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The understanding of the long-term variation of large rivers streamflow with a high economic and social
relevance is necessary in order to improve the planning and management of water resources in different
regions of the world. The Baker River has the highest mean discharge of those draining both slopes of the
Andes South of 20�S and it is among the six rivers with the highest mean streamflow in the Pacific domain
of South America (1100 m3 s�1 at its outlet). It drains an international basin of 29,000 km2 shared by Chile
and Argentina and has a high ecologic and economic value including conservation, tourism, recreational
fishing, and projected hydropower. This study reconstructs the austral summer – early fall (January–
April) streamflow for the Baker River from Nothofagus pumilio tree-rings for the period 1765–2004. Sum-
mer streamflow represents 45.2% of the annual discharge. The regression model for the period (1961–
2004) explains 54% of the variance of the Baker River streamflow (R2

adj = 0.54). The most significant tem-
poral pattern in the record is the sustained decline since the 1980s (s = �0.633, p = 1.0144 ⁄ 10�5 for the
1985–2004 period), which is unprecedented since 1765. The Correlation of the Baker streamflow with
the November–April observed Southern Annular Mode (SAM) is significant (1961–2004, r = �0.55,
p < 0.001). The Baker record is also correlated with the available SAM tree-ring reconstruction based on
other species when both series are filtered with a 25-year spline and detrended (1765–2004, r = �0.41,
p < 0.01), emphasizing SAM as the main climatic forcing of the Baker streamflow. Three of the five summers
with the highest streamflow in the entire reconstructed record occurred after the 1950s (1977, 1958 and
1959). The causes of this high streamflow events are not yet clear and cannot be associated with the
reported recent increase in the frequency of glacial-lake outburst floods (GLOFs). The decreasing trend in
the observed and reconstructed streamflow of the Baker River documented here for the 1980–2004 period
is consistent with precipitation decrease associated with the SAM. Conversely, other studies have reported
an increase of summer streamflow for a portion of the Baker River for the 1994–2008 period, explained by
ice melt associated with temperature increase and glacier retreat and thinning.

Future research should consider the development of new tree-ring reconstructions to increase the geo-
graphic range and to cover the last 1000 or more years using long-lived species (e.g. Fitzroya cupressoides
and Pilgerodendron uviferum). Expanding the network and quality of instrumental weather, streamflow
and other monitoring stations as well as the study and modeling of the complex hydrological processes
in the Baker basin are necessary. This should be the basis for planning, policy design and decision making
regarding water resources in the Baker basin.

� 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Water availability is a main limitation to future economic and
social development in the different regions of the planet (Arnell
et al., 2001; Viviroli et al., 2003). Changes in water availability
due to climatic fluctuations as well as to an increase in water
demand has raised the interest in understanding the susceptibility
of agriculture, industry, hydroelectricity and domestic use to these
variations (Meko and Woodhouse, 2011). This situation applies
even to areas of relatively high annual rainfall, such as Northern
Patagonia (40� – 48�S) in Chile under a rainy temperate climate
(Dussaillant et al., 2012; Lara et al., 2003).

Instrumental precipitation and streamflow records in Chile
located between 37� and 46�S show a dominant decreasing trend
since the 1950s (Pezoa, 2003; Rubio-Álvarez and McPhee, 2010),
and this area has experienced an estimated 30% precipitation
decrease for the 1900–1999 period (Intergovernmental Panel on
Climate Change, 2001). Regional climate models predict that this
trend will continue in the region as well as in central Chile, espe-
cially during the austral summer (December–February, DGF,
2007). Limitations 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 1950
and have limited quality, as well as geographic and elevation
coverage (Dussaillant et al., 2012; Rubio-Álvarez and McPhee,
2010).

Tree-ring records provide continuous, annually-resolved series
of past environmental changes for the last several centuries and
in some cases, millennia. Long reconstructions can be developed
by correlating tree-growth records with discharge and their vari-
ability may be 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 water
availability (e.g. Brito-Castillo et al., 2003; Jain et al., 2002; Meko
et al., 2007; Woodhouse, 2001; Woodhouse and Lukas, 2006).
However, few streamflow reconstructions have been developed
in South America, three of them in Argentina, for the Atuel River
in Mendoza and for the Limay and Neuquén Rivers (Cobos and
Boninsegna, 1983; Holmes et al., 1979; Mundo et al., 2012). In
Chile two tree-ring streamflow reconstructions have been recently
developed. One for the Puelo River (41� 350S) and the other one for
the Maule River (35� 400S), both covering the last 400 years. (Lara
et al., 2008; Urrutia et al., 2011). These reconstructions have
improved the understanding of streamflow temporal and spatial
patterns and their climatic forcings along the north–south hydro-
climate gradient in the Pacific domain of Southern South America
from Mediterranean-type to rainy temperate climates. Therefore,
it is necessary to expand the latitudinal range of streamflow recon-
structions, in order to enhance the knowledge of long-term dis-
charge variability in Southern South America.

The understanding of the long-term variation of large rivers
streamflow with a high economic and social relevance is necessary
in order to improve the planning and management of water
resources in different regions of the world. The Baker River has
the highest mean discharge of those draining both slopes of the
Andes South of 20�S and it is among the five rivers with the highest
mean streamflow in the Pacific domain of South America (recorded
mean annual streamflow 945 m3 s�1 at the Baker at the junction
with Ñadis River gauge station and estimated at 1100 m3 s�1 at
its outlet, Dussaillant et al., 2012).

Four other rivers draining to the Pacific that have a higher mean
streamflow than the Baker are located in Colombia and one in
Ecuador (Montaño and Sanfeliu, 2008; Sánchez et al., 2010). The
Baker River drains a basin of 29,000 km2 shared by Chile and
Argentina. Both countries signed a Treaty on the Environment that
includes the Protocol on Shared Water Resources. This protocol is
oriented to cooperate and coordinate activities towards the protec-
tion, conservation and sustainable use of hydrological resources
through the concept of integrated watershed management accord-
ing to General Plans of Water Use for specific watersheds. Never-
theless, the Protocol does not establish compulsory or mandatory
actions to any of its parts and it does not include conflict resolution
procedures or obligations (Pardo, 2008). The Baker River is interna-
tionally known due to its high ecologic and economic value includ-
ing conservation, tourism, recreational fishing, and projected
hydropower from possible construction of 2 dams for the genera-
tion of 1020 Mw/h. The future of this project is uncertain due to
the social conflict that it has raised, involving several international
organizations and broad public attention (Dussaillant et al., 2012;
Vince, 2009).

The main objective of this study was to develop a tree-ring
reconstruction of the Baker River streamflow, expanding the short
available instrumental records starting in 1961. The second objec-
tive was to understand the long-term temporal variability of the
Baker River discharge from the interannual to the multi-decadal
scales. The third objective was to identify the main large-scale
atmospheric circulation and climatic forcings influencing river dis-
charge of this southern river compared to the ones already ana-
lyzed in Southern South America.
2. Methods

2.1. Study area

The Baker River drains an international basin located between
46� and 48�S, that covers 29,286 km2, mainly in Chile. It also
includes 9013 km2 in Argentina (30.8% of the basin (Fig. 1). The
western portion of the watershed is formed by the Northern Pata-
gonian Ice Field (NPIF). The North and North eastern portion of the
basin is characterized by Lake General Carrera or Buenos Aires
(local names in Chile and Argentina, respectively), that covers an
area of 1850 km2, being the second largest lake in South America.
The main land use land cover types in the Baker basin determined
from the GIS data provided by CONAF et al. (1999) are shrublands
and grasslands (42% of the total), native forests (19% of the total,
almost all forests located in Chile), barren lands located above-tre-
eline (14%), (NPIF) and associated glaciers (3.1%).

