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a  b  s  t  r  a  c  t

Over  the  last decades,  gradual  changes  in  summer  climate  in the  Southern  Hemisphere  have  affected
forest  growth  in contrasting  ways  in  moist  and dry regions.  Here,  we  use correlation  analysis  and  a for-
ward  process-based  model  (Vaganov–Shashkin-Lite)  to investigate  changes  in  climate  limitation  of  the
interannual  tree-ring  growth  of Nothofagus  pumilio  at the  upper  treeline  along  a precipitation  gradient
in  northern  Patagonia.  Patterns  of  climate  limitation  vary  consistently  along  the gradient.  At  mesic  and
humid  treelines,  tree-ring  growth  is  positively  related  to growing  season  temperature  and  negatively  to
precipitation.  At xeric  treelines,  the  opposite  is  observed.  Moreover,  the  climate-growth  relations  are not
stationary.  In  particular,  according  to the  model,  the step  decrease  in  precipitation  in 1952  induced  an
increase  of  the moisture  limitation  at the  dry edge  of the  gradient.  Correlation  analyses  evidence  that
recipitation gradient
othofagus pumilio

the  dependence  of  growth  on  moisture  after  1952  has  enhanced  since  1976.  While the  model  consis-
tently  reproduces  tree-ring  width  variations  over  the  1931–1975  period,  it does  not  capture  the  growth
patterns  in  the  following  years.  Some  environmental  parameters  (cloudiness,  snowpack,  atmospheric
CO2)  affecting  moisture,  radiation  and  stomatal  aperture  may  have  reached  thresholds  beyond  which  the
effect  on  tree-growth  has  become  sizable.

© 2015  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Changes in summer climate regimes associated with the anoma-
ous positive trend in the Southern Annular Mode (SAM; Archer
nd Caldeira, 2008) have influenced the patterns of forest growth
cross much of the extra-tropical Southern Hemisphere (Villalba
t al., 2012). Growing seasons in the temperate belt of the South-
rn Hemisphere have become warmer and drier as the mid-latitude
esterly flow has weakened during recent decades (Gillett et al.,

006; Garreaud et al., 2009). Warming has stimulated tree growth
n cool and moist subalpine forests of Tasmania and New Zealand
Allen et al., 2014, 2001; Cook et al., 2000; Villalba et al., 2012)

hilst drying has reduced growth rates in mesic and dry forests

f southern South America (Christie et al., 2011; Mundo et al.,
012; Villalba et al., 2012). Temporal stability of significant cor-

∗ Corresponding author at: Laboratoire des Sciences du Climat et de
’Environnement, CEA-Orme des Merisiers, Bât 701, Gif-sur-Yvette, 91191, France.

E-mail address: alienor.lavergne@lsce.ipsl.fr (A. Lavergne).
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125-7865/© 2015 Elsevier GmbH. All rights reserved.
relations between tree-ring chronologies and climatic variables
suggest that forests growing at marginal locations, where growth
is dominantly limited by either temperature or moisture, have
responded consistently to this observed shift in growing season
climate (Villalba et al., 2012; Muñoz et al., 2014). However, growth
responses of mesic north Patagonian forests and at some treeline
locations where temperature and moisture simultaneously co-limit
tree-ring growth, appear to be more complex and time-dependent
(Daniels and Veblen, 2004; Álvarez et al., 2015; Suarez et al., 2015
Suarez et al., 2015). Warmer conditions and large-scale changes
in atmospheric circulation during the late twentieth century have
reduced temperature limitation but might have increased mois-
ture limitation, especially for species growing at mesic and humid
environments along the north Patagonian precipitation gradient
(Suarez et al., 2015).

The beech Nothofagus pumilio is the dominant subalpine tree
species in northern Patagonia. The radial growth of the species at

the upper treeline is typically controlled by spring–summer cli-
mate and has been used to reconstruct past temperatures and
snow cover duration (Villalba et al., 1997; Lara et al., 2001;

dx.doi.org/10.1016/j.dendro.2015.09.001
http://www.sciencedirect.com/science/journal/11257865
http://www.elsevier.com/locate/dendro
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Fig. 1. (a) Location of the tree-ring sites and Bariloche meteorological station along the west-to-east climate and productivity gradient in northern Patagonia. Gross Primary
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roduction (GPP) is based on the MOD17 product (Zhao et al., 2005). (b) Mean stan
ach  site along the west-to-east precipitation gradient (NUB, ALM, DL and CHA) bet

ravena et al., 2002). Yet, correlations between climate and tree-
ing growth at some treeline locations in northern Patagonia have
een shown to vary substantially between early-20th century
ool-wet and current warm-dry climate regimes (Raffaele et al.,
998; Daniels and Veblen, 2004). Furthermore, contrary to the
xpectation of enhanced growth rates with recent warming, tree
rowth at an adjacent high-elevation site in the western side of
he Andes appears to have declined during recent decades (Álvarez
t al., 2015). These observations could suggest a non-linear growth
esponse to temperature or the emerging influence of other envi-
onmental controls at some high-elevation forests in the region.
imilar site-level temporal instabilities in historical patterns of
limate limitation of tree growth have been observed at treeline
orests in North America (Ohse et al., 2012; Chavardès et al., 2013),

here the so-called tree-ring divergence phenomenon has been
escribed (Jacoby and D’Arrigo, 1995; D’Arrigo et al., 2004, 2008).

