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Abstract Estimating summer temperature fluctuations over long timescales in southern South America is

essential for better understanding the past climate variations in the Southern Hemisphere. Here we

developed robust 212 year long basal area increment (BAI) and δ
13C chronologies from living

temperature-sensitive Fitzroya cupressoides on the eastern slope of the northern Patagonian Andes (41°S).

After removing the increasing trend from the growth records likely due to the CO2 fertilization effect, we

tested the potential to reconstruct past summer temperature variations using BAI and δ
13C as predictors. The

reconstruction based on δ13C records has the strongest predictive skills and explains as much as 62% of the

total variance in instrumental summer temperature (n = 81, p < 0.001). The temperature signal recorded

in tree-ring growth is not substantially different to that present in δ
13C and consequently does not provide

additional information to improve the regression models. Our δ13C-based reconstruction shows cold summer

temperatures in the second part of the 19th century and in the mid-20th century followed by a warmer

period. Notably, the 20th and the early 21st centuries were warmer (+0.6°C) than the 19th century.

Reconstructed summer temperature variations are modulated by low-latitude (El Niño–Southern Oscillation)

and high-latitude (Southern Annular Mode) climate forcings. Our reconstruction based on δ13C agrees well

with previous ring width based temperature reconstructions in the region and comparatively enhances the

low-frequency variations in the records. The present study provides the first reconstruction of summer

temperature in South America south of 40°S for the period 1800–2011 entirely based on isotopic records.

Plain Language Summary The Southern Hemisphere, and particularly southern South America, are

very under-represented in global climate reconstructions due to a lack of robust paleoclimatic data. Here,

we reconstruct summer temperature variations on the eastern slope of the Andes in north Patagonia over the

last two centuries using tree rings of one of the longest-living species from South America, Fitzroya

cupressoides. This reconstruction highlights that the 20th and 21st centuries were warmer (+ 0.6°C) than the

19th century. Our work thus contributes to improve the assessment of the intensity of current climate

changes in remote regions from the Southern Hemisphere.

1. Introduction

Several studies provided regional to hemispheric syntheses of the Earth’s climate history over the past

2,000 years (e.g., Gennaretti et al., 2017; Labuhn et al., 2016; Neukom et al., 2014). Most of them have been

focused on the Northern Hemisphere, which has a dense network of paleoclimatic records (Ahmed et al.,

2013; Intergovernmental Panel on Climate Change, 2013; Wilson et al., 2016). Substantial efforts have been

made over the last decades to fill in the gap in the Southern Hemisphere (SH) by developing millennial-scale

climate reconstructions (Boninsegna et al., 2009). However, there is still a need for developing more climate

proxies from the SH to improve our understanding of the long-term stability and low-frequency variations of

temperature and precipitation beyond the instrumental period.

The north–south extension of the South American forests along the Andean Cordillera provides a unique

opportunity to explore the climatic signal recorded in tree rings of native species from tropical to subantarctic

regions (Boninsegna et al., 2009; Villalba et al., 2009). Tree rings, which provide precisely dated and annually
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resolved records, have been used for documenting past summer temperature variations, in particular, in the

temperate regions of southern South America (Lara & Villalba, 1993; Villalba, 1990; Villalba et al., 2003).

Fitzroya cupressoides, which grows in temperate wet areas in Northern Patagonia (Lara & Villalba, 1993,

1994), may be the most interesting species for long-term climate reconstructions in this area because of its

remarkable longevity. Whereas its growth, evaluated by tree ring width measurements, is sensitive to

summer temperature conditions prevailing during the previous growing season (Lara & Villalba, 1993,

1994; Neira & Lara, 2000; Villalba, 1990), oxygen and carbon isotope values of tree rings (δ18O and δ
13C)

record temperature variations during the current growing season (Lavergne et al., 2016, 2017). Thus, the

exploitation of F. cupressoides tree ring proxies (ring width, δ18O, and δ
13C) will likely contribute to increase

the quality of the SH temperature reconstructions over the last millennia.

The temporal stability of the relationship between proxies and climate targets is crucial for reconstructing

past variations faithfully (Fritts, 1976). However, a number of tree ring studies have reported an apparent

decoupling between relative tree growth and concurrent temperature trends in recent decades at several

high-altitude, high-latitude forests in the Northern Hemisphere where temperature has historically

controlled tree growth (e.g., Büntgen et al., 2012; Esper et al., 2010). The instability of the relationship, also

called divergence, suggests that the dominant environmental drivers of tree growth have changed in recent

decades (D’Arrigo et al., 2008). However, the origin of the phenomenon is still debated since much of the

divergence could arise from diverse effects including, among others, the statistical techniques used to stan-

dardize the tree ring width chronologies (Melvin & Briffa, 2008, 2014). In contrast to ring width derived

records, few isotopic studies documented such time-dependent relations between stable isotope chronol-

ogies and climate (Daux et al., 2011; Hilasvuori et al., 2009; Naulier et al., 2015; Reynolds-Henne et al.,

