applies even to areas of relatively high annual rainfall, such
as the Valdivian rainforest eco-region in Chile, and adjacent Argentina (35°–48° S). The
eco-region in Chile covers 270,000 km2 with diverse climatic regimes, land-use and forest
types (Dinerstein et al. 1995; Lara et al. 2003). Climate varies from Mediterranean-type in
the north (35–38° S), with 3–4 dry summer months (December–March) to rainy temperate
climates south of 40° S (Miller 1976; Pezoa 2003).
Scientific research focused on the spatial and temporal patterns of streamflow is a key
element for planning the future development within the Valdivian eco-region towards the
enhancement of the quality of life and economic opportunities. Streamflow and water
availability are crucial for hydroelectricity which accounts for 50% of the total Chilean
electrical production, concentrated in the northern portion of the eco-region (35–38° S), and
for irrigation (Lara et al. 2003). Water is also vital for salmon farming, representing 80% of
the exports from the Chilean Lake Region, as well as sports fishing of introduced trout and
tourism in the southern portion (40–48° S, Soto and Lara 2001; Lara et al. 2003).
Streamflows are primarily controlled by precipitation inputs under rain-fed or mixed
rainfall/nival regimes (Niemeyer and Cereceda 1984). Instrumental precipitation records in
Chile from meteorological stations located between 37 and 46° S show a dominant
decreasing trend at least since 1931 (Pezoa 2003; Lara et al. 2003) and this area has
experienced an estimated 30% precipitation decrease for the 1900–1999 period (Intergovernmental Panel on Climate Change 2001). Problems in water availability have been
intensified by an increase in water demand in recent decades (Lara et al. 2003). These
trends stress the importance of understanding the long term variability of precipitation and
streamflow, beyond the available instrumental records that in most cases start in 1930.
Tree-ring records provide continuous, annually-resolved series of past environmental
changes for the past several centuries and in some cases, millennia. Long reconstructions
can be developed by correlating tree-growth records with discharge in unregulated rivers
(natural flow) and the characteristic variability analyzed at several frequencies. Reconstructions of streamflow from tree rings have been extensively used in North America to
document and understand long term trends in surface water availability (e.g., Meko et al.
1995; Stockton and Jacoby 1976; Hidalgo et al. 2000; Pederson et al. 2001; Woodhouse
2001; Jain et al. 2002; Brito-Castillo et al. 2003).
In Chile, several studies involving tree-rings have been developed, including a 3,622year temperature reconstruction from Fitzroya cupressoides (Lara and Villalba 1993),
precipitation and temperature reconstructions from Nothofagus pumilio (Lara et al. 2001;
Aravena et al. 2002; Villalba et al. 2003), as well as the assessment of the spatial and
temporal patterns of N. pumilio growth and their relationships with regional climate
(35° 40′–55° S, Lara et al. 2005a). None of these works have incorporated streamflow
reconstructions.
Despite the potential of tree-ring records to provide streamflow reconstructions, only a
few have been carried out in South America, all of them in Argentina. In the Argentinean
Patagonia, Araucaria araucana and Austrocedrus chilensis tree-rings have been used to
extend the Limay and Neuquén river flow series back to year 1601 (Holmes et al. 1979). A.
chilensis tree-rings from stands growing in Central Chile have been used to reconstruct the
Atuel River streamflow in Mendoza Province, Argentina back to year 1576 (Cobos and
Boninsegna 1983).
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Preliminary work in Chile has shown significant correlation (r=0.59, P<0.001, 1929–
2000) between prior summer Bueno River streamflow (January–April) and the average
between composite Pilgerodendron uviferum and Austrocedrus chilensis tree-ring chronologies (Lara et al. 2005b). This study also found a significant correlation (r=0.57, P<0.001,
1943–2002), between the previous spring through early autumn (November to April)
streamflow for Puelo River and one Austrocedrus tree-ring chronology.
The objective of this study is to develop a tree-ring based reconstruction for the Puelo
River streamflow for the last 400 years. We analyze the temporal variations in water
discharge and the spatial representativeness of streamflow variation throughout the
Valdivian eco-region. Finally, to identify the major climatic forcings influencing river
discharge, we compare the Puelo River reconstruction with atmospheric circulation index
such as El Niño- Southern Oscillation (ENSO), the Antarctic Oscillation (AAO) and sea
surface temperatures (SST) across the South Pacific and South Atlantic Oceans.