The watershed flows towards the South-West and the outlet is
in Bajo Pisagua at the Baker Fjord (Fig. 1). The main tributaries to
the Baker (all of which have mean flows at least one order of mag-
nitude smaller than the main stem) are the Nef, Colonia and Ven-
tisqueros coming from the NPIF on the western side, and
Chacabuco, Cochrane, Del Salto and Ñadis draining from the East
(Dussaillant et al., 2012). Glacial-lake outburst floods (GLOFs)
occur in the Colonia valley and have started to be studied in recent
years. An increase in the occurrence of GLOF events has been
reported. Several occurred in 2008 and 2009 (fall, spring and sum-
mer) and caused rapid floods constituting important hazards in the
Baker valley (Dussaillant et al., 2009).

The geology of the Baker basin is dominated by the metamor-
phic rocks of upper Paleozoic age, as well as by different volcanic
pyroclastic materials (Pino, 1976). Pleistocene glacial dynamics
has driven most of the geomorphologic evolution of the Baker
basin which has been overprinted by fluvial dynamics, landslides
and volcanism due to Hudson volcano activity during the
Holocene. The inner terminal moraine system of Lake General
Carrera, was dated between 23 and 16 ky BP and therefore they
can be associated with the Last Glacial Maximum (Kaplan et al.,
2004).



Fig. 1. Map of the Baker basin indicating the location of the tree-ring chronologies, meteorological and streamflow gauge stations. Codes for streamflow gauges: BBL: Baker at
Bertrand Lake, BNA: Baker Bajo Ñadis. See Tables 1 and 2 for the codes of meteorological stations and chronologies.
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Due to the rainshadow effect of the Andean Cordillera, annual
precipitation varies from 2789 mm/year at Puerto Aysén on the
western fjords, increases to an estimated value of 5000–
10,000 mm/year on the Northern Patagonian Ice Field (Garreaud
et al., 2013; Miller, 1976) and decreases towards the East to 740
and 270 mm/year in Cochrane and Chile Chico, the latter located
on the south shore of Lake General Carrera (Dirección Meteorológ-
ica de Chile, DMC, and Dirección de Aguas, DGA, unpublished
records; Fig. 1 for locations, and Table 1 for elevations). The mean
austral summer (January) temperatures for Puerto Aysén and Bal-
maceda are 14.1 �C and 12.1 �C respectively and the mean austral
winter (July) are 4.3 �C and 0.6 �C respectively (DMC unpublished
records). Precipitation is concentrated in the winter season and
decreases during the spring – summer (37% of annual precipitation
between October and March for Cochrane). The Southern Annular
Mode (SAM) is the main climate forcing in the region that deter-
mines the interannual variability of precipitation, with a smaller
influence of El Niño Southern Oscillation (ENSO, Aravena and
Luckman, 2009; Garreaud et al., 2009; Thompson et al., 2011).
Fig. 2. Monthly precipitation and streamflow variation through the hydrologic year
of the Baker River for the intermediate watershed (mean values for 1961–2004)
indicating the reconstructed period.
2.2. Streamflow records

Streamflow monthly records from the Baker watershed were
obtained from Dirección General de Aguas (DGA). These records
were previously homogenized, validated and completed for miss-
ing data using regression on the closest comparable records follow-
ing the methods proposed by Rosenblüth et al. (1997) and Rubio-
Álvarez and McPhee (2010). None of the streamflow gauges has
been affected by hydropower generation, irrigation channels or
any other diversions. The records that would be suitable for recon-
struction due to their length, completeness and percentage of the
total streamflow of the Baker River that they represent came from
the gauges at the outlet of Bertrand Lake (BBL, upper Baker basin),
and the Baker at the junction with Ñadis River (BNA). A third can-
didate for reconstruction was defined by subtracting the records
from both gauges. The difference represents the streamflow out
of the intermediate Baker basin (Fig. 1).

The hydrologic year was defined starting in August (winter)
when streamflow reaches its lowest value, with a maximum in
summer (December through March) during the snowmelt season,
and decreases until July of the next year, completing the annual
cycle of discharge and recharge (Fig 2). This hydrological regime
may be defined as nival with glacial contributions and is similar
to the one described for the upper Baker watershed that goes from
October through September with a maximum in February (Krögh
et al., 2014). This delay in the seasonality compared to the
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intermediate watershed may be explained due to the water storage
effect of Lake General Carrera (or Buenos Aires) that is stronger for
the upper than for the intermediate watershed. The hydrologic
year of the Baker differs from the one that characterizes the rivers
in Central and South-Central Chile that goes from April to March of
the following year.

2.3. Tree-ring records

The species selected for the reconstruction of the Baker River
streamflow was Nothofagus pumilio (lenga). This deciduous species
grows in Chile and Argentina between 36� 300 and 55� 310S and
often dominates the upper tree line of the Andes. Increment cores
from living trees used in this study were collected in 1997, 2008
and 2009 from a total of 14 sites, 10 of them located within the
Baker watershed. The sites encompass old-growth dense stands
and Krummholz stands at or near tree-line (Fig. 1). Sampling con-
sidered the entire range of site conditions where N. pumilio grows
in the Baker basin along the West-East precipitation and North–
South gradients within the basin. Using our knowledge of the var-
iability in N. pumilio climate response (e.g. Aravena et al., 2002,
Lara et al., 2005), we broaden the range of sites, and we include
four additional sites in Chile and one in Argentina located outside
the Baker Basin (Fig. 1). Forest stands selected for sampling were
not disturbed or little disturbed by human causes such as logging
or fire, as well as by natural disturbances.

Tree-ring series from highly correlated site chronologies were
grouped into five composite chronologies, four in Chile and one
in Argentina, the latter formed by only one site chronology. The
characteristics of the tree-ring chronologies and sites that are
included in each composite chronology are described in Table 2.

Two radii from each living tree were collected in each of these
sites. Cores and sections were sanded, and tree-rings were mea-
sured under a microscope to the nearest 0.001 mm, cross-dated
and standardized using standard dendrochronological techniques
(Fritts, 1976; Holmes, 1983; Stokes and Smiley, 1968; Robinson
and Evans, 1980). The computer program COFECHA (Holmes,
1983) was used to detect measurement and cross-dating errors.
For dating purposes, we followed Schulman’s convention (1956)
for the Southern Hemisphere, which assigns to each tree ring the
date of the year in which radial growth started. Cross-dating veri-
fies the assignment of a calendar year to each ring in every sample
by comparing the growth patterns among the different cores and
sections. Cross synchronization of annual ring width patterns back-
ward from the outer ring on radii collected from living trees, and
then the assignment of exact calendar years is achieved among a
large sample of trees and cores. The accuracy of the first master
chronology in an area is then tested (and ultimately validated if
no disagreements are discovered) upon comparison with every
additional dated series. Standardization removes non-climatic var-
iability from tree-ring series, such as the typical decline in ring
width due to the increase in age and circumference of trees
(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 regres-
sion curves, using the TURBO ARSTAN program (Cook, 1985;
Cook et al., 2007). Regional chronologies were developed by com-
bining 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) sta-
tistics using a 50-year window with a 25-year overlap (Briffa,
1995). Rbar is the mean correlation coefficient of all possible pair-
ings among tree-ring series from individual cores, for a common
time interval (Briffa, 1995). EPS is a measure of the correlation
between the average of a finite number of tree-ring series and a
hypothetical chronology that has been infinitely replicated, and
assumed to represent the population (Briffa, 1995).
2.4. Tree-ring reconstruction

In order to identify the relationships between streamflow and
tree growth, we computed the correlations between tree-ring
width indices from the composite chronologies and monthly mean
departures from the Baker River intermediate watershed. We tried
various monthly and seasonal combinations of the three available
streamflow records that were candidates for reconstruction (BLB,
BNA and BNA–BLB), following the methods described by Fritts
(1976) and Blasing et al. (1984).