The recent development of generic forward models of tree-ring
ormation offer a new approach for studying the nature of growth
esponses to climate, overcoming some limitations of traditional
inear correlation analyses (Anchukaitis et al., 2006; Boucher et al.,
014; Evans et al., 2013, 2006; Vaganov et al., 2011). These mod-
ls can represent mixed and non-linear tree growth responses
o changing climatic factors from daily to seasonal and decadal
ime scales. The Vaganov–Shashkin-Lite model (VS-Lite; Tolwinski-

ard et al., 2011) is perhaps the best model available for studying
he nature of tree growth in regions were detailed daily climate data
nd field observations are not readily available. This model requires
nly monthly precipitation and temperature data to provide a rep-
esentation of the climatic controls of tree-ring growth based on the
rinciple of limiting factors and non-linear growth response func-
ions (Fritts, 1976). VS-Lite has been used to simulate and evaluate
egional patterns of climate limitation of tree growth in a range
f environments from semi-arid to temperate and boreal regions
Breitenmoser et al., 2014; Evans et al., 2014; Tolwinski-Ward et al.,
011).

In this study, we combine linear correlation analysis with the
S-Lite model to investigate changes in the climate drivers of

. pumilio growth in upper treeline forests along the west-to-
ast precipitation gradient of northern Patagonia. We address the
ollowing question: is water limitation becoming more impor-
ant than temperature limitation in recent decades with the drier
ed tree-ring width chronologies of Nothofagus pumilio from northern Patagonia for
 1900 and 2011.

and warmer SAM-driven climate regime, especially in the more
moisture-limited environments? In cold and wet environments, we
expect the typical pattern of temperature limitation described in
previous studies (Villalba et al., 1997) whilst in cold and dry envi-
ronments toward the east, tree growth should become more limited
by water availability. With the persistent positive phase of the SAM,
and the concomitant warming and drying in northern Patagonia, we
also expect that water limitation should have become more impor-
tant in recent decades (Daniels and Veblen, 2004; Suarez et al.,
2015). This is the first detailed modeling study investigating the
controls of tree-ring growth conducted in the region and thus pro-
vides novel mechanistic insights into the responses of these austral
forests to recent climate change.

2. Material and methods

2.1. Regional setting and study species

Patagonia extends from about 37◦S to 55◦S and represents
the southernmost portion of the South American continent. The
regional climate is mainly driven by the interactions between the
circum-Antarctic cyclonic belt to the south and the subtropical
Pacific high-pressure cell to the northwest. The strong wester-
lies resulting from the large pressure differences between these
semi-permanent circulation features in the atmosphere perma-
nently interact with the north-south mountain range of the Andes
(Aceituno, 1988; Villalba et al., 2003; Garreaud et al., 2009). The
Andes Cordillera acts as a topographic barrier to the persistent
westerlies bringing moisture from the South Pacific Ocean. The air
masses discharge most of the humidity in the way up to the moun-
tains on the western slopes of the Andes to descend drier on the
eastern slopes. Therefore, the mountain range induces a dramatic
decline in mean annual precipitation from 4000 mm at Lago Frías,
near the continental divide, to about 500 mm toward the Patag-
onian steppe (Jobbagy et al., 1995; Veblen, 1979). Gross Primary
productivity (GPP) follows the eastward decline in precipitation
and ranges from around 2000 g C m2 year −1 in the most produc-

tive forests to about 500 g C m2 year −1 in the Patagonian steppe
(Fig. 1; Muñoz et al., 2014; Zhao et al., 2005). In northern Patagonia,
the annual migratory cycle of the Pacific anticyclone induces strong
precipitation seasonality. Precipitation is largely concentrated from
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ate fall to early spring followed by a drier and mild period during
ummer and early fall (López Bernal et al., 2012).

N. pumilio,  locally known as Lenga, is a light-demanding decidu-
us tree widely distributed along the Andes from 35◦36′S to 56◦S in
rgentina and Chile (Donoso, 1981). This species usually dominates

he upper portion of the altitudinal limit of the woody vegetation.
n northern Patagonia, N. pumilio grows at elevations ranging from
100 to 1600 m under a great variety of soils, environmental con-
itions, and disturbance regimes (Schlatter, 1994). The growing
eason of the species in the region extends between September
nd May  but its duration decreases with elevation due to the lower
emperatures (Rusch, 1993). N. pumilio forests develop mainly on
ertile soils derived from recent volcanic ashes (Rusch, 1993). In
rier sites, roots can reach water-saturated soils or ground water
p to 2–3 m depth (Schulze et al., 1996).

.2. Sampling and tree-ring processing

During the austral summer of 2013, four treeline sites, previ-
usly sampled during the 1990s (Villalba et al., 1997, 2003), were
e-visited to update the network of tree-ring chronologies in north-
rn Patagonia. Our sampling sites are located along the regional
recipitation gradient from Cerro Tronador (41◦09′S, 71◦53′W)  to
he drier Challhuaco valley near Bariloche (41◦09′S, 71◦18′W).  From
est to east, the sampling sites are Paso de las Nubes (NUB),

a Almohadilla (ALM), Diego de León (DL) and Challhuaco (CHA)
Fig. 1; Table 1). The drier, easternmost part of the gradient rep-
esents the eastern edge of N. pumilio distribution on the leeward
ank of the Andes. At each site, at least 30 trees were double-cored
t about 1.3 m above ground using a Pressler borer with a diameter
f 5 mm.

Since the growing season in the Southern Hemisphere over-
aps two calendar years, the date of each ring was  assigned to
he year when ring growth began (Schulman, 1956). Thus, the
ast complete tree ring in the cores sampled in the summer of
013 was dated to the year 2011 because the 2012 tree ring was
till incomplete. Overall, more than 500 cores were examined and
ross-dated following standard dendrochronological procedures
Stokes and Smiley, 1968). Quality-control and accuracy of mea-
urements and cross-dating were conducted with the COFECHA
rogram (Holmes, 1983). Cross-dated tree-ring width series were
etrended and indexed using a 10-year fixed-length cubic smooth-

ng spline implemented in the CRUST routine (Melvin and Briffa,
014a,b, 2008) in order to retain only inter-annual variability in the
hronologies and filter out multi-decadal trends. The standardized
eries at each site were averaged to produce a mean site chronology.
he descriptive statistics of the individual tree-ring chronologies
re shown in Table 1.