2007; Seftigen et al., 2011; Young et al., 2011). However, some of them highlighted divergences between

δ13C and summer temperature series over the last decades. Several physical–biological causes have been

hypothesized for the divergence: (1) the earlier start of the growing season and the increase of moisture

stress with increasing temperature (Hilasvuori et al., 2009; Reynolds-Henne et al., 2007; Seftigen et al.,

2011); (2) the uptake of deeper source water in soils during the growing season (Daux et al., 2011); and/or

(3) the increase of water uptake from snowmelt due to longer growing seasons (Naulier et al., 2015). These

findings question the uniformitarian assumption underlying paleoclimatic reconstructions since statistical

tree ring based models calibrated on climate measurements can underestimate or overestimate past

climate variations.

F. cupressoides growth was consistently related to summer temperature variations over most of the 20th cen-

tury (Villalba, 1990); however, this relationship weakened since the late 1970s (Lavergne, 2016). This change

in the relationship between climate and F. cupressoides tree growth has not been attributed to specific stan-

dardization techniques applied or to the quality of the climate data used to infer the temperature signal but

to specific physiological responses to recent environmental changes. Elsewhere, changes in climate–tree

growth relationships have been attributed to the following: (1) an increase of the net primary production

due to increasing availability of carbon (CO2 fertilization effect; Ainsworth & Long, 2005; Huang et al., 2007;

Norby et al., 1999; Prentice & Harrison, 2009; Wang, 2007); (2) changes in limiting factors of tree growth such

as an increasing dependence on nutrient availability (Norby et al., 2010; Peñuelas et al., 2011); or (3) intensi-

fication of hydroclimatic variability impacts on growth (Girardin, Hogg, et al., 2016). The concurrent effects of

increasing atmospheric CO2 concentrations (ca) and higher temperatures on tree growth are difficult to dis-

entangle. They are expected to further stimulate forest productivity in temperature-limited systems in the

absence of drought stress (e.g., Bonan, 2008; Büntgen et al., 2014; Huang et al., 2007; Salzer et al., 2009) or

to induce growth decline in water-limited systems if the negative effect of low precipitation is not compen-

sated by the fertilization effect (Allen et al., 2010; Girardin, Bouriaud, et al., 2016; Lévesque et al., 2014; Linares

& Camarero, 2011, 2012; Silva et al., 2010; Silva & Madhur, 2013). In contrast with the nonstationary relation-

ships between summer temperatures and F. cupressoides growth, Lavergne et al. (2017) showed a stable rela-

tionship between δ13C values and summer temperature over the last 60 years.

Here we test the possibility of combining tree ring width (expressed as basal area increment (BAI)) and δ
13C

series from F. cupressoides in the eastern slope of the northern Patagonian Andes for reconstructing summer

temperature over the past two centuries. We show that the recent enhancement of tree growth recorded is

likely attributable to a CO2 fertilization. After correcting for this effect, we test different regression models to
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reconstruct past temperature variability in southern South America and

compare the selected 212 year summer temperature records to pre-

vious reconstructions in the region.

2. Material and Methods

2.1. Tree-Ring Data

Tree cores from Fitzroya cupressoides at Glaciar Frías (GF) and Río Alerce

(RA) were initially collected during the austral summers in the late

1980s to early 1990s and more recently in 2013. The two sites, at a dis-

tance of ~6 km from each other, are located in the Argentinean humid

forests of northern Patagonia, between 950 and 1,050 m in elevation

(41°090S, 71°530W; Figure 1). At each site, paired increment cores at

breast height (1.3 m above the ground) were extracted using a

Pressler borer (5 mm diameter) from more than 30 trees showing simi-

lar competition and microsite conditions. Cores were dated to the

calendar year of tree ring formation and cross-dated following Stokes

and Smiley (1968). Quality control of ring width measurements and

cross dating were conducted with the program COFECHA (Holmes,

1983). Since both sites show similar variations in tree growth

(Lavergne, 2016), we merged the samples in a single record. The

updated tree ring width (TRW) series from the two sites include 374

cores. They were also detrended and indexed using a negative expo-

nential curve (NEGEX) implemented in the CRUST routine (Melvin &

Briffa, 2014) to preserve high- to medium-frequency common growth

signal. The standardized series were averaged to produce a single tree

ring index (TRI) chronology.

For the period 1952–2011, six trees at each site were selected, and their dated growth rings were annually

pooled prior to being analyzed for δ13C. These data were previously published by Lavergne et al. (2017).