Reconstruction equations were estimated by regressing
monthly streamflow departures on principal components (PCs)
extracted from the four tree ring composite chronologies and one
individual site. Three PCs were used as candidate predictors. A
stepwise multiple regression model was applied to develop the
Baker streamflow reconstruction. The entire common period
(1961–2004) of the composite streamflow record was used to cal-
ibrate the tree-ring model utilizing the ‘‘leave-one-out’’ cross-
validation procedure (Meko, 1997; Michaelsen, 1987). In this
method each observation is successively withdrawn; a model is
estimated on the remaining observations, and a prediction is made
for the omitted observation. The proportion of variance explained
by the regression or adjusted R2 (R2

adj) was used to evaluate the
quality of fit between the observed and predicted values. F-value
of the regression, reduction of error (RE), the Durbin–Watson test
(Ostrom, 1990) and other statistics were used to assess the robust-
ness of reconstruction model.
2.5. Temporal and spatial variability

Singular Spectral Analysis was used to identify the dominant
periods at which variance occurs in the streamflow reconstruction
and other time series (Vautard and Ghil, 1989). We used the Multi-
Taper Method (MTM; Mann and Lees, 1996) to identify the cycles
that explain significant proportions of variance. In addition, to
allow a simultaneous representation of the dominant modes of
variability in the reconstruction and their variations and signifi-
cances through time, a Continuous Wavelet Transform and cross
wavelet analysis was developed (Grinsted et al., 2004; Torrence
and Compo, 1998).

We applied the Mann–Kendall test Kendall (1975) for the
assessment of tendencies in the reconstructed Baker streamflow
record considering a slope equal to zero (i.e. no trend) as the
null-hypothesis. Mann Kendall is a non-parametrical test that ana-
lyzes trends in time series. In addition, the Mann–Kendall test has
been selected as one of the most robust statistical tools for the
detection of linear trends in environmental data sets (Hess et al.,
2001). Nevertheless, this and other methods are restricted by the
difficulty in determining the null-hypothesis and the reduction of
significance in statistical testing due to long-term persistence in
hydroclimatic instrumental and proxy records (Cohn and Lins,
2005; Koutsoyiannis and Montanari, 2007).

Sea level pressure (SLP) across the Pacific and Atlantic Oceans
were compared with the Baker observed and reconstructed
streamflow to determine the atmospheric and oceanic features
more closely related to discharge variations. For this analysis we
used Gridded (2.5� � 2.5�) mean monthly SLP time series from
the NCEP–NCAR Reanalysis global database (Kistler et al., 2001
and updates) (http://www.cdc.noaa.gov/Correlation/). We used
linear correlation and mapping routines available at the KNMI
(Royal Netherlands Meteorological Institute) available at the Cli-
mate Explorer Website (http://climexp.knmi.nl/).

http://www.cdc.noaa.gov/Correlation/
http://climexp.knmi.nl/
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2.6. Climatic forcings

Pearson’s temporal correlation coefficients between the annual
reconstruction and indices of atmospheric circulation, such as
ENSO, expressed as the Southern Oscillation Index (SOI, http://
www.cru.uea.ac.uk/cru/data/soi.htm), the Pacific Decadal Oscilla-
tion (PDO, http://jisao.washington.edu/pdo/PDO.latest) and the
Southern Annular Mode (SAM) or Antarctic Oscillation (AAO,
http://jisao.washington.edu/data/aao/slp/) were evaluated to iden-
tify the major climatic forcings affecting interannual or decadal to
multidecadal variations in the Baker River streamflow. Temporal
correlations between monthly and seasonal observed streamflow
and these indices were especially evaluated to identify possible
effects of these forcings on discharge. Additionally, we analyzed
the long-term relation of the reconstructed Baker streamflow with
reconstructions of the PDO (Biondi et al., 2001) and SAM (Villalba
et al., 2012) based on tree-ring records.

3. Results and discussion

3.1. Tree-ring records

Mean sensitivity of the various composite chronologies, charac-
terizing the year-to-year variability in tree-ring records (Fritts,
1976), ranges between 0.167 and 0.247 (Table 3). These values
are within the range of those reported for the species along its
complete latitudinal gradient (mean sensitivity 0.15–0.28, Lara
et al., 2005). The mean Rbar for the different composite chronolo-
gies, representing the mean correlation among tree-ring series for
overlapping 50-year periods, varies between 0.311 and 0.355
(Table 3). These values are higher than those reported earlier for
N. pumilio except for one composite chronology (Lara et al.,
2005). First order autocorrelation in each of the chronologies
Table 1
Meteorological stations used for developing regional precipitation and maximum
temperature time series. Station locations are indicated in Fig. 1.

Station
name

Code Variablea Elevation
(m asl)

Period Missing
values (%)

Pp Tx

Balmaceda BAL Pp, Tx 520 1961–2005 0 0
Coyhaique COY Pp, Tx 300 1961–2005 0 0.5
Puerto Aysén PAY Pp 10 1961–2005 1.1
Cochrane CCH Tx 215 1970–2005 2.3

a Pp = monthly precipitation, Tx = maximum temperature (monthly average).

Table 2
Site characteristics of tree-ring records included in the composite chronologies.

Composite chronologies (Code) Site chronologies Code

Cisne (CIS) Santa Teresa Abajo STA
Santa Teresa Krummholz STK
Santa Teresa Nueva STN

Oportus (OPO) Cerro Oportus B COB
Cerro Oportus C COC
Cerro Oportus A COA
Portezuelo Ibañez PIR

Jeinimeni (JEI) Jeinimeni 1 JE1
Jeinimeni 2 JE2

Furioso (FUR) Barrancoso BAR
Furioso Krummholz FU1
Cerro Tamango Inferior CTI
Furioso 2 FU2

Calafate (CAL) Cerro Buenos Aires BAS
ranges between 0.49 and 0.69 (not shown). All the chronologies
have at least 5 radii covering the period since 1782. The EPS value
is above 0.85 starting between 1765 and 1800, with the exception
of Jeinimeni, which reaches this threshold in 1820 (Table 3). EPS
values above or close to 0.85 suggest temporal stability, good qual-
ity and a strong common signal in the time series (Wigley et al.,
1984).

