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Abstract Araucaria araucana (Araucaria) is a long-lived conifer growing along a sharp west–east biophysical
gradient in the Patagonian Andes. The patterns and climate drivers of Araucaria growth have typically been
documented on the driest part of the gradient relying on correlations with meteorological records, but the lack of
in situ soil moisture observations has precluded an assessment of the growth responses to soil moisture variability.
Here, we use a network of 21 tree-ring width chronologies to investigate the spatiotemporal patterns of tree growth
through the entire gradient and evaluate their linkages with regional climate and satellite-observed surface soil
moisture variability.We found that temporal variations in tree growth are remarkably similar throughout the gradient
and largely driven by soil moisture variability. The regional spatiotemporal pattern of tree growth was positively
correlated with precipitation (r = 0.35 for January 1920–1974; P < 0.01) and predominantly negatively correlated
with temperature (r = -0.38 for January–March 1920–1974; P < 0.01) during the previous growing season. These
correlations suggest a temporally lagged growth response to summer moisture that could be associated with known
physiological carry-over processes in conifers and to a response to moisture variability at deeper layers of the rooting
zone. Notably, satellite observations revealed a previously unobserved response of Araucaria growth to summer
surface soil moisture during the current rather than the previous growing season (r = 0.65 for 1979–2000; P < 0.05).
This new response has a large spatial footprint across the mid-latitudes of the South American continent (35°–45°S)
and highlights the potential of Araucaria tree rings for palaeoclimatic applications.The strong moisture constraint on
tree growth revealed by satellite observations suggests that projected summer drying during the coming decades may
result in regional growth declines in Araucaria forests and other water-limited ecosystems in the Patagonian Andes.
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INTRODUCTION

The study of forest growth along ecological gradients
allows identifying spatial and temporal changes in
climatic constraints to plant productivity in relation
to the ecological amplitude of the species (Fritts
et al. 1965; Huang et al. 2010; Babst et al. 2013).This

empirical information is critical to test the paramete-
rization of vegetation models and to estimate the
range of responses of forest ecosystems to the ongoing
anthropogenic climate change. Araucaria araucana
(Araucaria) is a long-lived conifer growing along a
steep biophysical gradient in the Patagonian Andes
of south-central Chile and Argentina (Fig. 1). The
relatively small geographic range of the species is
constrained by complex topographic, climate and
vegetation gradients oriented west–east across the
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Andes (Kitzberger 2012), with a strong rain shadow
effect and reduction in plant productivity on the
eastern side of the continental divide (Fig. 2A,B). As a
result, the species occurs in a range of environments
varying from dry Mediterranean ecosystems on the
western side of the Andes to the altitudinal tree-line
and the semiarid Patagonian steppe on the eastern
slope of the Andes (Veblen et al. 1995).

This region of the South American continent has
undergone rapid warming and a general reduction
in precipitation during recent decades that together
have led to an upward migration of the snowline
and a sustained glacial retreat (Carrasco et al. 2008;
Garreaud et al. 2008; Masiokas et al. 2008; Garreaud
2009a). Regional climate reconstructions based on
tree rings have shown that some of these climate trends
are anomalous in the context of the past few centuries
(Villalba et al. 1998, 2003; Lara et al. 2008; Christie
et al. 2010). Regional climate projections for the
coming decades (Garreaud 2009b) suggest further
warming and precipitation reduction across the region
that will likely result in significant changes in ecosys-
tem functioning and regional hydrology.

The impacts of recent climate change on northern
Patagonian forest ecosystems have already been docu-
mented for a range of species (Villalba et al. 2005,
2012; Veblen et al. 2008; Kitzberger 2012). Tree-ring
studies have shown a diversity of growth responses
across the ecological range of several tree species that
are common in the region such as the southern beech
Nothofagus pumilio (Lara et al. 2001, 2005), the xeric
conifer Austrocedrus chilensis (Villalba & Veblen 1997;
LeQuesne et al. 2000), and the giant conifer Fitzroya
cupressoides (Lara et al. 2000). Unlike these species, the
growth patterns and climate responses of Araucaria

Fig. 1. Ancient Araucaria araucana tress growing on a
rocky slope in the North Patagonian Andes.