2 Materials and methods
2.1 Study area
2.1.1 Geographic setting and climate
The Puelo River is an Andean watershed covering 8901.4 km2, 35% of which are located in
Chile. Its headwaters are in Argentina between 41° and 42° 20′ S, east of the ChileanArgentinean border (Fig. 1). It continues though the Chilean western slopes of the Andes
having its mouth in the Reloncaví Estuary at 41° 35′ S. The main land uses in this
watershed are native forests (66%); barren lands (25%); shrublands, grasslands and others
(9%). The Andean Range in this latitude is a geologically complex system dominated by
granitic and sedimentary rocks, with the local presence of metamorphic rocks (Levi et al.
1966; Servicio Nacional de Geología y Minería 1982). Plio-pleistocene and Holocene
volcanic sediments are widespread, and glacial and fluvioglacial sediments are common
(Levi et al. 1966; Servicio Nacional de Geología y Minería 1982).
The regional climate is classified as oceanic wet temperate with mild Mediterranean
influence. Due to the Andes rainshadow effect, annual precipitation varies from 1,840 mm/year
in Puerto Montt on the Pacific coast, and 2,432 mm/year at Puelo in Llanada Grande (close to
the international border), to 700 mm/year east of Lago Puelo in Argentina. Mean January
temperatures range from 14.2° to 14.1°C in Puerto Montt and Bariloche, west and east of the
Andes, respectively. Mean July temperatures for these stations are 6.4 and 2.2°C, respectively.
Precipitation in this region, as well as in most of Chile is dominated by seasonal
variations of the Southeastern Pacific anticyclone off the Chilean coast (Pittock 1980;
Aceituno et al. 1993). Inter-annual precipitation variability in the Puelo basin is moderately
affected by the El Niño-Southern Oscillation (ENSO). During El Niño events, summer
precipitation in northern Patagonia where the Puelo River basin is located is, in most cases,
below the mean (Aceituno 1988; Montecinos and Aceituno 2003).
Near its mouth at Carrera Basilio, the Puelo River has a mean annual streamflow of
644 m3 s−1 in the 1943–1999 interval. It has a mixed rainfall–snowmelt regime which
explains the existence of a main peak in winter (May–July, 771–866 m3 s−1) and a
secondary snowmelt peak in late spring (November–December, 712–761 m3 s−1). This
River has a small headwater contribution from glaciers in Argentina and Chile. The lowest
streamflows occur between January and April (567 and 382 m3 s−1, respectively).
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Fig. 1 Regional map showing the location of the tree-ring chronologies and streamflow gage stations. Codes
for streamflow gages and chronologies are given on Tables 1 and 2, respectively
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2.2 Streamflow records
The hydrologic year for the Puelo River spans from April of the current year to March of
the following year (Niemeyer and Cereceda 1984). Streamflow records were obtained from
Dirección General de Aguas (DGA) for the gages located in Chile and from Subsecretaría
de Recursos Hídricos for those located in Argentina. Records from three streamflow gages
in Chile along the Puelo River and two in its tributary, Manso River in Argentina were
used. Codes, names, period, mean streamflow, elevation and missing data, for these records
are provided in Table 1. Figure 2 shows annual streamflow departures (April through
March) for each of the five gages in the Puelo watershed, and the mean departures.
We used the methods described by Rosenblüth et al. (1997) in order to identify
inconsistencies, check for homogeneity and fill the missing values using regression to the
closest comparable records. The percentage of missing values is shown on Table 1.
Streamflow series were homogeneous and consistent through all their periods. Records
were standardized using the 1971–1984 as the reference period.
2.3 Development of tree-ring chronologies
Increment cores from living trees as well as wedges and cross-sections from dead trees and
sub-fossil wood were collected from four Pilgerodendron uviferum small bogs in Chile that
were grouped in one composite regional chronology (Fig. 1). Additionally, tree-ring cores
were collected from six Austrocedrus chilensis stands located in north-facing relatively dry
slopes in Argentina. All these chronologies were grouped into four composite chronologies
(Fig. 1). The species and site characteristics of the tree-ring chronologies that are included
in each composite chronology are described in Table 2. Forest stands selected for sampling
were little disturbed by human or natural causes compared to the surrounding vegetation.
Two radii from at least 30 individuals were collected in each of these sites. Cores and
sections were sanded, and tree-rings were measured to the nearest 0.001 mm, crossdated
and standardized using standard dendrochronological techniques (Stokes and Smiley 1968;
Fritts 1976; Robinson and Evans 1980; Holmes 1983). Cross-dating verifies the assignment
of a calendar year to each ring in every sample by comparing the growth patterns among the
Table 1 Characteristics of the streamflow gages used in this study
Code

Name streamflow
gage

Country

Period

Mean
streamflow
(m3s−1)

PUB

Puelo, Carrera
Basilio
Puelo, at Tagua
Tagua Lake
Puelo, at Manso
River Junction
Manso, Los
Alerces
Manso, Los
Moscos

Chile

1943–2002

644

8

0.0

Chile

1971–1985

604

22

6.7

Chile

1962–1984

361

23

11.6

Argentina 1951–1989

461

728

3.9

Argentina 1946–1989

361

792

11.3

PUT
PUM
MAC
MAN
a

Elevation Missing monthly
(m)
values a(%)

Estimated as the number of months without data divided by the total number of months included in the
period indicated in the table×100.
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Fig. 2 Annual streamflow departures (April–March) recorded at each of the five gages within the Puelo
watershed and the mean regional departure calculated from averaging the standard deviations of each of five
records. Codes for the streamflow gage stations are given in Table 1. The common period used to standardize
the series was 1971–1984. Series for each gage shown after filling for missing values (see Table 1). Hiatuses
in series for MAN indicate whole years of missing values, since in this case values were not filled

different cores and sections. Standardization is the process of removing variability in treering series that is not related to climate (e.g., tree ageing or forest disturbances, Fritts 1976).
In order to preserve a large percentage of the low-frequency variance, standardization was
accomplished by fitting each ring-width series to a negative exponential or linear regression
curves, using the TURBO ARSTAN program (Cook 1985; Cook, personal communication). Regional chronologies were developed computing all the radii of the individual sites
included in each composite.
The quality of the tree-ring chronologies was assessed using running series of Rbar and
expressed population signal (EPS) statistics (Briffa 1995). Rbar is the mean correlation
coefficient of all possible pairings among tree-ring series from individual cores, computed
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Table 2 Site characteristics of tree-ring records included in the composite chronologies
Composite chronology

Sites

Code

Latitude (°S)

Longitude (W)

Elevation (m)

AUS1

Cuyín Manzano
El Centinela
C. El Guanaco
San Ramón
Santa Teresita
Nahuel-Pan
Pozo Mallín
Panco
Lago Ranco
Puyehue