Tree-ring growth patterns for the various chronologies show
both inter-annual as well as low-frequency variations (Fig. 3).
The composite chronologies have similar high-frequency patterns
as indicated by the correlation among them. Correlation coeffi-
cients (r) vary between 0.25 and 0.58 (p < 0.001 in all cases),
Table S1, Supplementary Material). All the tree-ring records show
a period below the mean centered in 1812–1816 (Fig. 3). In the
recent portion of the chronologies, Cisnes, Furioso and Calafate
show a decreasing trend since the 1990s and this decline is espe-
cially steep in Furioso (Fig. 3). Conversely, Oportus and Jeinimeni
growth is above the mean without a clear trend in the same period.
The three principal components PC1, PC2 and PC3 explain 29.9%,
28.1% and 22.0% of the variance in tree-growth, respectively. The
relatively even distribution among the variance explained by the
different PCs can be associated with the dominant response of N.
pumilio tree-growth to temperature or precipitation according to
the location of the chronology sites along a broad West to East
and North to South environmental gradient. Similar variability in
N. pumilio growth response to climate has been documented
(Aravena et al., 2002; Lara et al., 2005). Examples of the correlation
between selected composite chronologies with precipitation and
temperature records are included in Supplementary Material.

PC1 and PC3 loadings are dominated by chronologies at year t,
whereas loadings of PC2 are dominated by Furioso and Calafate
lagged chronologies (Supplementary Material). This may be
explained by the typical tree-growth response of N. pumilio that
has demonstrated to be determined by both the climate conditions
of the current and previous growing seasons (Villalba et al., 2003,
Aravena et al., 2002). The latter study developed a reconstruction
of minimum temperature of southern Chilean Patagonia (51� –
55�S) modeling climate as a function of tree-growth in the current
and previous years. This is consistent with the knowledge that
tree-growth of different species may depend on the climate of
not only the current year but of the previous one or more years
(Fritts, 1976).

3.2. Streamflow reconstruction

Based on the correlation functions between the tree ring com-
posite chronologies and the principal components extracted from
Period Latitude (W) Longitude (S) Elevation (m asl)

1784–1997 �44.73 �71.50 1000
1770–1997 �44.73 �71.45 1200
1765–2008 �44.74 �71.94 1020

1764–1997 �47.13 �71.90 1080
1739–1997 �47.13 �71.93 1120
1759–2009 �47.13 �72.10 1160
1712–2008 �46.07 �72.04 1180

1858–2002 �46.84 �72.11 1070
1690–2009 �46.87 �72.02 1040

1836–1997 �47.45 �72.78 900
1868–1997 �46.92 �72.35 1170
1750–1997 �47.17 �72.50 960
1722–2008 �46.99 �72.46 1060

1741–2009 �50.36 �72.79 840

http://www.cru.uea.ac.uk/cru/data/soi.htm
http://www.cru.uea.ac.uk/cru/data/soi.htm
http://jisao.washington.edu/pdo/PDO.latest
http://jisao.washington.edu/data/aao/slp/


Table 3
Descriptive statistics for the composite standard chronologies.

Chronologies Period N� of radii Starting year with P5 radii Mean sensitivitya Mean Rbarb Year of EPSc P 0.85 Variance explained by the
first Eigenvector (%)

Cisne 1765–2008 50 1779 0.209 0.345 1800 57.58
Oportus 1712–2009 291 1747 0.167 0.318 1765 25.56
Jeinimeni 1690–2009 54 1782 0.217 0.311 1820 33.77
Furioso 1722–2008 67 1724 0.247 0.355 1767 60.18
Calafate 1741–2009 104 1764 0.206 0.352 1800 31.53

a Mean sensitivity is the measure of the relative changes in ring width variations from year to year (Fritts, 1976).
b 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).
c Expressed Population Signal (EPS) statistic for the composite chronologies using a 50-year window with 25-year overlap. EPS threshold fixed at 0.85 is considered

adequate to reflect a reliable common growth signal (Wigley et al., 1984).

Fig. 3. Standard tree-ring composite chronologies of Nothofagus pumilio. Tree-ring
indices provide nondimensional values that show changes in radial growth over
time. The chronologies are also shown with a cubic spline 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.

Table 4
Statistics computed for the tree-ring based reconstruction of the summer – early fall
(January–April) streamflow for the Baker River.

Period R2 R2
adj F Pf SE RE RMSE DW

1961–2004 0.56 0.54 16.74 0.0001 35.79 0.49 36.64 2.04

R2 = square of the multiple correlation coefficient; R2
adj = square of the multiple

correlation coefficient adjusted for loss of degrees of freedom; F = F statistic; Pf = -
probability value of the F statistic; SE = standard error; RE = reduction error;
RMSE = root-mean-square error (measure of reconstruction uncertainty); DW = Dur-
bin–Watson, statistic used to test for first-order autocorrelation of the regression
residuals (Ostrom, 1990).
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them and the monthly mean departures from the Baker River
streamflow instrumental records, the hydrological period from
January to April (summer to early fall corresponding to the
snowmelt season) was selected for the reconstruction. The short-
est composite chronology started in 1765, and the Baker validated
streamflow record covered the 1961–2004 period. Therefore, the
period for reconstruction was defined as 1765–2004.

The reconstruction using the ‘‘leave-one out procedure’’ (Meko,
1997; Michaelsen, 1987) selected three predictors: PC1, PC2 and
PC3 extracted from the composite chronologies. The reconstruc-
tion equation is:

SBt ¼ 513:048þ 30:656PC3t � 14:892PC1t þ 15:077PC2tþ2

where SBt is the predicted summer-early fall (January-April)
streamflow for the Baker River for year t, and PC1, PC2, PC3 are
the principal component amplitudes from the composite chronolo-
gies for the years indicated as t or t + 2.

The regression model for the period (1961–2004) explains 54%
of the variance of the Baker River streamflow expressed as
(R2

adj = 0.54, Table 4). This statistic is higher compared to the variance
explained by previous streamflow reconstructions in Chile for the
Puelo and Maule Rivers (R2

adj = 0.42, and 0.43, respectively; Lara
et al., 2008; Urrutia et al., 2011). The reduction of error statistic
(RE = 0.49) is positive and indicates useful skill in the regressions
(Gordon and Le Duc, 1981, Table 4). The Durbin–Watson statistic
indicate that the residuals are not autocorrelated (Table 4). The
residuals are randomly distributed, have no trend in the 1961–
2004 period (slope 0.136, p = 0.74), and are not correlated with the
predictors (Figs. S5–S8 in Supplementary Materials). The root-
mean-square error (RMSE) is useful to estimate the error contained
in the reconstruction as a proportion of the variable that is being
reconstructed. The RMSE summer-early fall Baker River streamflow
in the reconstruction is 36.64 m3 s�1, representing 7.1% of the mean
reconstructed streamflow (513.3 m3 s�1). The estimate of error is
based only on the calibration period (1961–2004), and the true
uncertainty in the reconstruction is likely higher in the pre-instru-
mental period due to several factors such as decreasing sample size
and temporal variability in the tree growth precipitation and tem-
perature relationships, that control the reconstructed streamflow.

The mean January–April streamflow of the Baker River repre-
sents 45.2% of the mean annual streamflow in the entire hydrolog-
ical year (Fig. 2). The mean summer streamflow of the intermediate
basin reconstructed in this study represents 43% of the discharge at
the Ñadis station (BNA, Fig. 1) that includes both the upper and the
intermediate basins with a mean summer discharge of
1192 m3 s�1.