Fig. 2. Location of the Araucaria forests along the biophysical gradient in the North Patagonian Andes of Chile and Argentina.
(A) Modern distribution of Araucaria forests (blue) and sampling sites (black points) in a regional landscape of vegetation Gross
Primary Productivity (GPP) based on the MOD17 product. (B) West-to-east variation in elevation (grey shading), annual
precipitation (dotted line) and annual GPP (bold line). (C) Longitudinal variation in the mean sensitivity statistic (black) and
mean tree-ring width (red). The black line represents a significant trend in mean sensitivity along the gradient, expressed as
percentage of the overall mean across sites.
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have not been systematically analysed along its entire
ecological range. Significant differences in growth vari-
ations and climate constraints would be expected to
occur along the dramatic biophysical gradients that
shape the geographical range of the species. Most pre-
vious tree-ring studies on Araucaria have been focused
almost exclusively on the xeric forests growing on
the eastern side of the Andes in northern Patagonia
(Holmes et al. 1979; Veblen et al. 1995; Villalba 2000;
Mundo et al. 2011). These studies have reported a
strong synchronism in the growth of the species across
this water-limited region linked to regional moisture
variability during the previous and current growing
seasons, as indicated by a negative correlation with
temperature and a positive correlation with precipita-
tion (Veblen et al. 1995; Mundo et al. 2011), Palmer
Drought Severity Index (PDSI; Mundo et al. 2011)
and streamflow (Holmes et al. 1979; Mundo et al.
2012). Some small differences in growth patterns and
climate response have been observed between high-
and low-elevation forests (Mundo et al. 2011).

In contrast to the northern Patagonian forests, little
is known about the growth dynamics and climate sen-
sitivity of the species in the wetter and more productive
forests growing in the western side of the Andes
(Veblen et al. 1995; González & Veblen 2006). The
lack of long-term in situ soil moisture observations
in the region and in the Southern Hemisphere in
general (Dorigo et al. 2011) has precluded a direct
analysis of the response of austral forests to soil
moisture variability. Growth responses of Andean
trees to regional moisture variability have instead
been assessed indirectly by correlations with local
or gridded temperature and precipitation data or
with coarsely gridded soil moisture proxies derived
from meteorological observations such as the PDSI
(Le-Quesne et al. 2009; Christie et al. 2010; Mundo
et al. 2012). The recent analysis and development of
satellite surface soil moisture products with global cov-
erage and daily resolution based on active and passive
microwave observations since the late 1970s (Liu et al.
2012) has opened a new avenue for the analysis of the
responses of vegetation and terrestrial ecosystems to
observed moisture variability (e.g. Dorigo et al. 2012).
In this study, we compile a network of 21 tree-ring
width chronologies spread across the entire range of
Araucaria on both slopes of the Andes to (i) describe
the spatiotemporal patterns of radial growth of the
species in function of the environmental gradients and
(ii) to assess their correlation with regional climate
variations and satellite observations of surface soil
moisture.This work has a larger geographical coverage
than previous studies and provides a novel and more
comprehensive characterization of the patterns and
drivers of Araucaria growth based upon satellite and
meteorological observations. Our findings have impor-
tant implications for palaeoclimatic applications and

the understanding of the likely responses of this austral
conifer to ongoing climate change.

METHODS

Study region

Araucaria forests occur at mid to high elevations (500–
2000 m) along a narrow latitudinal band of the North
Patagonian Andes from 37.2°S to 40.2°S (Fig. 2A). Disjoint
relict populations also occur in the mountaintops of the
Coastal Range of Chile (Villagran 2001), westward of the
main range of the species in the Andes. The climate of
western side of the Andes (Chile) is temperate with a
Mediterranean-like summer drought that ameliorates toward
the south, where the climate becomes cooler and wetter.
On the eastern side of the Andes (Argentina), the climate
becomes more continental with a larger seasonal temperature
range and a steady rainfall decrease toward the east because
of the rain shadow effect of the Andes, which leads to the
forest-steppe ecotone that characterizes Patagonia (Veblen
et al. 1995; Kitzberger 2012). As a result of the steep topo-
graphic gradient, the regional climate varies more with lon-
gitude than with latitude. Annual precipitation ranges from
2000 to 3000 mm on the western slope of the Andes to about
500 mm in the Patagonian steppe east of the Andean peaks
(Fig. 2B). Vegetation productivity mirrors this precipitation
gradient, with a significant eastward decline in model-based
gross primary productivity (GPP; Zhao et al. 2005) from
around 2800 gC m2 year-1 in the productive deciduous
broadleaved forests dominated by Nothofagus species in the
Coastal Range of Chile to about 100 gC m2 year-1 in the
Patagonian steppe (Fig. 2A,B).

Tree-ring data

We compiled 21 tree-ring width chronologies of Araucaria
covering most of the ecological range of the species in Chile
and Argentina (Fig. 2A). Table 1 shows the location and
descriptive statistics of each site tree-ring standard chronol-
ogy, typically based on tree-ring widths from 20 to 30 living
overstorey trees and two cores per tree (see Appendix S1(1)).