CUY
CEN
GUA
RAM
TER
NAU
PMA
PCO
LRA
PUY

40°43′
40°44′
41°02′
41°03′
42°57′
42°58′
39°35′
39°36′
40°29′
40°45′

71°08′
71°06′
70°59′
70°59′
71°14′
71°13′
72°42′
72°06′
72°22′
72°15′

900
1050
1150
1100
820
850
800
650
895
715

AUS2
AUS3
PIL

for a specific common time interval (Briffa 1995). We used a 50-year window with a 25year overlap. EPS is a measure of the similarity between a chronology and a hypothetical
chronology that has been infinitely replicated (Briffa 1995).
2.4 Tree-ring streamflow reconstruction
To identify the relationships between streamflow and tree growth, we computed
correlations between tree-ring width indices from the composite chronologies and monthly
mean departures from the Puelo River regional record. We used various monthly and
seasonal combinations, following the methods described by Fritts (1976) and Blasing et al.
(1984).
Reconstruction equations were estimated by regressing streamflow departures on
principal components (PCs) of the four tree ring composite chronologies. Thus, the intercorrelated set of chronologies (predictors) was converted to orthogonal variables to reduce
the dimension of the regression analysis by eliminating the eigenvectors that explain a small
proportion of the variance (Cooley and Lohnes 1971).
We evaluated the stability of the regressions using a cross-validation approach, splitting
the streamflow records into two sub-periods (Fritts 1976). In the first step, the crossvalidation approach used the sub-period 1943–1982 for calibration and 1983–1999 for
verification. Then, we reversed the procedure using the interval 1960–1999 for calibration
and the early 1943–1959 for verification. The quality of the regression model to reconstruct
streamflow variations was measured using the Pearson correlation coefficient (r), product
mean test (t), and reduction of error statistic (RE).
The frequency domains of the instrumentally recorded and reconstructed streamflow
variations in River Puelo were compared using power-spectral and cross-spectral analyses
(Jenkins and Watts 1968). The Blackman-Tukey (BT) spectra were computed over the
period 1943–1999, common to both the actual and reconstructed records. Twenty lags (32%
of the series length) of the auto- and cross-covariance functions were employed and
smoothed with the Hamming window. The 95% confidence level of the spectrum was
estimated from a “red noise” first-order Markov null continuum based on the lag-1
autocorrelation of the time series (Mitchell et al. 1966).
Finally, we used BT and singular spectral analyses (SSA) to establish the significant
dominant periods at which variance occurs in the streamflow reconstruction. For the
streamflow reconstruction, the BT spectrum was estimated from 80 lags of the
autocorrelation function. With this number of lags (20% of the series length), we set a
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reasonable balance between high resolution and moderate stability. The number of degrees
of freedom per spectral estimate is 10. SSA is basically a statistical technique related to
empirical orthogonal function analysis to determine oscillatory modes in the time space.
Quasiperiodic signals appear as pairs of degenerate eigenmodes and their corresponding
eigenfunctions in the time domain are orthogonal with each other (Vautard and Ghil 1989).
Similar to other spectral techniques, the choice of lags in SSA is a compromise between the
amount of information to be retained (resolution) and statistical significance (stability). We
experimented with lags ranging from 5 to 15% of the series length, and we found that a lag
equal to 12% of the series length (31 years) adequately resolved most decadal-scale
oscillatory modes.
2.5 Analyses of spatial patterns and climatic forcings
We calculated Pearson’s correlation coefficients between the summer–fall (December–May)
Puelo River observed streamflow and available flow records throughout the region in Chile and
Argentina (34–46° S). Since the records started or ended at very different dates, we calculated
the correlations for a varying period of 40 years within the 1943–2002 interval. The spatial
patterns of these indices were represented using the program SURFER, and the isolines were
calculated using the kriging interpolation procedure (Golden Software Inc. 1999).
Sea level pressure (SLP), zonal flow (surface wind or 1,000 mb zonal wind) and sea
surface temperature (SST) across the Pacific and Atlantic Oceans were compared with the
Puelo streamflow to determine the atmospheric and oceanic features more closely related to
streamflow variations in the Valdivian eco-region. Gridded (2.5×2.5°) mean monthly SLP,
zonal flow, and SST time series from the NCEP-NCAR Reanalysis global database (Kistler
et al. 2001 and updates) for the period 1948–2002 were used for the comparison with
observed summer-fall (December–May) and winter–spring (June–November) Puelo River
streamflows. Time series from the NCEP-NCAR database for the period before 1958 comes
from fewer observations, have a lower quality and are less reliable than the records
collected after this year. The mean monthly global gridded data were composited into
summer–fall and winter–spring averages and correlated against the respective Puelo River
streamflow series using the linear correlation and mapping routines available at the Climate
Diagnostics Center, National Oceanic and Atmospheric Administration (CDC-NOAA)
website (http://www.cdc.noaa.gov/Correlation/).
Finally, Pearson’s correlation coefficients between the seasonal Puelo River streamflow
and indexes of atmospheric circulation (Antarctic Oscillation and El Niño Southern
Oscillation, AAO and ENSO, respectively) were evaluated to identify the major climatic
forcings influencing interannual variations in the Puelo River discharge.

3 Results
3.1 Tree-ring records
Although the Pilgerodendron (PIL1) composite chronology extends back to 1222, the
common period for the four composite tree-ring width chronologies is 1540–2002 (Fig. 3).
The number of radii in the composite chronologies ranges between 95 and 213 (Table 3). The
replication decreases substantially before 1599 (less than 6 radii) in the AUS3 composite
chronology (Fig. 3). Therefore, the reconstruction covers the interval 1599–1999.
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Fig. 3 Standard tree-ring composite chronologies for Austrocedrus chilensis and Pilgerodendron uviferum.
Tree-ring indices provide nondimensional values that show changes in radial growth over time. To emphasize
the long-term variations, the chronologies are also shown as a cubic spline version designed to reduce 50% of
the variance in a sine wave with a periodicity of 25 years (Cook and Peters 1981). Sample size is shown as a
shaded area at the bottom of each chronology, representing the total number of tree-ring series per year. PIL1
is only shown since 1400. The meaning of site codes is given in Table 2