The predicted streamflow captures both high and low variations
in the instrumental record as indicated by the similar differences



Fig. 4. (a) Observed and predicted mean austral summer to early fall season (January–April) departures of the Baker River streamflow between 1961 and 2004. (b) Coherence
spectrum of the observed and predicted streamflow of the Baker River estimated for the 1961–2004 period. The grey and red horizontal lines indicate the 95% and 99%
confidence limits, respectively. (c) January to April reconstruction of the lower watershed Baker River discharge for the period 1765–2004 (m3 s�1). The gray shaded area
indicates ±2 squared error of cross validation, and the horizontal line indicates the mean discharge for the 1765–2004 period. The color bands on the bottom represent the
percentile distribution (<P10 to PP80) obtained from the reconstruction series. Blue, yellow and red colors indicate years with high, average and low discharge compared to
the mean value, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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between the observed and the predicted values for the positive and
negative deviations (Fig. 4a). Coherency spectrum between the
observed and predicted January – April streamflow of the Baker
River, estimated over the 1961–2004 period shows common cycles
(Fig. 4b). In general, the coherency spectra show fidelity in those
bandwidths in both the observed and predicted time series. Oscil-
lations centered in 22-year followed by 2.8 and 2.2 year periods are
coherent for both series (p < 0.01) as an indication of synchrony at
those time periods in both the observed and the predicted time
series (Fig. 4b).

3.3. Temporal patterns

From the reconstructed values, we identified the years and peri-
ods of highest and lowest streamflows for Baker River since 1765
(Table 5). Three of the years among those with the highest stream-
Table 5
Ranking of the individual years, 5 and 10-year periods with extreme low and high
values in the reconstructed Baker River streamflow.

Period Lowest streamflow Highest streamflow

Year SD Year SD

1 1769 �3.09 1977 3.06
1912 �2.75 1958 1.96
1773 �2.56 1842 1.74
1814 �2.53 1959 1.69
2000 �2.48 1787 1.68

5 1812–1816 �2.01 1786–1790 1.35
1765–1769 �1.59 1956–1960 1.28
1996–2000 �1.44 1977–1981 1.27
1772–1776 �1.43 1825–1829 1.13
1911–1915 �1.37 1799–1803 1.12

10 1809–1818 �1.40 1781–1790 1.07
1766–1775 �1.39 1799–1808 1.05
1995–2004 �1.21 1824–1832 1.01
1891–1900 �0.81 1951–1960 0.97
1908–1917 �0.74 1977–1986 0.89
flows occurred after 1950, with 1977 as the most extreme high-
streamflow event in the entire record (3.06 SD above the mean),
followed by 1958 and 1959 (Table 5).

In terms of 10-year moving averages, there are two periods in
the last decades among the five with the highest streamflow:
1951–1960 and 1977–1986. Two of the years with extreme low
reconstructed discharge occurred early in the record (1769 and
1773, with �3.09 and �2.75 SD below the mean, respectively
Table 5). Nevertheless, the events before 1800 need to be judged
carefully since the chronologies used for the reconstruction have
a lower replication. The decades with the lowest streamflow are
1809–1818 and 1766–1775, and they are also clearly shown in
the reconstruction and in the periods of successive years that fall
in the percentile <10 (Fig. 4c).

Tendency analysis using the Mann Kendal test (indicated by s
non-dimensional index) that identifies the periods where slope is
significantly different from zero, indicated that 1980–2004 is the
only 25-year period of reconstructed streamflow with a significant
trend of any sign (s = �0.633, p = 1.0144 ⁄ 10�5, Fig. 4c). The
decreasing trend is also evident in the summer to early fall (Janu-
ary to April, Fig. 4a) and annual streamflow (not shown) instru-
mental records after 1980 (both series are highly correlated,
r = 0.71, p < 0.0001).

Different waveforms were isolated from the streamflow recon-
struction using Singular Spectral Analysis SSA (Vautard and Ghil,
1989; Fig. 5a). The spectral signal of the Baker reconstruction
shows oscillations centered in 22.7, 9.4, 5.8, 5.1, 4.2, 3.8, 2.7 and
2.1 year-periods at various confidence levels for the 1765–2004
interval (Fig. 5a). The 21.2–28.5 year-cycle was identified as the
most significant oscillatory mode, explaining 23% of the total var-
iance. This interdecadal oscillation mode in the streamflow vari-
ability shows higher amplitude and is better structured from
1765 to 1830 (Fig. 5c). 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). Other



Fig. 5. (a) Spectral signal of the Baker River streamflow reconstruction from 1765 to
2004, with blue, orange and red lines indicating the 90%, 95% and 99% confidence
limits, respectively. (b) Baker River streamflow reconstruction with the periods
below the mean highlighted in red, to emphasize the low-frequency patterns. (c)
Singular spectrum amplitude of the Baker River streamflow variations for a period
of 21.2–28.5 years, identified as the most significant oscillation mode (23% of the
total variance associated to this waveform). Units are dimensionless. (d) Power
amplitude spectrum of the Continuous Wavelet Transform to detect spatial and
temporal cycles on the Baker reconstruction, with the time scale slightly displaced
compared to Panel (c). The thick black contours above the cone of influence
designate the 95% confidence level against red noise. Within the cone of influence,
edge effects become important. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) January–April reconstructed streamflow for Baker River and previous fall
to early spring (April–September) regional precipitation for 1961–2004. (b)
Reconstructed streamflow and current summer to early fall (January–April)
regional precipitation. (c) Streamflow reconstruction and current summer
(November-January) regional maximum temperature (monthly averages). Pearson
correlation r in parentheses were calculated from pre-whitened series. Significance
p levels are: ⁄0.05, ⁄⁄0.01, ⁄⁄⁄0.001.
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reconstructions such as those for the Maule and Puelo Rivers report
similar although shorter cycles (17.5 and 19 years, 21 and 12% of
explained variance respectively, Lara et al., 2008; Urrutia et al.,
2011).

The negative amplitudes for a cycle of 21.2–28.5 years coincide
with two periods of below the mean reconstructed streamflow
(1766–1775 and 1809–1818, Fig. 5c, Table 5). Interestingly, the
latter pattern coincides with the low-frequency signal identified
in the wavelet analysis for a period of 16–32 years between 1800
and 1825 (Fig. 5b–d). The wavelet also shows a period longer than
32 years centered at 1840–1850, with a main portion below the
cone of influence, probably as an indication of its lower strength
(Fig. 5d). This is consistent with the absence of this decadal to
multi-decadal departure in streamflow (Fig. 5b, c, and Table 5).
The 2.1 and 2.7-cycles identified in this study for the instrumental
period is similar to the 2.2–2.7-year cycle since the 1940s in the
co-spectral analysis of the observed and predicted values in the
Maule reconstruction (Urrutia et al., 2011).
3.4. Baker streamflow and climatic forcings

The Baker River reconstructed summer streamflow mainly
responds to recorded regional precipitation in the previous fall,
winter and spring (April to September) partially reflecting snow
accumulation (r = 0.43, p < 0.01, Fig. 6a). This correlation is strongly
influenced by the negative slope of both records and decreases
when both series are pre-whitened (r = 0.29, p < 0.05). Streamflow
is also correlated with current observed summer – early fall precip-
itation (r = 0.51, p < 0.001, and r = 0.46, p < 0.01 for the pre-whit-
ened series, Fig. 6b). The regional precipitation record for both
seasons has a significant negative trend over the 1961–2004 period
as indicated by the Mann Kendall test (p < 0.05). The Baker stream-
flow record is also correlated with the regional maximum temper-
ature of the spring and summer of the current hydrological year
(November–January, r = 0.33, p < 0.05) as a snowmelt response. If
the series are prewhitened, this correlation increases since the
temperature record has no trend whereas the streamflow has a
decreasing trend (r = 0.42, p < 0.01, Fig. 6c).