Mean tree-ring chronologies for each site were developed
following standard dendrochronological procedures (see
Appendix S1(2)). The Expressed Population Signal statistic
(EPS; Briffa 1995) was used to assess the strength of the
common growth signal over time and truncate the chronolo-
gies when this signal weakens in the less replicated, earlier
part of the chronologies (see Appendix S1(3)). The segment
of the chronologies with EPS above the commonly used
threshold of 0.85 (85% common growth signal and 15%
noise) was retained for analysis (Table 1). Accounting for
EPS and the time-span of the chronologies, the optimal
common period for analysis was 1750–1974.The mean sen-
sitivity statistic (Fritts 1976) was used to evaluate the degree
of sensitivity of year-to-year variability of tree growth to
environmental variation at each site and to identify geo-
graphic differences of tree growth dynamics (see Appendix
S1(4)).
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Spatiotemporal variability

Empirical Orthogonal Functions (EOF) analysis was used
to evaluate the spatiotemporal patterns of tree growth across
the tree-ring network. The EOF analysis was based on the
correlation matrix of the 21 tree-ring chronologies over the
common period from 1750 to 1974. A Monte Carlo signifi-
cance test (Jolliffe 2002) indicated that only the first two
EOFs were significant at the 95% level and thus only these
EOFs were retained for further analysis.

Climate drivers of tree growth

Simple and partial correlation analysis as implemented in the
seascorr Matlab routine (Meko et al. 2011) was used to
identify the months and seasons where precipitation and
temperature are critical for tree-ring growth within a
26-month period from April of the calendar year prior to
growth onset to May of the calendar year following the
growth onset, when the austral growing season ends. This
extended temporal window allows the identification of
potential physiological carry-over effects in tree growth as it
spans the previous and current austral growing seasons.
Simple correlations between the amplitudes of the first two
EOFs of the tree-ring network and gridded total monthly
precipitation from the CRUTS 3.2 dataset (Harris et al.
2013) averaged over the region 37°50′–40°S and 70°50′–
73°50′W were computed for each month over the period
1920–1974.The same was done for mean monthly tempera-
ture but using partial correlations in order to remove the
potential confounding influence of any correlation between

regional temperature and precipitation (Briffa et al. 2002).
The significance of the correlations and partial correlations
was empirically estimated using 1000 Monte Carlo simula-
tions (Meko et al. 2011).

In order to examine the direct relationship between the
growth of Araucaria and soil moisture, the leading EOFs of
the six most up-to-date tree-ring chronologies of the dataset
(Table 1) were compared with satellite microwave soil mois-
ture observations from a newly developed global dataset with
a spatial resolution of 0.25° and daily time step (Liu et al.
2012; available at: http://www.esa-soilmoisture-cci.org/; see
Appendix S1(5)). Although these satellite observations only
represent moisture in the uppermost few centimetres of the
soil profile it has been shown that they correlate well with
moisture variations at deeper layers (Albergel et al. 2008)
and with the self-calibrating Palmer Drought Severity Index
(sc-PDSI) based on gridded meteorological observations
(van der Schrier et al. 2013). More information about this
dataset can be found in Appendix S1(6).

RESULTS

Growth patterns

The xeric sites located along the North Patagonian
steppe tended to have slower and more variable yearly
growth rates than the sites located at high elevations and
under more mesic conditions in the Pacific side of the
Andes (Fig. 2C,Table 1).The mean sensitivity statistic
increased significantly toward the east by about 11.7%

Table 1. Location and statistics of the tree-ring width chronologies of Araucaria araucana used in this study

Code Name†
Lat.
(S)

Long.
(W)