The Expressed Population Signal statistic (EPS; Briffa, 1984;
igley et al., 1984) was calculated to assess in the chronology the

trength of the common growth signal over time. Based on EPS
>0.85) and sample depth (10 has been arbitrarily considered as a

inimum number of trees), the optimal common period between
hronologies was 1785–2011 (Table 1). The first Empirical Orthog-
nal Function (EOF), referred as to the leading pattern of growth
ariability, was computed from the correlation matrix of the four
ree-ring chronologies to evaluate the spatiotemporal patterns of
ree growth across the transect over the period 1785–2011.

.3. Climatic limitation of tree growth

Temperature and moisture controls of tree-growth variability

ere first empirically identified using simple and partial correla-

ions (Meko et al., 2011) between individual tree-ring chronologies
nd monthly temperature and precipitation from the nearest
eteorological station at Bariloche (41◦09′S–71◦10′W,  840 m asl;
ologia 36 (2015) 49–59 51

Servicio Meteorológico Nacional, Fig. 1) over the 1934–2009 period.
The station records were homogenized and gap-filled using the
R routine HOMER (HOMogenization softwarE in R; Mestre et al.,
2013; Venema et al., 2013) and climatic series from additional sta-
tions located in the area (40–43◦S and 71–73◦W).  The use of partial
correlation allows assessing the relationship between two variables
while controlling for the effects of a third variable. In our region, the
mean temperature is negatively correlated with total precipitation
in summer (DJFM; r = −0.57, p < 0.01) therefore partial correlations
between tree-ring growth and precipitation controlling by temper-
ature were computed. Correlations were computed for 18 months
from October of the year prior to ring formation to March of the
current year. The significance of each correlation was evaluated
using bootstrapping with 1000 Monte Carlo simulations (Ebisuzaki
(1997)).

We also used the VS-Lite forward model version 2.3 (Tolwinski-
Ward et al., 2011; available at http://www.ncdc.noaa.gov/paleo/
softlib/softlib.html) to mechanistically identify the climate controls
of tree-growth and simulate tree-ring chronologies as a function of
climate. VS-Lite is a simplified version of the full Vaganov–Shashkin
forward model (Vaganov et al., 2011; 2006) implemented in Matlab.
It simulates annual tree-ring width using the principle of limiting
factors and requires for input only latitude, monthly mean tem-
perature, and monthly total precipitation. The model estimates
monthly soil moisture from temperature and total precipitation
data via the empirical one-layer Leaky Bucket model of hydrol-
ogy (Huang et al., 1996). Snow dynamics are not considered in the
model and thus all precipitation is assumed to be liquid. Seasonal
insolation or day length is determined from site latitude and does
not vary from year-to-year. For each year, the model simulates stan-
dardized (ageless) tree-ring width anomalies from the minimum of
the monthly growth responses to temperature (gT) and moisture
(gM), modulated by insolation (gE).

In this study, most of the tuneable model parameters (e.g.,
soil moisture, runoff, root depth) were set to the default values
proposed in Tolwinski-Ward et al. (2011). The growth response
functions for temperature (gT) and moisture (gM) in VS-Lite involve
only two parameters. The first parameter represents the tempera-
ture (T1) or moisture (M1) threshold below which growth will not
occur, while the second is the optimal temperature (T2) or moisture
(M2) above which growth is not limited by climate. Unlike the full
version of the VS model, VS-Lite does not have an upper thresh-
old in the growth response functions above which the influence
of temperature and moisture turns negative. The growth function
parameters were estimated for each site via Bayesian calibration
over the entire period with climatic data between 1931 and 2008.
For this, the model was  evaluated 15,000 times for each site using
three parallel Markov Chain Monte Carlo (MCMC) chains with uni-
form prior distribution for each parameter and a white Gaussian
noise model error (Tolwinski-Ward et al., 2013). The posterior
median for each parameter was  used to obtain the “calibrated”
growth response for a given site. Finally, the model was run over
the entire period 1931–2008 using the calibrated parameters for
each site to produce a simulated tree-ring chronology that repre-
sents an estimate of the climate signal of tree growth. To compute
annual ring widths, we integrated the overall simulated growth
rates (i.e., the point-wise minimum of monthly gT, gM and gE)
over the period between previous-year March and current-year
June.

To evaluate the temporal stability of the calibrated growth
response functions, we  divided the period 1931–2008 into two
equal 39-year intervals and withhold the second half for validation

of the parameters estimated in the fist half. In addition, we  con-
ducted series of calibrations over a 21-year sliding window from
1931 to 2008 to detect the timing of changes in growth parameters
observed at some sites with complex climate responses.

http://www.ncdc.noaa.gov/paleo/softlib/softlib.html
http://www.ncdc.noaa.gov/paleo/softlib/softlib.html
http://www.ncdc.noaa.gov/paleo/softlib/softlib.html
http://www.ncdc.noaa.gov/paleo/softlib/softlib.html
http://www.ncdc.noaa.gov/paleo/softlib/softlib.html
http://www.ncdc.noaa.gov/paleo/softlib/softlib.html
http://www.ncdc.noaa.gov/paleo/softlib/softlib.html
http://www.ncdc.noaa.gov/paleo/softlib/softlib.html
http://www.ncdc.noaa.gov/paleo/softlib/softlib.html


52 A. Lavergne et al. / Dendrochronologia 36 (2015) 49–59

Table 1
Location and descriptive statistics of the four tree-ring chronologies of N. pumilio used in this study. Sampling sites are Paso de las nubes (NUB), La Almohadilla (ALM), Diego
de  León (DL) and Challhuaco (CHA).