Tree-ring growth patterns for the various chronologies show both inter-annual as well as
low-frequency variations (Fig. 3). The Austrocedrus chronologies (AUS1, 2 and 3) show
synchronous periods of below-mean growth (1810–1825, 1910–1920, and 1960–2000),
whereas periods above the mean are less coincident between records (Fig. 3). The
Pilgerodendron chronology (PIL1) shows clearly long periods of tree growth under the
mean for the interval 1600–1640, 1680–1710, 1815–1860, and 1880–1920. PIL1 has also a
long period of slow growth between 1400 and 1500, but its reliance is hampered by the
small number of radii included in the chronology (Fig. 3). Pearson’s correlations between
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Table 3 Descriptive statistics for the four composite standard chronologies and correlation coefficient with
December–May Puelo River streamflow
Code

Period No. No. Mean Mean
SD
of
of
tree- sensitivitya
trees radii ring
width
(mm)

AUS1

1461– 60
2002
1497– 57
2002
1540– 76
2002
1222– 159
2002

AUS2
AUS3
PIL1

First-order
Mean PC1
Correlation
autocorrelationb Rbarc loadingsd coefficient
with Dec–
May Puelo
river
Streamflowe

95

0.50

0.256

0.349 0.504

0.41

0.864

0.65

95

0.69

0.159

0.213 0.584

0.27

0.835

0.53

125

0.74

0.221

0.262 0.524

0.36

0.637

0.47

213

0.50

0.161

0.230 0.641

0.25

0.536

0.35

Total
explained
variance
(%)

53.5

a

Mean sensitivity is the measure of the relative changes in ring width variations from year to year (Fritts
1976).

b

Autocorrelation is the serial correlation coefficient for the chronology at a lag of 1 year.

c

Rbar is the mean correlation coefficient for all possible pairings among tree-ring series from individual
cores, computed for a specific common time interval. In this case we used a 50-year window with a 25-year
overlap (Briffa 1995).

d

First Principal Component loadings extracted from PC analysis of the four composite chronologies for the
1599–1999 common period

e
Pearson’s correlation coefficient between tree-rings for year t+1 with the December–May Puelo River
streamflow departures for year t in the 1943–1999 period. All values are statistically significant (P>0.99).

all the possible pairs of the four composite tree-ring chronologies for the 1599–1999 period
ranges between 0.27 and 0.66 (P>0.99, N=401, Table 4).
Mean sensitivity, a measure of the year-to-year variability in tree-ring records (Fritts
1976), ranges between 0.161 for PIL1 and 0.256 for AUS1, whereas the standard deviation
(SD) in tree rings ranges between 0.213 for AUS2 and 0.349 for AUS1 (Table 3). The mean
Rbar for the different composite chronologies, representing the mean correlation among all
possible pairings of tree-ring series for overlapping 50-year periods (Briffa 1995), varies
between 0.25 and 0.41 for PIL1 and AUS1, respectively (Table 3). The four composite
Table 4 Correlation coefficients between the four composite tree-ring chronologies for the 1599–1999
period
Chronology

AUS1

AUS2

AUS3

PIL1

AUS1
AUS2
AUS3
PIL1

1.00

0.66
1.00

0.45
0.44
1.00

0.35
0.27
0.29
1.00

All values are statistically significant (P>0.99).
Each chronology is identified by its code (see Table 2).
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Fig. 4 Moving mean correlation coefficient (Rbar) and Expressed Population Signal (EPS) statistics for the
composite chronologies using a 50-year window with 25-year overlap. Dotted lines are the EPS threshold
fixed at 0.85, considered adequate to reflect a reliable common growth signal (Wigley et al. 1984). For the
Rbar values, the vertical bars represent the two Standard Error limits

chronologies have Expressed Population Values (EPS) values above or close to 0.85
(Fig. 4). This value is considered the threshold for robust tree-ring chronologies indicating
temporal stability, good quality and a strong common signal (Wigley et al. 1984).
3.2 Streamflow reconstruction
The mean and standard deviation of the correlation functions between each of the four
composite tree-ring chronologies and the monthly mean departures from the Puelo River
streamflow instrumental record, shows the highest mean correlation coefficients which are
significant (P>0.95) for November through March and May of the previous year (Fig. 5).
We run correlation analyses between tree-ring indices and departures for different
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Fig. 5 Mean (solid bars) and
standard deviations (capped
lines) resulting from averaging
the correlation coefficients between the ring-width indices and
monthly streamflow mean departures as determined by correlation
functions from the four composite
chronologies used to reconstruct
streamflow variations for the
Puelo River. The interval 1943–
1999 was used for comparison.
Dotted line is the upper 95%
confidence interval

combinations of months within November through May of the previous year (not shown).
From this analysis we selected the season December to May (summer to fall) of the
previous year for the reconstruction, which is the period when tree growth shows the
highest correlation with streamflow. The correlation of each composite tree-ring chronology
and the previous year December–May Puelo River streamflow is significant (P>0.95,
Table 3). This interval spans across two hydrological years: December through March of
the first cycle and April through May of the following one (Fig. 6). The period selected for
the reconstruction (December–May) represents 21% of the annual (April–May) streamflow
corresponding to the two hydrological years that are involved, as an average for the 1943–
1999 period.
The relationship between streamflow departures as a function of tree-rings determined
by regression analysis is the following:
SFDt ¼ 6:064 þ 383:25 PC1tþ1 ;
where SFDt is the estimated streamflow departure for the Puelo River December–May
period of year t, expressed in standard deviations, and PC1t+1 is the principal component
amplitude from the four composite chronologies for year t+1.
Fig. 6 Mean monthly variations
of streamflow of Puelo River
(near its mouth at Carrera Basilio,
PUB) as an average for the 1943–
1999 interval. The figure shows
one complete hydrological year
and part of the following one.
The shaded area indicates the
period selected for the reconstruction (December to May),
which involves part of two
hydrologic years
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Table 5 Calibration and verification statistics computed for the tree-ring based reconstruction of the
December–May streamflow departures for the Puelo River
Calibration