Differences in the seasonal correlations of the Baker River
streamflow with recorded precipitation might indicate some
importance of summer rainfall to streamflow in a nival dominated
regime. Differences might also point to limitations of precipitation
records at low elevations to capture snowfall. Low-elevation sta-
tions may underestimate basin rainfall because much of the basin
lies at high elevations (Dussaillant et al., 2012; Krögh et al., 2014).

A recent publication (Krögh et al., 2014) used a modeling
approach with daily records based on ERA-interim and CFSR re-
analysis data in order to overcome the limitations of observed
instrumental data for the upper Baker basin (Fig. 1). This study
made an important contribution to the understanding of the
hydrological processes that explain the observed Baker River
streamflow record. Infiltration is documented as the main compo-
nent of the water balance, accounting for 73% of the total precipi-
tation (Krögh et al., 2014). The fact that the soil component is the
dominant modulator of runoff, and that most occurs as slow inter-
flow provides a sound explanation of how precipitation (rain and
snow) falling in late fall, winter and spring (April through Septem-
ber) might supply the soil water that becomes available for trees



Fig. 7. Spatial correlation patterns estimated during the 1961–2004 interval
between: (a) observed summer streamflow and sea level pressure (SLP) for
December–March. (b) Same for reconstructed January–April streamflow. The red
circle indicates the location of the Baker River basin. Critical Pearson correlation
significant at 95% confidence level is r = ±0.27).
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during the summer growing season (approximately November
through March) and at the same time contributes to high summer
to early fall flows (January–April, Fig. 6a). Water from summer pre-
cipitation (mainly rain) is also stored in the soil and available for
trees, and contributes to summer streamflow (Fig. 6b). This pro-
vides a basis to understand how precipitation controls both tree-
growth and streamflow and why tree-ring chronologies explain
an important percentage of the Baker River streamflow variability.

Our results indicating that streamflow reduction in the last dec-
ades is mainly determined by a reduction in precipitation due to an
increasing trend in SAM are consistent with the findings reported
by Lenaerts et al. (2014). These authors report a slight atmospheric
cooling at the upper North and South Patagonian Ice Fields as well
as a small but insignificant increase in ice field Surface Mass
Balance (SMB) for the period 1979–2012. This near neutral SMB
might be an indication that the North Patagonic Ice Field (NPIF)
is not making a significant contribution to the Baker streamflow
that would modify its dependence on precipitation. Nevertheless,
these results contradict a study reporting the significant increasing
trend for the summer streamflow (January through March) for the
period 1994–2008 inferred from the streamflow difference
between two gauging stations in the Baker River (Mann Kendall
test, p < 0.02 Dussaillant et al., 2012). This increase in the stream-
flow of this section of the Baker River has been associated to the
contribution of the Nef Glacier and the NPIF as a consequence of
ice melt due to temperature increase (Dussaillant et al., 2012), con-
sistent with a generalized glacier retreat and thinning process
reported for the NPIF (Aniya, 2007; Rivera et al., 2007).

The occurrence of the extreme high summer streamflow of
1977 recorded in both the instrumental and reconstructed time
series is coherent with a significant positive departure in precipita-
tion from the previous fall to spring seasons (April–September)
that might increase snow accumulation, and to a maximum sum-
mer temperature value above the mean (Fig. 6a and b). The lack
of instrumental discharge records before 1961 prevents the identi-
fication of the climatic factors that might explain the positive devi-
ations of summer streamflow reconstructed for 1958 and 1959.
Dussaillant et al. (2009) have developed a record of the glacial-lake
outburst floods (GLOFs) in the Colonia tributary that produce
extreme instantaneous peaks using Baker daily records as part of
the evidence for their identification. Nevertheless, these dated
events could not be discerned in the monthly or summer discharge
instrumental records used in our study. Therefore, the causes of the
occurrence of recent extreme high observed (1977) and recon-
structed (1958, 1959, 1977) summer flows remain unclear.

The analysis of the atmospheric circulation patterns that might
be influencing regional precipitation and therefore the observed dis-
charge (December–March) as well as the reconstructed summer-
early fall (January–April) streamflow of Baker River using gridded cli-
matic data shows some clear patterns (Fig. 7a and b). Above mean
observed streamflows are related to below-average sea level pres-
sure (SLP) in December–March across the Pacific Ocean at 20� –
50�S, as indicated by the negative correlation values (Fig. 7a). Con-
versely, streamflow is positively correlated with SLP anomalies at
latitudes 60� – 80�S. This contrasting pattern may be regarded as
the main driver for positive anomalies of the observed Baker River
summer streamflow that is determined by a northward displace-
ment of the westerly winds and zonal flow throughout a large geo-
graphic area over the Pacific Ocean ranging between 150� and 70�W
that bring precipitation to mid latitudes (Garreaud et al., 2013). The
Puelo River summer-fall streamflow reconstruction responds to a
similar atmospheric pattern described for the Baker River with neg-
ative correlation with SLP at mid-latitudes and positive correlation at
high latitudes (Lara et al., 2008, Fig 7a and b).

We analyzed the correlation between the reconstructed Baker
River discharge and the Southern Annular Mode SAM (also called
Antarctic Oscillation, AAO) (1961–2004), which is the dominant
mode of climate variability at higher latitudes in the Southern
Hemisphere (Thompson and Wallace, 2000). The SAM represents
the meridional sea level pressure gradient between mid (40� –
45�S) and high latitudes (60� – 65�S) over the Pacific and the Atlan-
tic Oceans. Positive departures of the Baker River instrumental
summer streamflow are associated with the negative state of the
late spring-early fall (November–April) SAM record developed by
Marshall (2003) from instrumental data (designated as SAM-Mar-
shall hereafter). There is a negative significant correlation between
the Baker River and SAM-Marshall records (r = �0.55 p < 0.001 for
the 1961–2004 for both the raw and the pre-whitened series,
Fig. 8a). This correlation is even higher with the reconstructed
streamflow (r = �0.58, p < 0.001 and r = �0.46, p < 0.01 for the
pre-whitened series Fig. 8b). These correlations are consistent with
the spatial patterns of SLP associated with the Baker streamflow
(Fig. 7a and b).

A similar association of reconstructed streamflow and summer-
fall SAM has been described for the Puelo River (r = �0.45, p < 0.01,
1947–1999, Lara et al., 2008). Interestingly, further north, the
Maule River annual (April–March reconstructed streamflow



Fig. 8. (a) Observed Baker River streamflow and observed Southern Annular Mode
(SAM-Marshall) for the 1961–2004 period. (b) Same for reconstructed streamflow.
(c) Reconstructed January–April Baker River streamflow and reconstructed SAM-
Marshall (Villalba et al., 2012) for the 1765–2004 period. (d) Baker River streamflow
and SAM-Marshall tree-ring reconstructions with a 25 year spline to emphasize the
correlation between the low-frequency of both records. Both series have been
detrended to remove their linear tendency. Pearson correlation r in parentheses
were calculated from pre-whitened series. Significance p levels are: ⁄0.05, ⁄⁄0.01,
⁄⁄⁄0.001.