Site Lat. S Lon. W Elevation m asl Cores Period EPSa >0.85 Mean r AR1b EOF1c Loading

NUB 41◦09′ 71◦48′ 1274 86 1644–2011 1750 0.49 0.52 0.64
ALM  41◦11′ 71◦47′ 1425 170 1539–2011 1595 0.52 0.62 0.85
DL  41◦16′ 71◦39′ 1520 156 1546–2011 1634 0.60 0.55 0.83
CHA  41◦15′ 71◦17′ 1612 135 1670–2011 1785 0.53 0.55 0.71

a Expressed population signal.
b First order autocorrelation.
c First Empirical Orthogonal Function.

Fig. 2. Tree-ring growth responses to climate over 1934–2009. (a) Simple correla-
tions with temperature and (b) partial correlations with precipitation controlled by
temperature. The correlations are calculated from October of the antepenultimate
y
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ear (*) to March of the following year (◦). Correlations are based on 10-year high-
ass filtered series. The black points indicate months with significant correlations
p < 0.05).

. Results

.1. Tree-ring chronologies and their correlation with climate

Tree-growth patterns of N. pumilio show common inter-annual
ariations at the three most mesic sites during the last century
Fig. 1b). The mean series intercorrelation of 0.46 indicates some
egree of common interannual variability in tree growth across
he gradient. The leading EOF of the four chronologies accounts
or 58% of the total variance over the common period showing
ositive loadings for all chronologies. The two chronologies in the
iddle part of the gradient (ALM and DL) have the largest loadings

Table 1), indicating that the chronologies at the extremes of the
radient share less common variability. These results suggest that
here are some differences in growth variability along the gradient,
hich imply differences in climate limitation.

Long-term correlations between the tree-ring chronologies and
limate indicate that tree-ring growth at the mesic treeline sites
NUB, ALM and DL) is positively associated with temperature dur-
ng late spring (November/December; r = 0.31, p < 0.05, at NUB
ver 1934–2009; Fig. 2) and negatively with precipitation during
he same period (November; partial r = −0.3, p < 0.05, at DL). This
ndicates that growth is stimulated by warm and dry late spring
onditions. In contrast, tree growth at the driest treeline (CHA)
s negatively correlated with temperature (r = −0.31, p < 0.05) and
ositively with precipitation (partial r = 0.32, p < 0.05) in December.
 significant and positive influence of precipitation on tree growth
ontrolled by temperature is also observed at this site in April and
uly (partial r = 0.27 and 0.32, p < 0.05, respectively). Thus, growth
t this xeric treeline site is stimulated by cool and wet conditions
during early summer and early fall. This result again indicates that
limiting factors of tree growth at the wet and dry extremes of the
precipitation gradient are substantially different. The leading EOF
of the four chronologies is significantly and positively correlated
with temperature (r = 0.27, p < 0.05) and negatively with precip-
itation (partial r = −0.27, p < 0.05) in November, and thus it only
captures the growth signal of the mesic sites at the middle and
western sectors of the precipitation gradient.

The regional climate does not show dramatic trends during
the most recent part of the study period. Change-point analysis
(Beaulieu et al., 2012) indicates that long-term precipitation and
the corresponding soil moisture derived from the VS-Lite model,
exhibit a shift towards lower mean values from ca. 1952 onwards,
which coincides with the start of the positive trend in the Southern
Annular Mode (SAM; Fig. A.1). Temperature anomalies in the region
show a significant negative trend of 1.3 ◦C (p < 0.01) between 1945
and 1975 followed by the well-documented step increase around
1976, coincident with the increase in sea surface temperature in
the Tropical Pacific Ocean, but with no overall significant warming
trend afterwards (0.03 ◦C for 1976–2008, p > 0.1). These changes in
mean temperature and precipitation resulted in a warm and wet
period before ca. 1952, a period of significant cooling between 1952
and 1975 and a warm and dry period since around 1976.

Sliding correlations between the tree-ring chronologies and
modelled moisture reveal that tree growth responses varied sub-
stantially among the three different climate regimes identified
above (Fig. 3). Tree growth at the two wettest treeline sites (NUB
and ALM) shows a consistent shift to negative correlations (p < 0.1)
with moisture around 1980 over an extended seasonal period that
includes most of the previous growth year. Prior to 1980, corre-
lations with moisture are weak or slightly positive, except in the
wettest site where correlations with moisture prior to the 1960s
are also negative and significant (p < 0.1) over most of the previ-
ous growth year. Correlations with temperature during the critical
November and December months are also temporally instable at
these sites (Fig. A.2), and are more significant and positive during
the cooling period 1952–1975 (Fig. A.1). In turn, correlations with
precipitation become significantly negative in November but sig-
nificantly positive in December during the warm and dry period
1976–2008 (Fig. A.2).

Tree growth at the site representing the middle of the precip-
itation gradient (DL) is also predominantly negatively correlated
with moisture, but the pattern of temporal instability in the cor-
relations is less clear than in the wettest sites (Fig. 3). Temporal
changes in correlation with November and December temperature
and precipitation at this site are similar to those at the wettest
sites (Fig. A.2). Growth at the driest site (CHA) shows a dramatic
change from no moisture sensitivity to strong sensitivity around
the early 1970s, with the emergence of significant (p < 0.1) and pos-
itive correlations during most of the current and previous growth

years (Fig. 3). At this site, the relationship between tree-growth
and moisture and precipitation in December has been consistently
positive since around 1950 (Figs. 3 and A.2). In turn, the correlation
with temperature during this month has been consistently nega-
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Fig. 3. Temporal patterns of correlation between N. pumilio tree-ring growth and soil mo
to  December of the current growing year. Correlations are shown for 21-year running w
(p  < 0.1).