Consistently with the tree ring width records, similarities in the carbon isotopic chronologies indicate that

GF and RA trees can be considered as a single isotopic population (Lavergne et al., 2017). Therefore, for

the period 1952–2011, we used the mean value of the two δ13C site chronologies already published (the

data are available at the International Tree-Ring Data Bank (ITRDB) of the NOAA National Climate Date

Center; https://www1.ncdc.noaa.gov/pub/data/paleo/treering/isotope/southamerica/argentina/). For the

period 1800–1951, we selected the same F. cupressoides trees. They were old enough not to introduce

any juvenile effects on δ13C. Annual tree rings were split using a scalpel. The wood samples were then

chipped and grounded in a ball mill for homogenization. α-Cellulose was extracted from the wood accord-

ing to the Soxhlet chemical method derived from Leavitt and Danzer (1993). α-Cellulose was homogenized

ultrasonically with a sonotrode apparatus and freeze-dried. Cellulose samples of around 0.10 mg were

loaded in tin foil capsules. The δ13C was determined with an elemental analyzer (EA NC2500, Carlo Erba)

coupled with a Finnigan MAT252 mass spectrometer. An internal laboratory reference of cellulose

(Whatmann® CC31) was used to correct for instrument drift and to normalize the data to internationally

accepted standards. Along the sequence analyses, the isotopic composition of CC31 was measured every

three samples. The standard deviation (SD) obtained from the measurement of the isotopic composition

of 10 consecutive CC31 standards was typically ±0.1‰. The analyses on each sample were repeated at least

once and up to three times.

To assess the intertree isotopic variability, we compared annual δ13C variations from 12 individuals (six at

each site) over the period 1920–1951 (Figure S1 in the supporting information). The δ13C variations from

these individuals were well correlated (mean pairwise correlation r = 0.35, p < 0.05, and standard deviation

SD = 0.32). Reflecting this coherence between the isotopic records, the 12 cores provided an expressed popu-

lation signal (Briffa, 1984; Wigley et al., 1984) of 0.9 and a confidence interval around the mean of 0.4‰. For

the period 1800–1920, the 12 trees were pooled prior to analysis to produce a δ13C chronology representa-

tive of the whole population.

Figure 1. Location of the two tree ring sites (Río Frías, GF, and Río Alerce, RA) and

Bariloche meteorological station, northern Patagonia, Argentina. The blue area

represents the geographical distribution of Fitzroya cupressoides computed on

ArcGIS based on observations.
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2.2. BAI and iWUE Calculations

Due to the persistent trend of decreasing ring width with increasing tree diameter and age, patterns of tree

growth related to forest growth are better captured using BAI (Rodríguez-Catón et al., 2016). Here BAIs were

estimated for each individual tree (a total of 374 trees) from the bark to the pith using the BAI.out( ) function

of the R package “dplR” (Figure S2). We considered only the 1800–2011 portion of the mean BAI series.

We then calculated the intrinsic water-use efficiency (iWUE), that is, the ratio of net photosynthesis A to

conductance for water vapor g, which is defined as follows (Farquhar & Richards, 1984):

iWUE ¼ A=g ¼ ca " cið Þ%0:625 (1)

where ca and ci are atmospheric and intercellular CO2 concentrations, respectively, calculated from the isoto-

pic discrimination Δ13C according to the following (Farquhar et al., 1982):

ci ¼ Δ13C" a
! "

= b" að Þ%ca

where a is the diffusion fractionation across the boundary layer and the stomata (≈4.4‰) and b is the RuBisCo

enzymatic biological fractionation (≈27‰).

The discrimination, which results from the preferential use of 12C over 13C during photosynthesis, is related to

δ13C as follows (Farquhar et al., 1982):

Δ13C ¼ δ13Catm " δ13Craw

! "

= 1þ δ13Craw=1; 000
! "

(2)

Records of δ13Catm and ca over the 1850–1999 period were obtained from direct ice core measurements tabu-

lated in McCarroll and Loader (2004), while those for the period 2000–2011 were extracted from records at

the South Pole station (Scripps data; Keeling et al., 2005). When both records were available (from 1978 to

2005), we used the means of δ13Catm and ca for conducting the corrections.

2.3. Assessment of Trends, Physiological Responses, and Relationships With Temperature

We performed the Pettitt’s (Pettitt, 1979) and Mann–Kendall’s tests (using the pettitt.test( ) and mk.test( )

functions of the R package “trend,” respectively) to detect shifts in the long-term trends of iWUE, TRW, TRI,

and BAI series over the past 212 years (from 1800 to 2011). The corresponding regression slopes were used

as the rates of change through time. To remove potential long-term trends in BAI, we detrended BAI series

using a spline of 50% (function loess( ) of R platform) to obtain the BAI residuals (hereafter BAIres). We also

detected potential shifts from the BAIres series, and assessed the trends and corresponding slopes.