Verification

Time period

r2

1943–1982
1960–1999
1943–1999

0.39
0.41
0.42

a

a
adj

Time period

rb

tc

REd

1983–1999
1943–1959

0.57
0.64

1.94
2.31

+ 0.53
+ 0.44

The square of the multiple correlation coefficient adjusted for loss of degrees of freedom

b

Pearson correlation coefficient

c

The product mean test (Fritts 1976)

d

Reduction of Error (Fritts 1976)

The calibration–verification statistics show stability in the model (Table 5). The
reduction of error statistics is highly positive, indicating useful skill in the regressions
(Gordon and Le Duc 1981). The regression model for the whole period 1943–1999
explained 42% of the total variance in the Puelo River summer–fall (December–May)
streamflow (Fig. 7, Table 5). The observed values in Fig. 7 represent the mean regional
departures calculated from the standard deviations of each of the five individual streamflow
records identified in Table 1. We used this mean departure record in order to emphasize a
common regional signal by including records which are in the upper portion of the
watershed (MAC and MAN) that are not affected by the buffering effect of large lakes, as
well as others downstream which are affected by these lakes (PUM, PUT and PUB). The
summer–fall (December–May) observed streamflow record is significantly correlated with
the annual (April–March) flow (r=0.70, P>0.99 for the 1943–1999 period, Figs. 7 and 2,
respectively). This correlation results from the persistence in streamflow records favored in
our case by the mixed pluvial-nival regime of the Puelo River.
The predicted streamflow record was estimated from the PC1 of the four composite treering chronologies (Fig. 7). The predicted series captures both high and low-frequency

Streamflow departures

2,0
Reconstructed

Observed

r 2 adj = 0.42

1,5
1,0
0,5
0,0
-0,5
-1,0
1940

1950

1960

1970

1980

1990

2000

Year
Fig. 7 Observed and tree-ring predicted mean December–May streamflow departures for the Puelo River
from 1943 to 1999. The observed series was calculated as mean regional departures from the standard
deviations of each of the five streamflow records shown in Table 1. PC1 of the four tree-ring composite
chronologies was used as predictor
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variations in the observed instrumental record including three below-mean streamflow
periods 1956–1963, 1986–1990, 1993–1999 as well as the long-term decline since 1943
(Fig. 7). Below-mean streamflows are better estimated than above-mean streamflows, as
indicated by the smaller differences between observed and the predicted values for the
negative deviations (Fig. 7). The lowest observed streamflows during this period were
recorded in 1998, followed by 1943 (Fig. 7).
The power spectra for the observed and reconstructed streamflow series for the common
interval 1943–1999, as well as the coherency spectra between these records shows that
oscillations larger than 30 years and at 5- and 3.1-year periods are the most significant
oscillatory modes in the observed streamflow record (Fig. 8a). The coherency spectrum
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Fig. 9 Tree-ring based reconstruction of mean December–May streamflow of Puelo River from 1599 to
1999, expressed as m3 s−1 at Carrera Basilio, the gage located in Chile near the mouth of this river.
Reconstructed values were obtained by scaling the reconstructed departures (Fig. 7) with the streamflow
recorded at Carrera Basilio (PUB) during the 1943– 1999 period. To emphasize the long-term variations, the
reconstruction is also shown as a cubic spline version designed to reduce 50% of the variance in a sine wave
with a periodicity of 25 years (Cook and Peters 1981)
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measures the variance in common between recorded and reconstructed streamflow as a
function of frequency. In general, the coherency spectra show fidelity in those bandwidths
that concentrate a larger proportion of the power variance in both the actual and estimated
streamflows. For example, observed and reconstructed streamflow departures are highly
coherent at frequencies >30.5 and 3.5 years (Fig. 8b). The lack of significant coherency at
bandwidths shorter than 2.5 years is difficult to explain. It is possible that tree growth is
poorly related to streamflow at high frequency bandwidths, but inhomogeneities in the
streamflow records are also plausible.
We used the regression model for the period 1943–1999 for reconstructing the summer–
fall (December–May) streamflow of Puelo River for the interval 1599–1999 (Fig. 9).
3.3 Temporal patterns and spatial representativeness
From the reconstructed values, we identified the years and periods of highest and lowest
streamflows for Puelo River since 1599 (Table 6). The year 1998 represents the most
extreme low-streamflow event during the past 100 years, only surpassed by the year 1681
in the last four centuries (Table 6). Low-streamflow 5-year periods during the 20th century
are 1910–1914 and 1994–1998, whereas high-streamflow periods in the reconstruction
include 1937–1941 and 1944–1948. In terms of 10-year moving averages, the period from
1866 to 1875 is ranked at the top among the five high-streamflow events over the past
400 years. The reduced streamflow from 1907 to 1916 is also a prominent feature revealed
by the 10-year moving averages.
The Blackman-Tukey spectrum of the reconstructed Puelo River streamflow departures
over the period 1599–1999 show peaks that exceed the 95% confidence limit at 80–100, 6–
6.7, 5.1, 4, 3.2 and 2 years (Fig. 10). Although not statistically significant, additional peaks
are recorded at periodicities centered around 29–40, 17–20 and 8.7–9.3 years.

Table 6 List of the five highest and lowest reconstructed streamflows for Puelo River since 1599
Period

1

5

10

Highest Streamflows

Lowest Streamflows

Year

SD

Year

SD

1618
1945
1634
1940
1868
1867–1871
1937–1941
1633–1637
1605—1609
1944–1948
1866–1875
1633–1642
1932–1941
1604–1613
1944–1953

0.943
0.930
0.927
0.926
0.886
0.684
0.657
0.617
0.536
0.470
0.483
0.470
0.468
0.379
0.286

1681
1998
1912
1820
1910
1910–1914
1994–1998
1818–1822
1679–1683
1743–1747
1907–1916
1818–1827
1989–1998
1677–1986
1737–1946

−1.109
−0.968
−0.954
−0.944
−0.931
−0.743
−0.655
−0.580
−0.506
−0.449
−0.575
−0.523
−0.335
−0.333
−0.286