Elev.
(m a.s.l.) n‡ Period EPS§ r¶ TRW†† MS‡‡

CAR Caramávida (cl) 37°41′ 73°10′ 900 22 1474–1975 1750 0.61 1.06 0.14
PAG Piedra del Águila (cl) 37°50′ 73°02′ 1300 51 1239–2009 1450 0.49 0.67 0.17
QUE Quetrupillán (cl) 39°47′ 71°76′ 1310 25 1483–2005 1630 0.49 0.72 0.20
CAP Captrén (cl) 38°39′ 71°42′ 1492 51 1664–2007 1720 0.54 0.96 0.17
TOL Tolhuaca (cl) 38°17′ 71°42′ 1280 29 1608–2002 1750 0.45 0.73 0.18
LON Lonquimay (cl) 38°23′ 71°34′ 1510 56 1664–1975 1720 0.56 1.02 0.17
LAN Lanín (cl) 39°35′ 71°30′ 1350 95 1585–2000 1715 0.45 0.91 0.19
PAT Paso Tromen (ar) 39°36′ 71°26′ 1350 22 1385–1983 1740 0.53 0.85 0.20
LAT LagoTromen (ar) 39°36′ 71°22′ 1010 54 1617–1986 1670 0.58 1.15 0.20
NAL Las Nalcas (cl) 38°20′ 71°21′ 1420 31 1375–1975 1590 0.53 0.89 0.17
VIZ Vizcacha (cl) 37°54′ 71°19′ 1323 24 1673–2006 1805 0.41 1.5 0.18
ESP Estancia Pulmari (ar) 39°05′ 71°18′ 1890 28 1589–1989 1650 0.62 0.83 0.23
LAM Lago Moquehue (ar) 38°93′ 71°26′ 710 13 1665–1974 1750 0.58 0.94 0.22
ESM E.MaluilMalal (ar) 39°41′ 71°13′ 890 29 1689–1976 1750 0.55 1.3 0.19
LAR LagoRucachoroy (ar) 39°13′ 71°10′ 1330 47 1377–1976 1510 0.56 1.03 0.20
LOL Lonco Luan (ar) 38°59′ 71°03′ 1110 51 1306–1974 1420 0.52 0.82 0.22
CAV Caviahue (ar) 37°52′ 71°01′ 1545 28 1444–1974 1660 0.52 0.92 0.19
CHE ChenquePehuen (ar) 38°06′ 70°51′ 1650 44 1246–1974 1490 0.56 0.59 0.21
RAH Rahue (ar) 39°24′ 70°48′ 1380 26 1483–1974 1540 0.58 0.91 0.20
PIH PinoHachado (ar) 38°38′ 70°45′ 1400 31 1459–1974 1690 0.56 0.83 0.20
PPA P. PinosAlumine (ar) 38°53′ 70°37′ 1610 38 1140–1974 1390 0.56 0.62 0.22

†cl = Chile, ar = Argentina. ‡Number of cores. §First year with EPS above 0.85. ¶Series intercorrelation. ††Mean tree-ring width
measurement (mm). ‡‡Mean sensitivity. EPS, Expressed Population Signal; MS, mean sensitivity.
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(P < 0.001) per each degree of longitude (Fig. 2C),
following the increase in aridity. Unlike gross plant
productivity and mean sensitivity, the site-level mean
ring width did not follow an overall trend along the
longitudinal gradient but it decreased markedly near
the North Patagonian steppe (Fig. 2C). However, in
spite of these regional differences in the magnitude and
variability of the growth rates, the temporal variations
of the chronologies are remarkably similar (Fig. 3).
This similarity was confirmed by a high degree of
intercorrelation between the chronologies over the
common period 1750–1974 (Appendix S2), suggesting
that there is a strong regional signal in year-to-year
variations in the growth of Araucaria along the west-to-
east environmental gradient.

The first EOF accounted for 44.3% of the total
variance of the tree-ring network between 1750
and 1974, with all sites having positive loadings
(Fig. 4A,C). Regressing the spatial loadings of this
EOF onto latitude, longitude and elevation showed
that the magnitude of the loadings varied significantly
only with longitude (r2 = 0.29, P < 0.05) following an

eastward increase. Therefore, this EOF represented
a region-wide pattern of common interannual to
decadal growth variability with a slight dominance
by a cluster of sites in the eastern side of the Andes.
The temporal variability of the amplitude of this EOF
exhibited strong decadal variability and the magnitude
of the anomalies has increased substantially since
around 1850 as indicated by a strong increase in the
overall variance of the time series (Fig. 4A).

The second EOF was marginally significant and
explained only 8.1% of the total variance in the dataset
(Fig. 4B). This EOF was associated with a secondary
spatiotemporal pattern describing a contrast in tree-
growth variations between the eastern and western
slopes of the Andes, as indicated by negative loadings
in the sites located on the Coastal Range of Chile and
the Pacific side of the Andes and positive loadings in
several but not all sites on the eastern side of the Andes
(Fig. 4D). As a result, compared with latitude (r2 =
0.16, P > 0.05) and elevation (r2 = 0.03, P > 0.05),
longitude (r2 = 0.30, P < 0.001) explained most of the
variability in the spatial pattern of the EOF loadings.
Unlike the first EOF, this spatiotemporal pattern of
tree growth did not show a large change in overall
variance through time, although there is still a slight
increase (Fig. 4B). Overall, the EOF analysis indicated
a dominant region-wide synchrony in interannual
to decadal tree-growth variations with some small
differences occurring along the longitudinal gradient
imposed by the Andes.