Table 2
Statistics of the Bayesian estimation of the site-by-site tuned VS-Lite growth
response parameters T1, T2, M1 and M2 for the calibration period 1931–1969 and
1931–2008.

Calib. 1931–1969 Calib. 1931–2008

Mean Min  Max  SD Mean Min Max  SD

T1 (◦C) 5.0 4.4 5.5 0.4 6.1 5.0 6.6 0.8
T (◦C) 15.4 14.2 17.1 1.1 14.5 11.7 16.4 2.1
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M1 (v/v) 0.05 0.049 0.054 0.002 0.05 0.05 0.06 0.00
M2 (v/v) 0.35 0.30 0.36 0.03 0.34 0.30 0.39 0.03

ive and significant until around 1990 when the significance is lost
Fig. A.2).

Overall, the empirical correlation analyses reveal that the cli-
atic response of tree growth at our high-elevation sites varies

long the precipitation gradient. The mean patterns of climate
esponse at the sites have also changed significantly through time
uring the study period, with an emerging positive response to
ummer precipitation at the wetter sites and a strong increase in
oisture limitation at the driest site. Next we  attempt to mecha-

istically model tree growth variability at these sites as a function
f climate.

.2. Forward modeling of tree-ring growth

.2.1. Model calibration and verification
The Bayesian calibration approach used here provides opti-

al  estimates for the parameters of the growth response function
T1, T2, M1 and M2) given the model structure, climate data and
ctual tree ring data for each site. When the model is calibrated
ver the first half of the study period (1931–1969) all the cor-
elations between the resulting simulated and actual tree-ring
hronologies are statistically insignificant during the validation
eriod (1970–2008; Table 3). So the model is not able to simu-

ate the observed tree-ring growth variability at any of the sites
n spite of a good skill in all the sites during the calibration period,

ith a percentage of explained variance of actual growth variability
etween 14 and 17%.
The lack of validation of the model suggests that the
arametrization might be unstable over time. To further investigate
his issue and better define the calibration period, the calibration
t each site was performed over a sliding window of 21 years
isture derived from the VS-Lite model from April of the previous growing year (p)
indows. The stippling denotes significant correlations at the 90% confidence level

between 1931 and 2008. The skill of the parameter set obtained
for each window was  judged by the correlation between the actual
and simulated tree-ring chronologies over the period 1931–2008.
The results of this parameterization sensitivity exercise show that
the minimum temperature (T1) and moisture (M1) parameters for
growth are stable over time (not shown). In contrast, the parame-
ters for optimal growth (T2, M2) vary substantially during the last
two to three decades (Fig. 4).

At the wettest sites, the somewhat unrealistic decrease in cal-
ibrated parameters over the last decades (Fig. 4) is related to the
observed shift to negative correlations of tree growth with mois-
ture (Fig. 3). Since the simple growth response function of the model
does not have an upper threshold beyond which the effect of exces-
sive moisture becomes negative, the Bayesian optimization reduces
the moisture threshold for optimal growth to diminish the overall
effect of moisture on the simulated growth rates. This results, in
turn, on simulated growth being completely limited by temper-
ature, and to further achieve this, the optimization also reduces
the temperature threshold for optimal growth. The change in the
calibrated optimal moisture parameter at the driest site (Fig. 4b)
appears to be related to the shift to increased moisture sensitiv-
ity of tree growth at this site in 1975–1976 (Fig. 3). Most of this
change in moisture sensitivity in actual tree-ring growth occurred
prior to the start of the seasonal window for integration of the sim-
ulated growth rates (previous-year March to current-year June).
As a result, moisture dynamics during the growing season of the
model cannot fully capture the variability of actual tree-ring growth
and the optimization tends to adjust for it by reducing the mois-
ture parameter for optimal growth. Indeed, the lagged correlation
between the simulated and actual tree-ring chronologies at this site
is significant during the second half of the study period regardless
of the calibration period used (Table 3).

For all further analyses, we  chose to calibrate the model over the
entire period of study to obtain a parameter set more representa-
tive of the periods of changing growth responses observed in the
actual tree-ring chronologies. The values of the calibrated parame-
ters over this long period are consistent with local estimates on the
sliding 21-year window, except during the recent periods described

above (Fig. 4). The estimated minimum and optimal thresholds for
growth averaged across the sites are respectively 6.1 ± 0.8 ◦C and
14.5 ± 2.1 ◦C for temperature and 0.05 ± 0.005 v/v and 0.34 ± 0.03
v/v for moisture (Table 2). These climatic thresholds define the
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Fig. 4. Estimated optimal temperature (T2; a) and moisture (M2; b) for growth parameters over a 21-year sliding window as an indication of the temporal stability of the
growth  response functions at each site. Horizontal dashed lines indicate the median of the T2 and M2 parameters calibrated over the entire period 1931–2008. The red (a)
and  blue (b) shading denote the 90% credible intervals for the median. Growing season temperature and moisture averaged over each 21-year sliding window are shown in
the  bottom panels to facilitate the interpretation of changes in parameters over time. The grey bars denote the correlations (1931–2008) between the actual tree-ring width
chronologies and those simulated with the parameters calibrated over the corresponding 21-year sliding window. The bars above the line are significant at 95% confidence
level.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 3
Intercomparison between actual and simulated tree-ring chronologies. Correlation coefficients are given for the entire period of calibration 1931–2008, the two half of the
entire period 1931–1969 and 1970–2008 and for the periods before and after 1976. The one year lagged correlations between simulated and observed tree-ring chronologies
over  the periods 1970–2008 and 1976–2008 are significant for the most xeric site CHA (rlag-1). The asterisk (*) denotes significance at the 95% confidence level.