Streamflow departures from the long-term mean are listed for individual years and for non-overlapping
moving averages of 5 and 10 years.
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Fig. 10 Blackman-Tukey spectrum of the reconstructed Puelo
River streamflow departures over
the period 1599–1999. The 95%
confidence limits are based on a
1st-order Markov null continuum
model. The periods are given in
years for most prominent peaks

Six major waveforms, representing decadal to centennial modes of common variance at
84, 19, 9–11.5 and 5–6.5 years, were isolated from the streamflow reconstruction using
Singular Spectral Analysis (Vautard and Ghil 1989; Fig. 11). The temporal evolution of
these components accounts for more than 70% of the total variance in the reconstruction.
The 84-year oscillation, which accounts for 25.1% of the variance, shows increased
amplitudes of the dry periods, particularly those occurring in the 20th century.
The spatial correlation patterns between the recorded Puelo River December–May
streamflow with 27 gages reflect significant correlations (P>0.99) over a wide geographic
range (Fig. 12).
3.4 Puelo streamflow and climatic forcings
The analysis of spatial patterns of correlation between summer–fall and winter–spring
Puelo River streamflow instrumental record and gridded sea level pressure, zonal flow
(surface wind or 1,000 mb zonal wind), and Sea Surface Temperatures, over the Pacific and
the Atlantic Oceans indicates how large scale climatic variability affects the local
interannual variability of this streamflow record (Fig. 13). Above-average streamflows in
summer–fall (December to May) are related to below-average sea level pressure across
South America at 40–50° S and remarkable positive anomalies at latitudes higher that 60° S
(Fig. 13a).
In the winter–spring (June to November) season, high streamflows are associated with
below-average pressure across the South Pacific with more intense anomalies than in
summer–fall over South America between 35 and 45° S (Fig. 13b). Above-average
streamflows in the summer–fall period are favored by a northward displacement of the
westerly flow to northern Patagonia latitudes. In contrast to the intensification of the
Westerlies at lower latitudes during years of abundant streamflows, the zonal flow is largely
reduced between 50 and 70° S (Fig. 13c). A similar pattern is observed in the winter–spring
seasons related to above-average discharge of the Puelo River. However, this latter pattern
is weaker than in summer–fall and clearly connected with circulation anomalies in the
subtropical and tropical Pacific (Fig. 13d).
Contrasting patterns are recorded between seasonal Puelo River discharges and SST. In
summer–fall, above-average streamflow are positively correlated with SST in the Pacific
Ocean south of 40° S. In contrast, SST in the tropical Pacific are inversely correlated with
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Fig. 11 Puelo River streamflow reconstruction (top) and its most significant oscillation modes estimated
using singular spectrum analysis. Units are dimensionless. Periods in years and the percentage of variance
associated with each waveform are shown in the lower right and left corners of the streamflow waveforms,
respectively

summer–fall discharges (Fig. 13e). On the other hand, the winter–spring pattern shows
positive correlation with the Tropical Pacific (Fig. 13f).
We analyzed the correlation between the summer–fall and winter–spring streamflow
reconstruction for the Puelo River, with the Antarctic Oscillation (AAO), the dominant
mode of climate variability at higher latitudes in the Southern Hemisphere (Thompson and
Wallace 2000; Fig. 14a). Above-average Puelo River streamflow during summer–fall
(December–May) are connected to the negative state of the summer (December–January)
AAO, as indicated by a negative significant correlation between both (r=−0.45, P>0.99 for
1948–2000, Fig. 14a).
The regional behavior of the AAO corresponding to the meridional Sea Level Pressure
gradient between middle and high latitudes in the SE Pacific is an important factor
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R Fig. 12

Spatial correlation patterns between the Puelo River observed December–May streamflow and 27
streamflow gages across the Valdivian rainforest eco-region (34–46° S). Since the records started or ended
at different dates, we calculated the correlations for a varying period of 40 years within the 1943–2002
interval. Values in front of each isoline indicate the Pearson correlation coefficients (r). Values>0.39 are
statistically significant (P>0.99, N=40) as indicated by a bold isoline. One gage station not shown, since it is
located south of the range displayed in the figure

Fig. 13 Spatial correlation patterns estimated during the interval 1948–2002 between observed summer–fall
(left) and winter–spring (right) Puelo River streamflow and sea level pressure (a and b), zonal flow (surface
wind or 1,000 mb zonal wind, (c and d) and Sea surface temperature, SST (e and f) anomalies over the South
Pacific and South Atlantic Oceans. The red triangle indicates the location of the Puelo River basin.
Significance intervals for P>0.95, are <−0.27 and >0.27
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Fig. 14 Summer–fall departures of Puelo River Streamflow (in bold) and the Antarctic Oscillation (AAO,
dashed), for the 1948–2000 period (a). Winter–Spring (June to November) Puelo River streamflow
departures and its relation with El Niño and La Niña events for the 1943–2002 interval (b). The AAO index
has been inverted to facilitate the comparison with the streamflow record. The straight dashed line shows the
trend for the AAO series, indicating its equation and significance of its slope being different than 0. The
correlation coefficient between the Antarctic Oscillation (AAO) and the Summer–Fall streamflow anomalies
during the interval 1948–2000 is indicated. El Niño and La Niña events according to Diaz and Kiladis (1992)
and updatings

controlling the interannual variability of precipitation and streamflow in the Puelo River
basin during summer–fall (Fig. 14a). In contrast to the relationship found for the Puelo
River streamflow and the AAO, not significant correlations were found between seasonal
runoff and the Southern Oscillation Index (SOI, not shown). Nevertheless, positive winter–
spring (June–November) departures in the Puelo River streamflow tend to coincide with El
Niño events during the current or previous year and negative anomalies, tend to coincide
with La Niña events (Fig. 14b).