Tree-ring growth and regional climate

Simple and partial correlations between the individual
chronologies and the regional series of precipitation

Fig. 3. Time series of the individual tree-ring chronologies
of Araucaria (grey) together with their average (black) and
number of sites through time.

Fig. 4. Temporal and spatial patterns of the (A, C) first and (B, D) second Empirical Orthogonal Function (EOF) of the
tree-ring network from 1750 to 1974. A 10-year cubic smoothing spline (bold line) is used to show decadal variations in the
amplitude of the EOFs whilst changes in variance through time are shown by a simple 50-year sliding standard deviation (light
grey).The size of the markers in the maps is proportional to the magnitude of the EOF loading of each site and the grey shading
represents the distribution of Araucaria forests.
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and temperature highlight the well-known association
of Araucaria tree rings with meteorological conditions
during the previous growing season, with a general
pattern of positive and significant correlations with
precipitation (r = 0.24 to 0.37, P < 0.05) and negative
correlations with temperature (partial r = -0.26 to
-0.38, P < 0.05) across most of the sites (Fig. 5).Thir-
teen out of 21 chronologies located on both sides
of the Andes showed a dominant significant correla-
tion with precipitation during January of the previous
growing season (Fig. 5A), when rainfall reaches the
seasonal minimum and temperatures rise near the
seasonal peak (Appendix S1(7)).

Negative partial correlations with temperature were
largely restricted to the drier second part of the pre-
vious growing season from January to May (Fig. 5B).
However, their timing, magnitude and significance
varied substantially across sites and only 11 chronolo-
gies had at least 1 month with a significant correlation
during this period. Most of these chronologies are
located on the eastern side of the Andes, indicat-
ing that this negative relationship with temperature
tends to be more common toward the drier end of the
gradient (Appendix S4B). Indeed, the magnitude of
the negative correlations in February increases sig-
nificantly with longitude toward the east (r2 = 0.26,
P < 0.01). The pattern of negative correlations with
summer temperatures in these sites contrasted with a
group of seven sites having significant and positive
correlations with early spring (September–October)
temperatures at the start of the previous growing
season (Fig. 5B), when low temperatures typically
limit tree-ring growth. These sites tended to have a
relatively weaker negative correlation with summer
temperatures. Regressing the partial correlation
during October onto elevation indicated that this
positive association was not related to differences in
elevation (r2 = 0.10, P > 0.05). Similar correlation

patterns between tree rings and monthly temperature
are obtained when using simple instead of partial
correlations (Appendix S3B).

The association of Araucaria tree-ring growth with
meteorological conditions during the current growing
season was relatively weak and no clear common pat-
terns emerged (Fig. 5). A few chronologies had signi-
ficant and positive correlations with temperature
(r = 0.26 to 0.35, P < 0.05) and negative correlations
with precipitation (r = -0.29 to -0.32, P < 0.05) in
January of the current growing season. This empha-
sizes the importance of the temporally lagged response
of Araucaria tree-ring growth to climate variability.

The dominant patterns of correlation with regional
temperature and precipitation described for the indi-
vidual tree-ring chronologies above are summarized
well by the correlation between the amplitude of the
first two EOFs of the tree-ring network and these
meteorological variables (Fig. 6). The first EOF,
representing the common regional tree-ring growth
signal, was significantly correlated with precipitation
only during January of the previous growing season
(r = 0.35, P < 0.05; Appendix S5B) as seen in most of
the sites.The relationship between this EOF and tem-
perature highlights the negative correlation between
Araucaria tree-ring growth and summer temperatures
during the previous growing season (partial r = -0.26
to -0.31, P < 0.05; Fig. 6B; see Appendix S1(8)).

The second EOF, representing a secondary pattern
of east–west contrast on tree-ring growth variations
along the longitudinal environmental gradient, was
more strongly correlated with temperatures than with
precipitation on a month-to-month basis (Fig. 6C,D).
This EOF was not significantly correlated with pre-
cipitation during any individual month, however,
a significant and positive relationship appeared
when precipitation was aggregated from November to
January during the current growing season (r = 0.32,