In order to remove the nonclimatic signal from the raw series, the annual δ13Craw values were corrected for

the Suess effect (Keeling, 1979) by removing the preindustrial isotope signature (e.g.,"6.4‰, A.D. 1850) from

the actual atmospheric δ13Catm (see Figure S3), such as

δ13Ccor ¼ δ13Craw " δ13Catm þ 6:4
! "

(3)

Lavergne et al. (2017) demonstrated that the interannual variations of δ13Ccor in F. cupressoides are strongly

modulated by the temperature of the current growing season (December to February, TDJF) in northern

Patagonia. Earlier studies have shown that F. cupressoides TRWs are more strongly related to previous than

current summer temperatures (December to March; Villalba, 1990). We thus chose TDJF as a target and inves-

tigated its relationships with tree ring parameters.

We used monthly temperature records from Bariloche, the instrumental weather station on the eastern

slopes of the Andes with the longest record (1931–2012) nearest to our sampling sites (41.09°S–71.10°W,

840 m asl; Servicio Meteorológico Nacional; Figure 1). The temperature data were previously homogenized

following the procedure described in Lavergne et al. (2015, 2016). We tested the possibility of using both tree

ring parameters to develop a multiparametric regression model for reconstructing past TDJF variability. The

selection of the regression models showing the maximum likelihood was based on the Akaike information

criterion (AIC; Akaike, 1973) and Schwarz’s Bayesian Information criterion (BIC) tests. Both tests evaluate

the quality of fit of the statistical models. Models with the lowest AIC and BIC show the best skills. We then

conducted the calibration–verification tests using half of the summer temperature series for calibration

and half for assessing the reconstruction quality (verification). To assess the predictive skill of the models,

the coefficient of determination (r2) of the regression models, reduction of error statistic (RE; Fritts, 1976),
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coefficient of efficiency (CE; Cook et al., 1994), and Durbin–Watson statistic (DW; Durbin & Watson, 1971)

were systematically compared for independent calibration and verification periods. The coefficient of

determination (r2) indicates the extent to which two series covary but is insensitive to any offset in the

absolute values. The RE and CE are measures of shared variance between target and proxy series. They

compare the fit between measured and reconstructed values (root mean squared error (RMSE)) with the fit

obtained by simply using the calibration mean (RE) or verification mean (CE) of the actual data. Positive

values for these two tests indicate predictive skill of the regression models. The DW tests for first-order

autocorrelation in the model residuals. A DW value of around 2 indicates no first-order autocorrelation in

the residuals (Durbin & Watson, 1971). Regressions, AIC–BIC, and statistical tests were performed using the

R software environment (lm( ) and predict( ) functions, the R package “MuMin,” and skills( ) function of the

R package “treeclim”; Zang & Biondi, 2015). The best models providing the more reliable estimation of

summer temperature variability over the period 1931–2011 were applied in reconstructing temperature

variations over the period 1800–2011.

2.4. Spectral Properties of the Summer Temperature Reconstructions

We investigated the relation of the TDJF reconstructions with large-scale climate forcings from low (El Niño–

Southern Oscillation (ENSO)) and high latitudes (Southern Annular Mode (SAM)) using the following indica-

tors of ENSO (1 and 2) and SAM (3 and 4): (1) reconstructed sea surface temperatures (SST) as represented

by the Niño 3.4 index from Li et al. (2013) over the 1800–2005 period; (2) December–February Niño 3.4

Index data set extracted from the NCAR Climate Analysis Section Data Catalog (http://www.cgd.ucar.edu/

cas/catalog/climind/TNI_N34/index.html) covering the period 1870–2011; (3) reconstructed SAM (Villalba

et al., 2012) indices over the common period 1800–2006; and (4) December–February SAM index from

2000
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Figure 2. (a) Variations in intrinsic water-use efficiency (iWUE, gray) and basal area increment (BAI, black) over the

1800–2011 period. (b) Correlations between iWUE and atmospheric CO2 (ppm) and BAI (cm
2
) over the same period.

(c) Temporal variations of BAI residuals estimated using three different corrections (extracting iWUE or ca trends from BAI

series, or using a 50% spline; gray, blue and black, respectively). The ** indicates that the correlation is significant at

99% confidence level.