Calib. 1931–1969 Calib. 1931–2008

Valid. 1931–2008 1931–1969 1970–2008 1931–1969 1970–2008 1931–1975 1976–2008

NUB 0.28* 0.38* 0.17 0.39* 0.34* 0.47* 0.07
0
0
0 *
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ALM  0.27* 0.39* 0.14 

DL  0.31* 0.41* 0.18 

CHA  0.16 0.37* −0.02 rlag−1 = 0.39* 

rowing season in the model and determine the seasonal patterns
f climate limitation of tree growth. Nevertheless, it is necessary to
onsider that these estimates do not account for the difference in
levation between the meteorological station (840 m asl) and the
ites (1274–1612 m asl) and thus the temperature thresholds for
rowth might be overestimated. Likewise, the amount of precipi-
ation falling at the mesic-to-humid sites might be underestimated
ince the meteorological station is situated at the dry edge of the
recipitation gradient and is spatially, and presumably climatically,
loser to the driest site.

.2.2. Simulated tree-ring chronologies and patterns of climate
imitation

The simulated tree-ring chronologies are all significantly corre-
ated with the actual tree-ring chronologies over the 77-year study
eriod (r = 0.21 to 0.38; p < 0.05) but the explained variance over
his period is less than 15% (Fig. 5a). The overall skill of the model
s higher at the two most temperature-limited sites in the wetter
art of the gradient (NUB and ALM; r > 0.37) and decreases towards
he drier eastern locations (DL and CHA; r < 0.33). Despite using the
hole study period for calibration, the model is still unable to cor-

ectly simulate tree growth variability after the 1970s at the three
ettest sites and after around 1963 at the driest site (Fig. A.3). Cor-

elations between the simulated and actual tree-ring chronologies

ose significance at all sites in the 1976–2008 period (Table 3). As
iscussed in the previous section, this issue is related to the shifts

n climate response of tree growth observed at the sites, which the
odel is not able to represent because of its structure.
.50* 0.25 0.53* 0.08

.46* 0.16 0.52* −0.13

.40* 0.04 rlag-1 = 0.43* 0.34* 0.05 rlag−1 = 0.44

The simulated patterns of climate limitation vary consistently
along the precipitation gradient, with a pattern of increasing mois-
ture limitation of growth rates towards the east (Fig. 5b). Growth
rates tend to be limited by low temperatures (gT < gM)  at the
beginning and end of the growing season and by soil moisture
availability (gM < gT) during the peak of the growing season in the
austral summer. At the wettest treeline site (NUB), low temper-
atures limit growth rates during the entire growing season and
summer soil moisture availability becomes limiting only in some
years (Fig. 5a–b). Temperature limitation during the peak of the
growing season decreases towards the east whilst moisture limi-
tation increases resulting in a mixed pattern of climatic limitation
for the mesic and drier sites (Fig. 5b). During drought years, the
model tends to overestimate moisture limitation, which results
in much narrower simulated rings compared with the actual ring
width anomalies (see crosses in Fig. 5a–b).

In order to determine whether the patterns of climatic limi-
tation of simulated tree-ring growth have changed between the
wet-warm climate regime prior to 1952 and the subsequent dry
cooling period between 1952 and 1975, the mean growth rates
due to soil moisture and temperature were compared for the two
periods (Fig. 5c). Temperature limitation during the peak of the
growing season increased slightly during the cooling period across
all sites but the change is not statistically significant (p > 0.1). Like-
wise, moisture limitation across the sites also increased between

1931 and 1951 and 1952–1975. The change is greater than that of
temperature limitation but reaches statistical significance (p < 0.1)
only during March and April at two sites (ALM and CHA). Because
the simulated growth response is controlled by the point-wise min-



A. Lavergne et al. / Dendrochronologia 36 (2015) 49–59 55

Fig. 5. Intercomparison of actual and simulated tree-ring chronologies together with the associated seasonal patterns of climate limitation simulated by the VS-Lite forward
model at each site (NUB, ALM, DL and CHA). (a) Comparison between actual (black) and simulated (red) tree-ring chronologies. Correlation coefficients are given for the
period  1931–2008. The asterisk denotes significance at the 95% confidence level. (b) Annual and long-term mean monthly growth rates due to soil moisture (gM, blue) and
temperature (gT, purple) for the period 1931–2008. The black crosses in (a) and (b) denote the three years with the strongest simulated moisture limitation for each site. (c)
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odelled mean growth rates due to soil moisture and temperature for the wet  and w
haded regions are 95% bootstrapped confidence intervals about the means, and de
etween the two periods except during the late summer–spring at the three easter

mum of either temperature or moisture, the increasing moisture
imitation on tree-growth is effectively felt at the driest site (CHA)
ather than at the two sites mentioned above. These results show
hat despite its limitations, the model can provide useful mecha-
istic understanding of the complex climate-growth relationships
bserved at these high-elevation forests.

. Discussion

.1. Patterns of tree-ring growth along the moisture gradient

The comparison of the updated tree-ring chronologies with
limate variations along the west-to-east precipitation gradient
uggests a significant climate control on inter-annual tree-ring
rowth during the current growing season. However, we  found
mportant differences in the responsiveness of tree-ring growth
o climate between west and east sides of the precipitation gra-
ient. They are probably due to the effects of water availability on
hysiology and surface radiation budget.