Fig. 9. (a) Comparison of decadal signals extracted by Singular Spectral Analysis
(SSA) with the corresponding explained variance in percentage (%) for the Baker
River streamflow and Pacific Decadal Oscillation (PDO) tree-ring reconstructions
(Biondi et al., 2001). (b) Power amplitude co-spectral analysis of both records using
Continuous Wavelet Transform with the timescale slightly displaced compared to
panel (a). The thick black contours above the cone of influence designate the 95%
confidence level against red noise. The arrows indicate amplitudes of contrary sign
between both time series, indicating they are out of phase. Within the cone of
influence, edge effects become important.

520 A. Lara et al. / Journal of Hydrology 529 (2015) 511–523
(35�S) is correlated with the Annual instrumental-based recon-
structed SAM (r = �0.32, p < 0.05, 1887–2000, Urrutia et al., 2011).

Similarly, the tree-ring based reconstructed spring – mid winter
(October to June) streamflow of the Neuquén River located in
Argentina at 38� 300 and the annual SAM index are negatively cor-
related (r = �0.384, p < 0.01) over the 1887–2000 period (Mundo
et al., 2012). The correlation between SAM and streamflow instru-
mental records for the 1957–2000 interval has been described for
the Cautín River in Chile (38.5�S,) and the Chubut River in the
Argentinean Andes (43.5�S, Villalba et al., 2012).

The positive deviations of the SAM indicate a southward shift of
the Westerly winds storm tracks that bring precipitation
(Thompson and Wallace, 2000). Consistently, re-analysis of ERA-
40 and NCEP–NCAR data indicates that summer precipitation can
be associated with circumpolar zonal flow anomalies at mid and
high latitudes which are well correlated with hemispheric-scale
SAM (Garreaud et al., 2013). This re-analysis also indicated a
reduction of the westerlies in the 1968–2001 period over North-
Central Patagonia (where the Baker basin is located) throughout
the year, and especially during winter and spring, causing a drying
trend (Garreaud et al., 2013).

The declining trend in the Baker streamflow since the 1980s is
unprecedented in the entire 1765–2004 record and can be associ-
ated with reduced precipitation due to the increase in the SAM. A
similar pattern has been described for the Puelo streamflow and to
a lesser extent for the Maule River, located along the north–south
hydroclimatic gradient at 41� 350 and 35� 400S, respectively (Lara
et al., 2008; Urrutia et al., 2011).

There is a similar low-frequency variability pattern for the
Baker discharge and the tree-ring reconstructed summer (Decem-
ber–February) SAM-Marshall (Villalba et al., 2012) during the
1765–2004 period (r = �0.41, p < 0.01) when both records are fil-
tered with a 25-year spline and detrended (Fig. 8d). In the estima-
tion of p no adjustment was made for the reduction of the degrees
of freedom in the filtered series compared to the unfiltered ones.
The main low-frequency common pattern is the steepest slope of
opposite sign in both reconstructions starting in the mid 1980s
(Fig. 8c and d and Villalba et al., 2012). It is highly relevant that
the reconstructed SAM record was developed from tree-ring chro-
nologies from over 3000 trees of the conifers Austrocedrus chilensis
and Araucaria araucana from Central and Southern Chile and
Argentina as well as other species from New Zealand and Tasma-
nia. Therefore, it uses other species and chronologies and is com-
pletely independent from the Baker River reconstruction
presented here that was developed from N. pumilio.

We analyzed the influence of El Niño Southern Oscillation
(ENSO) on the reconstructed streamflow, and we found a negative
correlation between discharge and current spring (October–
November) and spring-summer (September-December) SOI index
(r = �0.46 and �0.42, respectively, p < 0.01 in both cases, not
shown). The predominance of SAM (AAO) as the main climatic dri-
ver of streamflow in Northern Chilean Patagonia with a lower
influence of ENSO reported for the Baker River is consistent with
the pattern described for the observed streamflow of the Puelo
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and Mañihuales, rivers located at 41� 400S and 45� 300S, respec-
tively (Rubio-Álvarez and McPhee, 2010). This situation contrasts
with that documented for Central and South Central Chile (35� –
37� 300S) in which austral winter ENSO is the main driver of annual
streamflow (Rubio-Álvarez and McPhee, 2010). The Maule recon-
structed streamflow is also mainly correlated with ENSO (Urrutia
et al., 2008).

We also investigated the potential effect of the Pacific Decadal
Oscillation (PDO) as a climatic driver of the Baker River streamflow.
The Singular spectrum amplitude of both the streamflow recon-
struction and the reconstructed PDO (Biondi et al., 2001) have a
similar pattern regarding their waveforms with periods of 21.2 –
28.5 years and 21.7- year cycles, which explain 23.2% and 32.7%
of the total variance in each time series, respectively (Fig. 9a).
Oscillations centered in these waveforms for both the streamflow
and the PDO reconstructions are significantly correlated
(r = �0.37 p < 0.01). In the estimation of p no adjustment was made
for the reduction of the degrees of freedom in the filtered series
compared to the unfiltered ones. The cross wavelet analysis shows
coherency between both time series that are statistically signifi-
cant (p < 0.05) especially around 8-year cycles in the 1810–1860
that are in phase (Fig. 9b). Longer wavelengths that are coherent
between the streamflow and the PDO with cycles around 20-year
and 12–30 years are dominant between 1810–1840 and 1880–
1920, respectively, (Fig. 9b). Nevertheless, the amplitude of both
records in these waveforms and periods has an opposite sign indi-
cating that they are out of phase (Fig. 9a and b). Rubio-Álvarez and
McPhee, 2010 also found significant negative correlation between
summer streamflow and annual, winter and summer PDO for the
rivers located between 37� 300S and 41� 400S, and annual and win-
ter PDO for Mañihuales River (45� 300S).
4. Conclusions

The Baker River has the highest mean discharge of rivers drain-
ing both slopes of the Andes South of 20�S and is among the six riv-
ers with the highest mean streamflow in the Pacific domain of
South America (1100 m3 s�1 at its outlet). It drains a basin shared
between Chile and Argentina with an area of 29,000 km2, and it is
internationally renowned for its great ecologic and economic pres-
ent and future value, which includes conservation, tourism, recre-
ational fishing, and hydropower. The hydropower potential
includes two planned dams for the generation of a total of 1020
Mw/h. The dams have been highly controversial, and the future
of this project is uncertain.

Despite the high relevance of the Baker River and basin, the
scarcity, shortness and location of both precipitation and stream-
flow gauges, lack of snow accumulation, radiation and other cli-
mate records as well as the absence of available tree-ring
reconstructions hampers the planning and decision making regard-
ing water and other natural resources in the region. These limita-
tions are magnified by the complex hydrological processes of the
Baker basin characterized by strong precipitation gradients, pres-
ence of different land use-land cover types, diverse sources of run-
off (rain, snow and glacier melt), as well as storage in large lakes
(Dussaillant et al., 2012, Krögh et al., 2014).

This study reconstructs the austral summer – early fall (Janu-
ary-April) streamflow for the Baker River from tree-rings for the
period 1765–2004. Summer streamflow contributes 45.2% of the
annual discharge. This reconstruction constitutes the southern
most tree-ring streamflow record worldwide (47� 300S), and
expands by 650 km the range of the hydroclimate gradient along
South America covered by such records.