4 Discussion and conclusions
The Puelo River, with an annual mean streamflow of 644 m3 s−1 is a binational watershed
between Chile and Argentina having a great ecologic and economic importance, including
tourism, sports fishing and projected hydroelectricity. In addition, it is the main source of
fresh water to the Reloncaví Estuary, where 7.5% of the introduced farmed salmon Industry
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in Chile occurs. Summer–fall Puelo River streamflow controls water salinity and dissolved
oxygen in the estuary, which are crucial for the productivity of salmon (Lara et al. 2005b;
León 2005). Therefore, understanding the long-term temporal variation of Puelo River
streamflow as well as its relationships with regional and hemispheric climatic forcings is a
key factor for the planning of the economic and social development in this area. The
summer–fall (December–May) reconstruction of the Puelo River streamflow provided in
this paper is the first one developed in Chile, and in the Pacific domain of South America.
This reconstruction addresses one of the highest priorities in tree-ring research in Chile
(Lara et al. 2005c) and provides useful information for understanding the long term
variability of water availability in the region referred to summer–fall, the season when its
availability becomes critical for salmon farming and other uses (Lara et al. 2005b).
The three Austrocedrus and one Pilgerodendron composite chronologies that were
developed show that they are robust and their descriptive statistics are comparable or better
than those reported for these species (Villalba et al. 1998; Szeicz et al. 2000 ). All these
composite chronologies are significantly correlated among them (P>0.95, interval 1599–
1999, Table 4), and have a strong common signal, indicated by the 53.5% of the variance
explained by the First Principal Component (Table 3).
A positive correlation between tree-ring width and previous summer and fall streamflow
found in this paper (Fig. 5, Table 3) is consistent with growth responses reported by other
studies for both species. Earlier dendroclimatic studies on Pilgerodendron growing in bogs
under high rainfall regimes in the northern portion of its distribution (39° 36′–43° 00′S)
show significant positive relationships with precipitation for the summer of the previous
year, or for the previous and current summer (Roig 1991; Szeicz et al. 2000). Villalba et al.
(1998) reported highly significant positive correlations between Austrocedrus residual treering chronologies and previous as well as current summer precipitation for the dry forest steppe ecotone in northern Argentinean Patagonia (39–43° S).
Interestingly, despite both conifers are adapted to contrasting environments regarding
precipitation and soil moisture availability, all of them have a similar response function
showing a positive significant correlation with prior summer–fall streamflow (Table 3). Our
findings are also consistent with the positive significant correlation between the average of
composite Pilgerodendron and Austrocedrus tree-ring chronologies and prior summer
Bueno River streamflow (January–April, Lara et al. 2005b).
The regression model, based on the PC1 of the three Austrocedrus and one
Pilgerodendron composite chronologies, explained 42% of the total variance in the Puelo
River summer–fall (December–May) streamflow for the whole calibration period 1943–
1999, capturing adequately the common hydroclimatic signal contained in the streamflow
records (Table 5). The 42% of explained variance in streamflow is within the range of three
precipitation reconstructions, developed using similar methods to the present study, in
northern Patagonia from Austrocedrus tree-rings (adjusted r2 =0.41–0.50, Villalba et al.
1998), and for a precipitation reconstruction in Central Chile (39.9% of total variance,
Boninsegna 1988). A precipitation reconstruction from Nothofagus pumilio tree-rings for
the Central Andes of Chile reports a lower adjusted r2 value (0.37, Lara et al. 2001).
The interannual variation of the streamflows show a concentration of the lowest values
in the 20th century, with three out of the five extreme years occurring in this period (1910,
1912 and 1998, Table 6). The years with the highest reconstructed streamflows are 1618,
1945, 1634, 1940 and 1868. The years 1940 and 1868 are among those with the higher
reconstructed precipitation for the northern Argentinean Patagonia and for the Central
Andes of Chile (Villalba et al. 1998; Lara et al. 2001). This demonstrates the wide
geographic extension of the wet conditions of these years.
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The analysis of the periods of 5 and 10 years with the highest and lowest values of
reconstructed streamflow show a weak concentration since 1900 (Table 6). The observed and
reconstructed streamflow show a general decreasing trend in the last decades (1943–1999)
with 1989–1998 as one of the driest 10-year period in the reconstructed record since 1599.
Blackman-Tukey and Singular Spectral Analyses applied to the reconstruction indicates
that the temporal variability is dominated by an 84-year cycle which explains
approximately 25% of the total variance in the Puelo River streamflow reconstruction
(Fig. 11).
The spectral properties of the streamflow reconstruction show the dominance of the 84year cycle explaining 25.1% of the variance (Fig. 11). The temporal evolution of the 84year cycle indicates that the period 1890–1925 has the largest negative amplitude, both in
time and intensity (Fig. 11). The lowest 5- and 10-year reconstructed streamflows occurred
during this negative deviation (Table 6, Fig. 11). The relative amplitude of the last cycle
starting in the 1980s cannot be properly assessed since the decreasing trend in streamflow
observed in the last decades is still in progress (Fig. 11). This decreasing pattern is
consistent with the negative trend of both the observed and reconstructed summer–fall
streamflow in the 1943–1999 period (Figs. 7 and 9). However, it is uncertain if the present
cycle will reach larger negative amplitude compared to the previous 1890–1925 cycle.
The interdecadal oscillation mode (centered around 19 years), which contributes with
12% percentage in the streamflow variability, is better organized from 1600 to around 1890
(Fig. 11). This is a common pattern to several proxy records across the Pacific basin,
suggesting that interdecadal variations in the Pacific-related climate system were more
conspicuous before the 20th century (Villalba et al. 2001). The decadal oscillations centered
between 9 and 11.5 years, account for 18% of the total variance in the streamflow
reconstruction and show an increased variability since 1970 (Fig. 11).
The oscillation modes at 84, 19 and 9–11.5 years found in our streamflow reconstruction
are close to the cycles centered in 77, 20.5 and 10.8 years reported for two millennial Fitzroya
cupressoides temperature reconstructions in Chile and Argentina (Villalba et al. 1996). Solar
forcing referred to the 80-year Gleissberg cycle, the 22-year Hale cycle and the 11-year
sunspot cycle were invoked to explain the three cycles found in the temperature
reconstructions (Villalba et al. 1996). Interestingly, the 84-year oscillation mode in our treering reconstruction is close to the cycle of 87–94 years reported for the 1,200-year long
floating chronology of sub-fossil Fitzroya cupressoides trees developed for Pelluco (41° 30′S)
in southern Chile that dates back to approximately 50,000 14C years and within the range of
the 82–95 years cycle living Fitzroya trees spanning the last 3,600 years (Roig et al. 2001).
Significant correlations (P>0.99, N=40) of the observed December–May Puelo River
streamflow with 21 out of 27 river records extending over a wide geographic range (34–46° S)
follows a North–West to South–East axis across the western and the eastern slopes of the
Andes. This pattern indicates a large regional representativeness of the Puelo River streamflow
record and suggests a common pattern of streamflow fluctuations that covers most of the
Valdivian Rainforest eco-region in Chile and Argentina (35–48° S), comprising an area of
419,650 km2 (Fig. 12).
Seasonal Puelo River interannual streamflow variability is related to large-scale oceanic
and atmospheric circulation features. The spatial patterns of the correlation between the
Puelo River streamflow with sea level pressure, westerly zonal flow and sea surface
temperature anomalies over the South Pacific and South Atlantic Oceans suggest that the
seasonal variations in the Puelo River are influenced by high and low latitude climatic
circulation modes, which certainly interacts among them (Fig. 13). The summer–fall