Fig. 5. Correlation between each tree-ring chronology in the network and regionally averaged (A) total monthly precipitation
and (B) mean monthly temperature from 1920 to 1974. Correlations are given for a 26-month window from April of the previous
calendar year (*) to May of the following year (**).The stippling indicates months with significant correlations (P < 0.05). Note
that partial correlations are given for temperature and simple correlations for precipitation. The elevation of the chronologies is
shown in C and their location east (e) or west (w) of the continental divide is given next to the site name.
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P < 0.05; Appendix S5D). Like the first EOF, this
secondary mode of tree growth was also negatively
correlated with temperatures during the previous
growing season but the association was stronger and
significant around the start (November; partial r =
-0.30, P < 0.05) and end (April–May; partial r =
-0.38, P < 0.01; Appendix S5C) of the growing season
rather than at the summer peak (Fig. 6D). Also, the
nearly significant positive relationship with late winter-
spring temperatures was weaker than in the first EOF
and restricted to August of the current growing season
(partial r = 0.20, P > 0.05; Fig. 6D).This temperature
signal in August was significant in two sites (LAR
and LOL) located in the eastern side of the Andes
(Fig. 5B; See Appendix S1(9)).

Tree-ring growth and surface soil moisture

The first EOF of the six chronologies located on the
western slope of the Andes that span the period 1750–
2000 was used to assess the response of Araucaria
tree-ring growth to regional variations in satellite-
observed surface soil moisture since 1979. This EOF
was highly correlated with the first EOF based on the
21 chronologies over the period 1750–1974 (r = 0.89,
P < 0.01; Appendix S6); therefore, it captured the
regional tree-ring growth signature seen in the entire
network. A simple comparison between this EOF and
regionally averaged summer (December–February)
surface soil moisture during 1979–2000 revealed a
remarkable correlation of Araucaria tree-ring growth
with soil moisture during the current growing season

(r = 0.65, P < 0.05; Fig. 7A). This summer soil mois-
ture signal during the current growing season has a
large and significant spatial footprint across the mid-
latitudes of the South American continent from 35°S
to 45°S (Fig. 7B).

When comparing each of the six tree-ring chronolo-
gies with regional soil moisture on a month-to-month
basis during the current and previous warm seasons
(October–May), a consistent pattern of significant
correlations during most of the current growing season
appeared across the sites (Appendix S7). No signi-
ficant correlations occurred during the previous
growing season, in contrast with the correlation pat-
terns observed between tree-ring growth and regional
temperature and precipitation (Figs 5 and 6).

In order to understand this contrasting temporal
lag in the growth responses based on meteorological
and satellite observations, we assessed the temporal
memory of summertime surface soil moisture in the
region by correlating the regional series of satellite-
observed summer soil moisture with regionally aver-
aged monthly precipitation and temperature over
a range of months prior to the austral summer. We
found that the regional series of summer surface soil
moisture averaged between December and February
started to be consistently and positively correlated
with regional precipitation only since late-winter/early-
spring (August; Appendix S8), immediately following
the peak of the rainy season in the region. Similarly,
summer averaged soil moisture was consistently and
negatively correlated with regional temperatures only
during February (Appendix S8), when temperatures
reach the seasonal peak and thereby become an

Fig. 6. Correlation between the amplitude of the first two Empirical Orthogonal Functions (EOFs) of the tree-ring network
and regional series of (A, C) monthly precipitation and (B, D) temperature from 1920 to 1974. Correlations are given for a
period of 26 months starting in April of the previous calendar year and ending in May of the following calendar year. Note that
partial correlations are used for temperature. The vertical lines separate months of the previous (*), current, and following
(**) calendar years with respect to the start of tree growth in the austral spring.
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important driver of evapotranspiration. This suggests
that summer averaged surface soil moisture integrates
meteorological conditions for a period of about 6
months, which extends from the start of the growing
season in spring. Therefore, the temporal memory of
surface soil moisture is substantially shorter than that
of tree rings as suggested by the lagged correlations
with the previous growing season meteorological
conditions. Notice that snow may only have a very
marginal influence if any on our regional series of
summer soil moisture, as satellite moisture retrievals
are available for lowlands only (see Fig. 7B).

DISCUSSION

Growth patterns

Patterns and climate drivers of the radial growth of
temperate tree species in the Southern Andes have
typically been found to vary considerably along the
major biophysical gradients in the region associated
with elevation, latitude and longitude (e.g. Villalba &
Veblen 1997; Lara et al. 2000, 2001, 2005; LeQuesne
et al. 2000; Christie et al. 2010; Kitzberger 2012).This
study shows that despite these gradients, the growth of
Araucaria is remarkably synchronous across the study
region (Figs 3 and 4), with small but significant differ-
ences occurring only along the longitudinal aridity
gradient imposed by the Andes. The large degree of
growth synchronism compared with other tree species
occurring in the region can be explained, in part, by
the relatively small latitudinal extent of the geographic

range of Araucaria that usually lies under similar
synoptic conditions associated with dominant westerly
circulation. The influence of Atlantic weather systems
in the forests located on the eastern side of the Andes
is minimal (Veblen 2007).