The reconstruction was based on principal components
extracted from N. pumilio tree-ring composite chronologies devel-
oped from a total of 566 radii that are sensitive to precipitation and
temperature. The regression model for the period (1961–2004)
indicates robust statistics and explains 54% of the variance of the
Baker River streamflow (R2

adj = 0.54, compared to R2
adj = 0.42 and

0.43 for the streamflow reconstruction of the Puelo and Maule Rivers
in Chile, respectively, Lara et al., 2008; Urrutia et al., 2011).

The reconstruction of the Baker River streamflow reveals that
the most significant temporal pattern in the record is the sustained
decline since the 1980s (s = �0.633, p = 1.0144 ⁄ 10�5 for the
1985–2004 period), which is unprecedented since 1765. This is
the only 25-year period of reconstructed streamflow with a signif-
icant trend of any sign. The decreasing trend after the 1980s is also
evident in the summer to early fall (January to April) and annual
streamflow (not shown) instrumental records after 1980 (both ser-
ies significantly correlated, r = 0.71, p < 0.0001).

Results of this study revealed two periods of below the mean
reconstructed streamflow (1766–1775 and 1809–1818) that coin-
cide with negative amplitudes for a cycle of 21.2 – 28.5 years,
the dominant waveform in the record explaining 23% of the vari-
ance. An interesting temporal pattern is that three out of the five
summers with the highest streamflows in the entire reconstructed
record (1977, 1958, 1959) have occurred in the last decades. Con-
versely, only one year among the five with lowest reconstructed
records occurred after the 1950s (2000) and occupies the fourth
place in the ranking of low records. The causes of the extreme high
values are not yet clear. The 1977 event may be associated with
high precipitation in the previous April-September that might be
an indication of snow accumulation in the previous fall to spring
season combined with above maximum mean summer tempera-
tures causing snow melt. Dated GLOF events could not be dis-
cerned in the monthly discharge records or summer records used
in our study. Therefore, the causes of the occurrence of recent
extreme high summer flows in the reconstructed record remain
unclear.

Baker streamflow is positively correlated with previous fall to
spring precipitation as an indication of snow accumulation, and
also to precipitation and maximum temperature in the current
summer, the latter explaining increased snowmelt. Nevertheless,
inadequate coverage of precipitation gauges regarding their num-
ber and location limited to low elevations, as well as lack of snow
records and strong winds lead to the underestimation of precipita-
tion in the Baker basin and limits the understanding of the rela-
tionship of both tree-growth and streamflow with precipitation
and temperature. A recent study based on hydrological modeling
documents that infiltration accounts for 73% of total precipitation,
and therefore soil storage becomes an important component of the
hydrologic cycle (Krögh et al., 2014). Precipitation (both rain and
snow melt) stored in the soil would favor both tree-growth and
slower runoff with interflow as an important component, improv-
ing the understanding of the relationship between tree-growth and
streamflow.

The recent decreasing trend in the reconstructed Baker River
summer - early fall discharge as well as in regional precipitation
that we document might be explained by the increase of the South-
ern Annular Mode (SAM), which is the main climatic forcing in
Southern South America and has caused reduced precipitation over
the region (Villalba et al., 2012). This is indicated by the correlation
of the Baker reconstructed discharge with the November–April
SAM-Marshall (r = �0.55, p < 0.001, 1961–2004). The reduction of
streamflow associated with an increase in SAM in the last decades
has also been described for the Puelo River (41� 350S) and to a les-
ser extent for the Maule River (35� 400S) reconstructions (Lara
et al., 2008; Urrutia et al., 2011). These similar patterns occur
despite the dramatic variation in climate, from sub-humid Medi-
terranean type to rainy oceanic climates (1000 to > 5000 and up
to 10,000 mm of annual precipitation), encompassing pluvial to
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mixed and snowmelt hydrological regimes. Spring to Summer SOI
index also influences the summer to fall Baker River reconstructed
streamflow (September–December) (r = �0.42, p < 0.01).

A relevant finding of this study is the negative correlation
between the Baker reconstruction and the SAM-Marshall recon-
struction for the 1765–2004 period (r = �0.41, p < 0.01), when both
records are filtered with a 25-year spline and detrended (Fig. 8d
and Villalba et al., 2012). Moreover, their trends of opposite slope
after the 1950s, are unprecedented in both records, covering the
last 600 years in the case of the SAM-Marshall reconstruction
(Villalba et al., 2012). It should be noticed that the SAM recon-
structed from tree-ring chronologies from Argentina and Chile
used species other than N. pumilio (i.e. Austrocedrus chilensis and
Araucaria araucana, both conifers) as well as others from New
Zealand and Tasmania. Therefore the streamflow reconstruction
for the Baker River presented here and the SAM reconstruction
are totally independent. This emphasizes the strength and
geographic coverage of SAM as the main climatic driver for
tree-growth, precipitation and streamflow over a large portion of
Southern South America (35� – 55�S).

There are discrepancies in the trends of the Baker streamflow.
We report a decreasing trend of the observed and reconstructed
streamflow of the Baker River in the 1980–2004 period for the
intermediate watershed, that is consistent with precipitation
decrease associated with the Southern Annular Mode. This is also
coherent with the slight atmospheric cooling at the upper North
and South Patagonian Ice Fields as well as a small but insignificant
increase in ice field Surface Mass Balance (SMB) for the period
1979–2012 (Lenaerts et al., 2014). Nevertheless, the decreasing
trend of the Baker River streamflow that we report here contradicts
the increase of summer streamflow (January–February–March) for
a portion of the Baker River intermediate watershed in the 1994–
2008 period described by Dussaillant et al. (2012). This trend
would be explained by the increase in the discharge of the Nef
River due to glacier melt caused by temperature increase
(Dussaillant et al., 2012), consistent with a generalized glacier
retreat and thinning process reported for the North Patagonian
Ice Field (Aniya, 2007; Rivera et al., 2007).

Monitoring and research in the next years should provide a bet-
ter understanding of the hydrological processes and the relative
contribution of rain, snow and glacier melt on runoff of the Baker
basin. These efforts will also document how runoff and storage
partitioning is changing as a response to climate variability and
its drivers and the impacts of these changes on the Baker River
streamflow.

The reduction in the summer-early fall streamflow after 1980,
the increase in the occurrence of high deviations since the 1950s
as unprecedented patterns since 1765, and the reported increase
in the frequency of GLOF events in the last years causing floods,
should be considered in decisions regarding water resources in
the Baker Basin in both Chile and Argentina. These variability
patterns and the trends predicted by atmospheric circulation and
climatic models may have consequences in the future socio-
economic development of the region, limiting conservation and
productive activities that highly depend on the Baker River stream-
flow, such as tourism, recreational fishing and hydropower gener-
ation, as well as restricting the compatibility among these
activities.

Future research should consider additional tree-ring sites
widely distributed over the Baker watershed that might increase
the explained variance of the streamflow record. New tree-ring
reconstructions for other watersheds would provide a better
understanding of the long-term temporal and spatial patterns of
streamflow variability and its climatic drivers. An important
challenge is expanding these reconstructions to cover the last
1000 or more years using long-lived species such as Fitzroya
cupressoides and Pilgerodendron uviferum that have provided
climate reconstructions with a broad regional signal. The installa-
tion of weather, streamflow gauges and other monitoring stations
along elevation and west to east gradients, as well as studying and
modeling the complex hydrological processes in the highly rele-
vant Baker basin are also necessary. This should be the basis for
planning, policy design and decision making regarding water
resources in the Baker basin.
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