Climatic Change (2008) 86:331–356

353

anomalies in the Puelo River streamflow are related to variations in the AAO, a measure of
air mass exchanges between middle and high latitudes in the Southern Hemisphere. The
AAO is associated with equivalent barotropic variations in the strength of the zonal flow
(surface wind or 1000 mb zonal wind), between centers of action located ∼35–44° S and
∼55–65° S latitude. The AAO is linked with synchronous pressure or height anomalies of
opposite sign in mid- and high-latitudes, and therefore reflects changes in the main belt of
sub-polar westerly winds (Thompson and Wallace 2000). The AAO shows an increasing
trend during the 1948–1999 interval (slope 0.01 significantly different than 0, P>0.95,
Fig. 14a). The positive state of the AAO which has prevailed during the past 30 years is
associated with intensified subtropical highs and strong polar lows, which shifts the
westerly flow to higher latitudes reducing precipitation in the Puelo River basin (Fig. 14a).
In consequence, the summer–fall streamflow discharges are positively correlated with sea
level pressure South of 60° S and negatively correlated with westerlies zonal flow in the
sub-Antarctic domain (Fig. 13a and b).
In addition summer–fall streamflow is negatively correlated with SSTs in the tropical
South Pacific (Fig. 13c). This latter pattern is consistent with Montecinos and Aceituno
(2003) work indicating that El Niño Events in the tropical Pacific are related to dry and
warm summer conditions in northern Patagonia. Conversely, the winter–spring pattern
shows positive correlations with the Tropical Pacific (Fig. 13f), suggesting that the region
shares some similarities with central Chile (30°–37° S) during the winter, when El Niño
events are related to abundant precipitation (Montecinos and Aceituno 2003). Positive and
negative anomalies in the Puelo River streamflow appear to be connected with current or
previous year El Niño and La Niña events, respectively (Fig. 14b). Nevertheless, there are
several exceptions to this pattern. The analysis for the winter–spring (June–November)
oceanic and atmospheric conditions is important, since both winter–spring and summer–fall
(December–May) streamflows for Puelo River in the 1943–1999 period are significantly
correlated (r=0.35, P>0.95), probably associated to the mixed pluvial-nival regime of the
Puelo River.
It has been suggested that both Antarctic ozone depletion and increasing greenhouses
gases have contributed to the positive trend on the AAO during the past decades. General
circulation model simulations have shown that imposing Antarctic ozone depletion leads to
an enhancement of the AAO index (Gillett and Thompson 2003). Models forced by
increasing greenhouse gases also respond with a positive AAO index shift (Fyfe et al.
1999). Although projected impacts of the two factors on circulation over the next 50 years
oppose one another resulting in reduced positive trends, the projected extratropical trends
do retain some AAO-like zonal structure with intensification of sea level pressure (Shindell
and Schmidt 2004) and a southward shift of the jet in middle latitudes (Stone and Fyfe
2005).
These projected changes in atmospheric circulation would reduce summer–fall
precipitation in the Puelo River basin, potentially increasing the likelihood of persistent
and more severe droughts, and thus periods of reduced streamflows.
The decreasing trend in the summer–fall streamflow of Puelo River since the 1980s, as
part of its long-term cyclical variation determines constrains in the future economic
development of the region. Salinity and the dissolved oxygen in the Reloncavi Estuary are
the main limiting factors of the farmed salmon industry in this area (León 2005). Moreover,
these limitations to the future economic development of the area are stressed by a
1,250 mW/h hydroelectric power plant (one of the largest in the country) projected for the
Puelo River in the next years (Urrutia et al. 2005). Planning of the future economic

354

Climatic Change (2008) 86:331–356

development of the area should consider the decreasing trends of the summer Puelo River
streamflow in response to current and projected atmospheric circulation changes. The
increase in the high frequency variability (9–11.5-year cycle) since the 1970s is another
constraint to be considered (Fig. 11).
Ongoing research is providing new precipitation and streamflow sensitive tree-ring
chronologies for several sites along a wide latitudinal range in Chile (17–55° S). This
network of chronologies will improve the understanding of the spatial and temporal
variations of streamflow in Chile at least during the past 400 years. Predictive models of
streamflow variability considering projected water demands under various socio-economics
scenarios are also needed to gain insight on future water availability at regional scales.
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