At mesic-to-humid treelines, above-average N. pumilio growth
s associated with above-average temperature and below-average
recipitation in late spring-early summer (November–January;
ig. 3). The link between temperature-precipitation and growth
ay  arise from the effect of cloudiness. Indeed, cloud cover, lim-
ts daytime heating and is often associated to rainfall in Patagonia
Fig. 4; González, 2013), which conditions reduce the incoming
olar radiation, decreasing the photosynthetic activity of the trees
nd thus their carbohydrates production (Rozas et al., 2015). The
period 1931–1951 (gM1 and gT1) and the cooling period 1952–1976 (gM2 and gT2).
trate that average growth rates as a function of soil moisture are indistinguishable

 sites of the gradient (ALM, DL and CHA).

climatic response of the three mesic populations, as well as the
leading EOF of all the chronologies, could thus be primarily influ-
enced by dominant windward fronts from the Pacific Ocean during
the growing season. This could be actually the prevailing climatic
response throughout the whole gradient. Temperature and pre-
cipitation may  also affect growth through snow cover. According
to Villalba et al. (1997), the snow persistence in spring near the
Cerro Tronador, at the western edge of the gradient, indeed depends
primarily on November precipitation and temperature. The combi-
nation of low precipitation and high temperature during this spring
month likely promotes faster snowmelt, which in turn quickens
cambial activity and stimulates tree growth.

The VS-Lite model shows a mixed control of growth by tem-
perature and moisture at the intermediate sites (ALM, DL) and an
exclusive control by temperature at the humid one. These results
do not match strictly the observations. However, if the hypothe-
ses we have put forward are correct, the model, which does not
account for cloudiness and snow dynamics cannot fully simulate
the climate—growth relations (see 4.3).

In contrast to the three mesic populations, xeric high-elevation
treeline forests appear limited by high temperature and low water
availability in December and July. Water falling in December allevi-
ates drought stress, which is beneficial to trees. These results are in
agreement with Lara et al. (2001; 2005), who showed similar rela-

tionships between N. pumilio growth and summer conditions at
xeric sites in Chile (at 36–39◦S). At high-elevations, the precipita-
tion falling mainly as snow in July, a thick snowpack could not only
provide snowmelt water but also protect soil from frost, making
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elt water infiltration into the soil possible. Therefore, the positive
orrelation between ring-width and precipitation in July is likely
nduced by the positive effect of the snow pack accumulation and
he consequent soil water recharge (Magnin et al., 2014; Villalba
t al., 1997). Consistently, the VS-lite model simulates a dominant
ontrol of tree-growth by moisture availability.

.2. Changes in climate limitation of year-to-year tree-ring
rowth

According to our data, local climate variations, driven by
hanges in climate regime, yielded temporal changes of the
ear-to-year growth-limiting factors. Notably, the positive rela-
ion between November–December temperature and growth at
he mesic-to-humid sites is enhanced during the dry and cool
952–1975 period, which may  reveal an increase of the snow-
ack influence on growth. During this time period, at the two
ettest sites, the positive relation with soil moisture in spring

September–November) also indicates that water availability,
ikely released by spring snowmelt, promoted tree-ring growth.
t the driest site, warm December temperatures apparently exac-
rbating moisture limitation had a negative impact on growth.
ccording to the model, the moisture limitation has increased
t all sites between the wet-warm climate regime prior to 1952
nd the subsequent dry-cool period between 1952 and 1975, but
he increase of sensitivity to moisture has been significant only
t the driest site. So, at all sites, the growth response functions
ave undergone some modifications. Nevertheless, from 1931 to
a. 1975, measured and modelled growths are coherent. It means
hat the effects of environmental parameters like snowpack and
loudiness, not explicitly accounted for by the model, do not intro-
uce bias detrimental to the reconstruction of growth variations
hrough time.

The correlation between growth and December precipitation
as been positive at the driest site all over the 1931–2008 period
ut a positive response of growth to the current and previous year
oisture has emerged since the mid-1970s. At the mesic-to-humid

ites, the relation between growth and current year soil moisture
oes not show a clear trend although the correlations with precip-

tation have turned to positive at ca. 1976. These findings suggest
hat the impact of humidity (rain, moisture) on growth has not
nly increased at the dry edge of the precipitation gradient, but has
een enhanced along the whole transect. These results are con-
istent with Suarez et al. (2015) who have observed an increase
f the similarity of Nothofagus dombeyi growth patterns along the
radient during the last decades.

Whatever the calibration period chosen, the VS-Lite model can-
ot simulate post-1970s growth variations consistent with the
ctual tree-ring growth chronologies. As the model proved effi-
ient over the rest of the time period, such a discrepancy suggests
hat some environmental parameters, which are not taken into
ccount in the model, have reached critical thresholds beyond
hich growth is significantly impacted. We  have proposed above

hat cloudiness and snowpack can be responsible for changes in
ree-ring growth through their effects on radiation, temperature
nd moisture availability. To our knowledge the temporal changes
n cloudiness is not well documented in the region. Data retrieved
rom the NASA/GEWEX Surface Radiation Budget show that over
984–2007, the cloud fraction has slightly decreased in summer
−4%) with a concomitant increase of the photosynthetically active
adiations (+3.5%; Fig. A.4). These trends are consistent with an
ncreasing effect of cloud cover/radiation on growth. However, they

re small and we wonder if such subtle changes can be responsible
or the deterioration of the growth-climate relation. Moreover, the
ecords do not go far enough back in time to investigate possible
ffects in the 1970s. The dependence of growth on snowpack may
ologia 36 (2015) 49–59

also be stronger over the recent decades than previously. Indeed,
the substantial change of the amount and duration of the snow-
pack in northern Patagonia in the last decades may  have altered
the water dynamics in the soil and consequently the tree growth in
a sizable way. A well-documented interval of glacier advance cul-
minating in 1976–1977 reported in the north Patagonian Andes,
followed by a period of glacier retreat, has taken place in response
to changes in climate conditions (Masiokas et al., 2008). Consis-
tently, the snow cover duration has decreased from the late 1970s
(at least to the late-1990s, end of the studied period in Villalba et al.,
1997). These findings advocates for stronger impact of snowpack
on year-to-year tree-ring growth over the recent decades.