Table 1

Temporal Trends in iWUE (μmol mol
"1

yr
"1

), TRW (μm yr
"1

), TRI (Unit yr
"1

), and BAI (cm
2
yr
"1

) Evaluated Using

Mann–Kendall Trend Test

Period iWUE Period TRW Period TRI Period BAI

1800–1903 ns 1800–1927 "0.37* 1800–1927 ns 1800–1923 0.005**
1904–1971 0.07** 1928–2011 ns 1928–2011 0.008* 1924–1966 ns

1972–2011 0.61** 1967–2011 0.03**
1800–2011 0.12** 1800–2011 ns 1800–2011 0.008** 1800–2011 0.01**

*Significant at 95% confidence level. **Significant at 99% confidence level.
ns: nonsignificant.
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Marshall (2003) over the 1957–2011 period (extracted from the British

Antarctic Survey platform; http://www.nerc-bas.ac.uk/icd/gjma/sam.

html). We also conducted time–space cross-wavelet analyses to iden-

tify the spectral properties of the reconstructions and their links to

ENSO and SAM using the xwt( ) function of the R package “biwavelet.”

3. Results

3.1. Trends in iWUE and Tree Growth Series

Globally, the intrinsic water-use efficiency increases by 0.12 μmolmol"1

yr"1 over the period 1800–2011 (Figure 2a, Table 1). Based on the

Pettitt’s test, three main periods in iWUE annual variations are recog-

nized. From 1800 to 1903, the iWUE fluctuates around ~90 μmol mol"1

with no significant trend. From 1904 to 1971, the iWUE increases from ~90 to 100 μmol mol"1 at a mean rate

of ~0.07 μmol mol"1 yr"1. Finally, a large increase from ~100 to 125 μmol mol"1 is recorded between 1972

and 2011 at a mean rate of ~0.61 μmol mol"1 yr"1. The TRW and TRI variations can also be divided in two

parts: from 1800 to 1927, the TRW decreases by ~0.37 μm yr"1, while the TRI stays constant. In comparison

between 1928 and 2011, TRW stays constant, and TRI increases at a rate of ~0.008 unit yr"1 (Table 1).

Finally, BAI increases from ~4 to ~5 cm2 at a rate of ~0.005 cm2 yr"1 over the period 1800–1923, remains con-

stant at around ~5 cm2 from 1924 to 1966, and finally increases from~5 to almost 7 cm2 at a rate 0.03 cm2 yr"1

between 1967 and 2011 (Figure 2a, Table 1).

Variations in BAI and in iWUE are strongly related to changes in atmospheric CO2 concentration (ca; r ≈ 0.77,

p< 0.01; Figure 2b). These relationships mostly rely on their common low-frequency variations. A comparison

of the high-frequency oscillations of these series suggests that ca is not significantly related to BAI (p = 0.9),

while iWUE shows a weak but significant relationship with BAI (r = 0.15, p < 0.05). The BAIres series, resulting

from the detrending of BAI, does not show significant trend (Figure 2c).

3.2. Relationships With Summer Temperature

Over the 1931–2011 period, the raw TRW and TRI chronologies are moderately but significantly related to

previous growing season TpDJF (r ≈"0.27, p< 0.01; Table 2), while the BAI chronology is not. The TpDJF signal

is more strongly recorded in BAIres than in both TRW and TRI series (r = "0.36, p < 0.01). No significant rela-

tionships are registered using temperatures of the current growing sea-

son. In accordance with results from Lavergne et al. (2017), the δ13Ccor
chronology is not significantly related to previous summer tempera-

tures but strongly related to current summer temperatures (r = 0.79,

p < 0.01; Table 2).

3.3. Tree Ring Based Summer Temperature Reconstructions

Given that δ13Ccor and BAIres are significantly correlated to summer

temperatures, they could theoretically be combined to develop a

multiparameter regression model. However, they are also significantly

intercorrelated over the 1800–2011 period (r = "0.21, p < 0.01) and

particularly over the calibration period 1931–2011 (r = "0.37,

p < 0.01), suggesting that the temperature signal recorded in tree ring

growth is not substantially different from the δ13C signal. Moreover, the

Akaike tests rejected this multiregression model. We therefore chose to

adopt two regression models, one based on δ13Ccor and the other one

on BAIres, to produce two distinct 212 year long summer temperature

reconstructions (Figures 3 and 4; Table 3).

Split-period verifications of the calibrated relationships (Table 3)

confirm that the linear regression model based on δ13Ccor (over

1931–2011) is reliable and has high predictive skills (radj
2 = 0.62,

RE > 0, CE > 0, and RMSE < 0.7°C). A DW statistic of around 1.83 for

Table 2

Lag-1 Autocorrelation (Autocor) of Each Series and Correlation With Mean

Temperature for Previous (TpDJF) and Current Summer (TDJF) Over the

1931–2011 Period

Parameter Autocor TpDJF TDJF

TRW 0.52** "0.27** ns

TRI 0.34** "0.28* ns

BAI 0.50** ns ns

BAIres 0.33** "0.36** ns

δ
13
Ccor Ns Ns 0.79**

*Significant at 95% confidence level. **Significance at 99% confidence level.
ns: nonsignificant.