A similar degree of common growth variability in the
growth of Araucaria was found by Mundo et al. (2011)
based on a network of 17 tree-ring sites over a reduced
domain across the North Patagonian forests. However,
their tree-ring network is not totally independent of
ours as 11 of their sites are updated versions of earlier
collections by LaMarche et al. (1979) and Villalba
et al. (1989) included in our database. The first EOF
of their tree-ring network accounted for 62.3% of the
total variance over the period 1676–1974, which is
higher than the 44.3% of the total variance accounted
for by the first EOF of our network of 21 sites over
the shorter period 1750–1974 but covering a much
larger spatial domain.They also identified a secondary
pattern of growth variability along the elevation gradi-
ent, associated with the second EOF of their net-
work, but it only accounted for about 7% of the total
variance. Unlike this earlier study, we did not identify
significant spatial differences in growth patterns along
the elevation gradient across the Andes. Instead, on a
regional scale, small but significant differences in tree
growth occur primarily along the longitudinal aridity
gradient generated by the Andes, but accounting only
for about 8% of the total variance (Fig. 4B,D).

The dominant regional pattern of Araucaria tree-
ring growth identified in our network displayed a
long-term increase in the amplitude and frequency
of extreme growth events since around the 1850s
(Fig. 4A). A similar increase in growth variance

Fig. 7. Comparison of the leading Empirical Orthogonal Function (EOF) of six updated tree-ring chronologies of Araucaria
with (A) regional satellite-observed summer (Dec–Feb) soil moisture and (B) correlation field between this EOF and summer
soil moisture variability across southern South America from 1979 to 2000.The black dots in the map indicate the locations of
the tree-ring chronologies and the grey rectangle denotes the region used to average soil moisture in A. The stippling indicates
significant correlations (P < 0.05). Grid-boxes with less than 15 years of soil moisture data were excluded from correlation
analysis and are indicated by grey shading.
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through time has been observed in tree rings of the
drought-sensitive conifer Austrocedrus chilensis north
of the study region (Le-Quesne et al. 2006; Christie
et al. 2010) and southern beech (Nothofagus pumilio)
growing in the forest-steppe ecotone along the Patago-
nian Andes (Villalba et al. 2001). Hence, this seems to
be a common feature of tree growth across the region
and may be indicating a long-term amplification of the
interannual variability of the common climate forcing
of tree growth in the mid-latitudes of the South Ame-
rican continent. This could be related to a secular
increase in ENSO activity and/or to a strengthening
of the ENSO teleconnection in the austral mid-
latitude regions as suggested by tree rings of the
ENSO-sensitive conifer Agathis australis (kauri) in
New Zealand (Fowler et al. 2012). However, a similar
change in variance through time can also arise from
the increasing dominance of young, fast-growing trees
in the average chronologies toward the present, where
the increasing abundance of wider and more highly
variable young rings combined with rings from older,
slow-growing trees progressively inflates the variance.
The identification of the underlying cause of this vari-
ability feature is beyond the scope of this paper and
should be addressed in a future study.

Climate drivers

Earlier studies have typically found a modest (r2 <
0.20) and temporally lagged response of Araucaria
tree rings to climate variability, characterized by a pre-
dominantly negative correlation with temperature and
a positive correlation with precipitation during most
of the previous growing season and to a lesser extent
during the current growing season (Veblen et al. 1995;
Villalba 2000; González & Veblen 2006; Mundo
et al. 2011). Consistent with these studies, we found a
similar pattern of correlations between Araucaria tree-
ring growth and regional temperature and precipita-
tion during the previous growing season (Figs 5 and
6), using gridded climate data (Harris et al. 2013). It
is necessary to consider that the gridded data are
interpolations of irregularly distributed instrumental
records, resulting in differences in accuracy through
time. Futures studies should consider more detailed
comparisons with local records.

This pattern of time-lagged correlations with
temperature and precipitation has been interpreted
in previous studies as an indication for a dominant
spring–summer soil moisture control on Araucaria
tree-ring growth, which is consistent with a positive
correlation of Araucaria tree rings with regional
streamflow (Holmes et al. 1979; Mundo et al.
2012) and coarsely gridded PDSI data (Mundo
et al. 2011).