Other controlling processes may  also explain the apparent lack
of the VS-Lite model skill in simulating ring-width over the recent
period. For instance, the upward trend of global concentration of
atmospheric CO2 has been increasing at an accelerating rate since
the mid-1960s (Robertson et al., 2001). The increase of atmospheric
CO2 concentration may  promote tree growth by enhancing the
photosynthetic activity and/or reducing the stomatal conductance,
leading to the increase of the intrinsic water-use efficiency of trees
(e.g., Ainsworth and Rogers, 2007; Keenan et al., 2013). A combina-
tion of factors, such as those mentioned above, may  be responsible
for the decoupling between modelled and measured growth after
the 1970s.

4.3. Limitation of the model and perspectives

The moisture in the one-layer Leaky Bucket hydrological model
is an estimation of the soil content in the upper 1–2 m (Huang et al.,
1996) and integrates the land surface water balance over several
months. Schulze et al. (1996) have shown that although N. pumilio
roots reach ground water at 2-3 m depth, its major water supply
comes from the upper soil horizons (at ca. 4 cm depth). So, the
actual hydrological module may  not be representative of the source
water of the trees. However, the overall good agreement we  obtain
between simulated and measured ring-width before the late 1970s
is not consistent with a poor adequacy of the hydrological module.
A possible explanation, which would deserve additional investiga-
tions, could be that the depth of the water reservoir impacts the
tree growth in a sizable way  only when the water supply is below a
certain threshold. If so, using a multiple layer hydrological module
may  alleviate the post-late 1970s discrepancy between observed
and simulated ring-width chronologies.

The difficulty to reproduce tree-ring growth using the VS-Lite
model may  also be inherent to its structure and parametrization.
For instance, the model lacks upper limits for optimal temperature
and moisture. As a result, an optimal growth is simulated even in
extremely warm or humid years, which may  not reflect the real-
ity. Another structural weakness is the failure to take into account
lagged effects while, in the Patagonian context, the previous year
conditions have proved to influence growth (this study and e.g.,
Aravena et al., 2002; Villalba et al., 2003). The full process-based
Vaganov–Shashkin model (Vaganov et al., 2006), which simu-
lates daily cambial dynamics and xylem growth, or even more
complex eco-physiological models, such as TREERING2000 (Fritts
et al., 2000) or MAIDEN (Misson, 2004), are able to link photosyn-
thesis and carbohydrate allocation to stem growth and integrate
a higher number of processes and controlling factors. They are
certainly more efficient for analyzing tree growth-climate relation-
ships. However, some of them are designed for coniferous trees
(Vaganov–Shashkin and TREERING2000), which prevent running

them for N. pumilio, and all of them operate with daily data, which
preclude their use in poorly documented remote regions such as
Patagonia. Ongoing monitoring of tree physiology, environmental
conditions, and wood cell formation will provide a more detailed
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Appendix

Fig. A.1. Temporal variations in local monthly climate forcing from the Bariloche
meteorological station and SAM index. The timing of significant change points
(Beaulieu et al., 2012) in the mean of precipitation and temperature series is
indicated by the vertical lines (1952 and 1976). From top to bottom: 12-month stan-
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epresentation of the complex biological and ecological processes
perating in the Patagonian sites.

. Conclusions

We  have assessed the year-to-year responses of N. pumilio
rowth to recent changes in climate regimes (1931–2008) along
he steep precipitation gradient of northern Patagonia. The com-
ine use of statistical and forward modelling analyses has allowed
etecting substantial changes in the sensitivity of tree-ring growth
hrough time, coincident with shifts in climate regimes. Humidity
ontrol on growth has increased, and this limitation has been more
ignificant at the xeric than at the mesic sites.

Over the 1931- mid-1970s period, the VS-Lite model has skills to
eproduce the tree-ring variations. From the mid-1970s onwards,
imulated and measured tree-ring growths are not consistent.

e hypothesize that some environmental parameters (cloudiness,
nowpack, atmospheric CO2), whose variations are not explicitly
aken into account in the model, have reached critical thresholds
mpacting tree-growth. Beside, by design, the model itself may  not
e able to generate realistic tree-ring width over a certain temper-
ture threshold.

Ongoing monitoring of tree-growth and climate will provide the
nput and control data necessary to run more sophisticated models
n order to quantify the impact of various environmental param-
ters on growth and simulate their effects in projected climatic
onditions.
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Fig. A.3. Correlations between simulated and actual tree-ring chronologies over
a  21-year sliding window. The model was  calibrated over the whole period
1931–2008. The dashed lines denote significance at the 90% confidence level
(p  < 0.1). The years in parentheses correspond to the approximate time when the
model loses its ability to simulate tree-ring growth based on the significance of the
correlations.

Fig. A.4. Covariations of photosynthetically active radiation (PAR, irradiance in
W/m2) and cloud fraction (in %) in summer months (December–March). Data
were retrieved from the NASA/GEWEX Surface Radiation Budget (SRG) Release-
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