Figure 3. Comparison between reconstructed (blue) and observed (red)

summer temperature from Bariloche station over the calibration period

1931–2011 for the (A) δ
13
Ccor-based and (B) BAIres-based regression models.

The standard deviation of the summer temperature series is 1.12 for the obser-

vation and 0.89 (0.39) for the reconstruction based on δ
13
Ccor (BAIres) over the

1931–2011 period. The ** indicates that the correlation is significant at 99%

confidence level.
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this model, whatever the calibration period considered, suggests only

minimal residual autocorrelation. As expected, the predictive skills for

the calibration model based on BAIres in year t + 1 are comparatively

lower (radj
2 = 0.11; DW = 1.45, RMSE = 1.15°C, RE > 0 but CE < 0).

According to the δ13Ccor-based temperature reconstruction, the

coldest summer interval of the last two centuries spans from 1850 to

1900. In the 20th century, a relative cold period occurred in the early

1970s (Figure 4). The mean summer temperatures increased +0.6°C

from the 19th to the 20th century (shift in year 1903 following the

Pettitt’s test). In contrast, over the 1800–2011 period, the BAIres-based

reconstruction exhibits neither important variations nor any shift

in mean temperatures. The standard deviation of the latter reconstruc-

tion is half that based on isotopes over the whole period (SD = 0.42

versus 0.95, respectively). The reconstructions are significantly,

although weakly, correlated to one another over 1800–2011 (r = 0.21,

p < 0.01). Fifty-one-year sliding correlations between them reveal that

they are more similar in the last decades (i.e., r = 0.37, p< 0.01, over the

period of calibration 1931–2011; Figure S4).

3.4. Impacts of Large-Scale Forcings on Summer Temperatures

The two δ13Ccor- and BAIres-based TDJF reconstructions are significantly correlated to the December–February

SAM-Marshall index over the period 1957–2010 (r = 0.37, p< 0.01, and r = 0.27, p< 0.05, respectively) but not

significantly to the Niño 3.4 index. The relationships between the two reconstructions and the climate

forcings seem to be nonstationary. The δ
13Ccor-based reconstruction is significantly correlated to the recon-

structed SSTs of Li et al. (2013) over the second half of the 19th century and to the reconstructed SAM indices

of Villalba et al. (2012) over the second half of the 20th century (Figures S5A and S5B). In comparison, the

BAIres-based TDJF reconstruction is significantly related to the reconstructed SSTs of Li et al. (2013) over a

more extended period from late 19th to mid-20th century as well as to the reconstructed SAM indices of

Villalba et al. (2012) from mid-19th to mid-20th century (Figures S5C and S5D).

The time–space cross-wavelet analysis shows that our δ13Ccor-based reconstruction is associated with ENSO

at periods of 8 to 12 years over the 1870–1925 period, whereas intermittent common oscillations shorter than

8 years are observed after 1925 (Figure 5a). Similar observations are detected using the Niño 3.4 index data

set (Figure 5b). Moreover, this temperature reconstruction is associated with the reconstructed SAM indices

of Villalba et al. (2012) at periods shorter than 8 years over the 1800–1870 period and shorter than 6 years

since 1870 (Figure 5c). Notably, in the late 20th to early 21st century, a strong common period of variability

shorter than 4 years is observed between the two series, which is more pronounced using the SAM data of

Marshall (2003) over the 1957–2011 period (Figure 5d). Finally, in the early to mid-1970s, both δ
13Ccor-based

TDJF reconstruction and SAM-Marshall series show common oscillations of less than 3 years. Similar oscilla-

tions of common variability, but of lower intensity, are detected between the BAIres-based TDJF reconstruction

and the tropical and high-latitude forcings (Figure S6).

Figure 4. Summer temperature reconstruction variations based on δ
13
Ccor

(blue) and averaged BAIres (red) over the period 1800–2011. The shaded blue

(red) represents the confidence intervals (±RMSE = 0.69°C or 1.15°C, respec-

tively). The changes in mean temperature levels detected with the Pettitt’s test

for the reconstruction based on δ
13
Ccor are shown in gray (mean of 13.4°C

before 1903 and 14.2°C after 1903).

Table 3

Calibration and Verification Statistics of the Tree Ring Chronologies Against Summer (December–February) Temperature Using Simple Regressions

Model

Calibration Verification

Period radj
2

RMSE DW Period RMSE radj
2

RE CE

δ
13
Ccor 1931–1970 0.69** 0.64 1.855 1971–2011 0.78 0.54** 0.487 0.368

1971–2011 0.54** 0.76 1.803 1931–1970 0.67 0.69** 0.611 0.577

BAIres (t + 1) 1931–1970 0.10* 1.24 1.629 1971–2011 1.12 0.12* 0.124 "0.079

1971–2011 0.12* 1.01 1.246 1931–1970 1.31 0.10* 0.080 "0.001

Note. radj
2
: coefficient of determination adjusted for loss of degrees of freedom; RMSE: root mean squared error of the estimate for two independent periods;