The strong association found in this study between
the regional pattern of tree-ring growth and summer

satellite-observed surface soil moisture over the
period 1979–2000 confirms the dominant control
of soil moisture content on the growth of Araucaria
(Fig. 7). However, in contrast to the time-lagged
response pattern indirectly inferred from correlations
with meteorological data, the satellite observations
show a significant growth response to soil moisture
variability only during spring and summer of the
current growing season (Appendix S7).Therefore, the
satellite observations have revealed a large non-lagged
control of soil moisture availability on the growth of
Araucaria during the current growing season that has
been largely unobserved in previous studies relying
on meteorological records. This response explains
a large fraction of the remaining growth variance
not accounted for by the relatively modest growth
response to meteorological conditions during the
previous growing season. A similar response pattern
to soil moisture availability was observed by Mundo
et al. (2011) in northern Patagonia, where Araucaria
tree rings were significantly correlated with PDSI
only during spring and summer of the current grow-
ing season.

The contrasting time lag between the growth
responses revealed by satellite observations and those
inferred from temperature and precipitation data alone
may be primarily associated with the different physical
nature of the variables and to the underlying mecha-
nisms that link them to tree physiology and cambial
growth (Kozlowski & Pallardy 1997; Vaganov et al.
2006). For instance, unlike the primary meteorolo-
gical observations of temperature and precipitation,
satellite-sensed surface soil moisture dynamics inte-
grate current and previous meteorological condi-
tions (e.g. precipitation, temperature, radiation and
wind) over a range of temporal scales from a few days
to several months (Rebel et al. 2012). We found
that throughout the region, summertime surface soil
moisture represents the land surface water balance
integrated over a period of about 6 months since the
beginning of the precedent spring, when the growing
season starts (Appendix S8).This temporal memory in
soil moisture dynamics is expected to become longer at
deeper layers of the soil profile. Indeed, field observa-
tions of late-summer hydrogen and oxygen isotopic
composition of soil water content in the region have
shown that soil water at greater depths originate from
rainfall in the last or even prior to the last rainy seasons
rather than from recent rainfall events (Schulze et al.
1996). Therefore, we speculate that the lagged corre-
lations with meteorological data could be indicat-
ing a growth response to moisture in deeper layers of
the rooting zone. In addition, known physiological
carry-over processes in the cambial activity of conifers
(Vaganov et al. 2006) may also contribute to the
temporal lag in growth response suggested by the
meteorological data.
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The forthcoming release of a new high-resolution
global dataset of self-calibrating PDSI (sc-PDSI) from
1901 to 2009 (van der Schrier et al. 2013) based on
the meteorological datasets of the Climatic Research
Unit will allow a longer-term empirical assessment of
the response of Araucaria and other Andean forest
ecosystems to regional moisture variations.

Because of the strong common regional signal in
the growth of Araucaria associated with a dominant
moisture limitation during the growing season, there
was only a small degree of spatial variation in the
climate response along the environmental gradient
across the Andes (Figs 5 and 6). As one would
expect, the moisture limitation tends to become
stronger toward the driest part of the longitudinal
aridity gradient. The strongest negative correlations
between the tree-ring chronologies and summer
temperatures during the previous growing season
occur in northern Patagonia. In this same region,
Mundo et al. (2011) found a stronger albeit barely
significant growth response to spring and summer
moisture variability in low-elevation sites compared
with higher elevations based on correlations with
coarsely gridded PDSI data. Beside these negative
correlations, there was also some indication that the
regional growth pattern identified across our net-
work is positively correlated with late winter and
early spring temperatures (Fig. 6), when cold condi-
tions are the dominant limitation for cambial activity
and tree-ring growth in temperate regions (Rossi
et al. 2006; Vaganov et al. 2006). A larger degree of
local variability in growth response along the gradient
should appear when using local rather than regional
series of temperature and precipitation for correlation
analysis.

The satellite observations revealed that the spatial
footprint of the summer moisture signal embedded
in the regional growth of Araucaria extends over
most of the mid-latitudes of the South American
continent between 35°S and 45°S (Fig. 7B). This
result is encouraging for the ongoing efforts to
develop a spatially resolved reconstruction of past
drought variability in South America based on the
continental tree-ring network. However, an urgent
update of the available tree-ring data of Araucaria
is required in order to fully exploit the large-scale
moisture signature recorded by the tree rings of this
austral conifer. The pattern of mid-latitude summer
drying projected by climate models during the
coming decades (Garreaud 2009b) may result in
regional growth declines and eventually increased
tree mortality rates in Araucaria forests and other
water-limited ecosystems in the Patagonian Andes.
Some of these projected large-scale trends and asso-
ciated ecosystem responses may be already taking
place (e.g. Jung et al. 2010; Zhao & Running 2010;
Villalba et al. 2012).
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