DW: Durbin–Watson statistic; RE: reduction of error statistic; CE: coefficient of efficiency.
*Significance at 95% and 99% confidence level. **Significance at 95% and 99% confidence level.
Overall period (1931–2011) for δ

13
Ccor: radj

2
= 0.62, DW = 1.927, RMSE = 0.69; and for BAIres: radj

2
= 0.11, DW = 1.45, RMSE = 1.15.
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4. Discussion

4.1. Physiological Response of Fitzroya cupressoides to Increasing Atmospheric CO2

The BAI and iWUE records of Fitzroya cupressoides are significantly related, showing a similar increasing trend

particularly after ~1970. As iWUE represents the ratio between carbon assimilated and water transpired

(Frank et al., 2015; Voelker et al., 2015), higher iWUE could be due to either greater carbon assimilation in

response to increased ca, lower transpiration in response to a reduction in water availability, or a combination

of both. Using δ13Ccor and δ18O data, Lavergne et al. (2017) showed that over the period 1952–2011, the iWUE

enhancement in F. cupressoideswas more likely due to an increase in carbon assimilation rate rather than to a

decrease in the stomatal conductance, although the latter may have also changed over time. The increase in

BAI also points to an enhancement of the carbon uptake. In consequence, the parallel increases in BAI and

iWUE are consistent with a scenario of CO2 fertilization.

The response of F. cupressoides to increasing ca observed here is consistent with the work by Urrutia-Jalabert,

Rossi, Deslauriers, et al. (2015) on the western slope of the Andean Cordillera at the rainy Alerce Andino

National Park (Chile, 41°320S–72°350W). Indeed, they showed that trees on the western slope of the Andes

have been more efficient in water use over the last decades, probably by increasing their photosynthetic

rates, leading to an increase of tree growth. This has been likely driven by a combination of CO2 and/or sur-

face radiation increases (Urrutia-Jalabert, Rossi, Deslauriers, et al., 2015). However, there are some evidences

that F. cupressoides trees in contrasting environments respond differently to increasing ca. Although iWUE has

increased in F. cupressoides since the 1900s at both the Chilean coast (Alerce Costero National Park, Chile,

40°100S–73°260W) and the Andean Cordillera, tree growth has decreased since the 1980s in the coastal region

due to increasing drying conditions (Urrutia-Jalabert, Rossi, Deslauriers, et al., 2015). The increase in iWUE

under drier conditions should be therefore mostly related to a decrease in stomatal conductance. Further

south in the temperate rainforests on the western slope of the Andes (Huinay Private Park, Chile,

42°230S–72°250W), Camarero and Fajardo (2017) have shown that neither growth nor iWUE have steadily

increased over the last decades. Indeed, tree growth and iWUE started to decrease since the 1980s concur-

rent with drier and warmer conditions during the growing season. The authors pointed to a poor acclimation

of this species to hydrological changes even in normally well-drained sites, particularly at young stands

(<300 years of age), which were established during the postindustrial ca period. Therefore, the physiological

response of F. cupressoides to increasing ca appears to be significantly modulated by site-specific conditions,

recent changes in precipitation, and tree ages. It is worth noting that F. cupressoides has one of the longest
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Figure 5. Cross-wavelet analysis (XWT) between the summer temperature reconstruction based on δ
13
Ccor and (a) sea sur-

face temperature, an indicator of ENSO (Li et al., 2013) over the common period 1800–2005, (b) December–February Niño

3.4 time series over the common period 1870–2011 (extracted from https://www.esrl.noaa.gov/psd/enso/data.html),

(c) reconstructed SAM (Villalba et al., 2012) indices over the common period 1800–2006, and (d) December–February SAM

index from Marshall (2003) over the 1957–2011 period (extracted from http://www.nerc-bas.ac.uk/icd/gjma/sam.html).
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carbon residence time ever observed in the word (Urrutia-Jalabert, Malhi, Barichivich, et al., 2015). Sensitivity

analysis of tree growth to increasing ca using process-based vegetation models would allow testing the

hypothesis of CO2 fertilization effect (Girardin et al., 2011) and better assess the main physiological processes

influencing F. cupressoides growth in recent decades. Carbon, water, and energy budgets derived from eddy

covariance measurements will help to understand how variations in iWUE at the ecosystem level are trans-

lated into productivity changes (Babst et al., 2014; Belmecheri et al., 2014), which in turn will improve our

description of F. cupressoides carbon sink patterns under changing environmental constraints.

4.2. Climate Influence on Tree Ring Records

Interannual variations in radial growth of F. cupressoides (BAIres) are negatively related to summer tempera-

ture during the previous growing seasons. These findings imply that warm summers have a net negative

impact on interannual growth. On the other hand, warm conditions can increase the length of the growing

season and therefore the opportunities to fix carbon (Wolkovich et al., 2012). Therefore, we would expect

growth and temperature to be positively correlated. However, increased annual radial growth can be

achieved only if other requirements for growth are also met. Indeed, other warming-induced processes

can affect tree growth and attenuate or counteract this response, that is, the water limitation on photosynth-

esis resulting from higher evapotranspiration and the higher metabolic cost of plant maintenance induced by

higher temperatures (Girardin, Bouriaud, et al., 2016; McDowell et al., 2011). Urrutia-Jalabert et al. (2015)

demonstrated that the negative relationship between radial growth (ring width and BAI) and temperature

in F. cupressoides in the Chilean Andes was mediated through the effect of temperature on vapor pressure

deficit. The negative relationship with previous year summer temperature may also result from a reduced

assimilation of carbon in response to stomata closure under warmer and drier conditions, as it has been

recently proposed by Camarero and Fajardo (2017; see previous section). If less carbon is assimilated during

a dry growing season, less is likely to be allocated to storage compartments and used for early wood synth-

esis at the beginning of the following growing season, leading consequently to a narrower ring (Deslauriers

et al., 2014; Urrutia-Jalabert et al., 2015). Therefore, although the increase in atmospheric CO2 levels could

have boosted the photosynthesis of F. cupressoides at our sites causing a long-term increase in tree ring

growth, the interannual variability of radial growth has also been affected by year-to-year changes in

water availability.

In contrast to radial growth, the temperature signal during the current growing season is positively and

strongly recorded in the δ
13Ccor series. Over the same comparison period (1931–2011), more than half of

the interannual variance in δ13Ccor is explained by summer temperature variations (r2adj = 0.62, p < 0.001,

adjusted for loss of degrees of freedom). As discussed in Lavergne et al. (2017), this strong δ13Ccor–summer

temperature relationship reflects the imprint of solar radiation on carbon isotopic fractionation. Indeed, when

photosynthesis decreases in response to light limitation, the leaf internal CO2 concentration (ci) increases,

which in turn increases the carbon discrimination against 12C (Δ13C proportional to ci/ca ratio) leading to a

decrease of δ13C (Farquhar et al., 1989). This hypothesis is in agreement with the decreasing trend in cloud

fraction ("4%) and increasing trend in photosynthetically active radiations (+3.5%) observed in the region

over the 1984–2007 period (data retrieved from NASA/GEWEX Surface Radiation Budget; see Lavergne

et al., 2015). Thus, in line with the literature, environmental conditions favorable to forest productivity (here,

cool summers with less sunlight) result in higher Δ13C during carbon assimilation and therefore lower δ13C,

than do conditions unfavorable to growth (Raczka et al., 2016).

4.3. A 212 Year Summer Temperature Reconstruction for Northern Patagonia

The δ
13Ccor and BAIres records were used as single predictors to reconstruct past variations in summer tem-

perature on the eastern slopes of the northern Patagonian Andes. Clearly, the regression model based on

δ
13Ccor displays the strongest predictive skills. Interestingly, the two TDJF reconstructions are becoming more

similar over the last decades. Given that variations in δ13Ccor are the most strongly related to summer tem-

peratures, the recent similarity between the reconstructions suggests that tree growth variability is likely

more sensitive to temperature variations in the warmer context of the last decades than before.

The δ13Ccor-based reconstruction reveals that the 20th and early 21st centuries have been warmer (+ 0.6°C)

than the 19th century. Warmer conditions over the 20th century were interrupted by a colder period in the

early 1970s. After that, summer temperature has increased up to its present level. The multidecennial
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variations in summer temperature over the last two centuries recon-

structed here are significantly, but weakly, related to previous recon-

structions based on Fitzroya cupressoides ring width records from the

same stands (Villalba, 1990; r = 0.15, p < 0.05, 1800–1984; Figure 6a).

The most notable difference between the two reconstructions lies in

the reduction of the multidecadal temperature variability in the ring

width based reconstruction (Villalba, 1990). Indeed, in the early study

by Villalba (1990), flexible standardization methods were applied

to the tree ring records, maximizing the interannual variations of

the reconstruction at the expense of the longer term variations.

Therefore, the low consistency between the two reconstructions is

likely due to the different spectral domains of temperature variability

reconstructed. Notably, our reconstruction explains ~25% more var-

iance in summer temperature than the previous work by Villalba

(1990) over the same calibration period (r2adj = 0.68 versus r2adj = 0.42

over 1931–1984). As expected, our second reconstruction based on

BAIres records, which is derived from an updated version of the ring

width chronology previously developed by Villalba (1990), is highly

and significantly related to this reconstruction (r = 0.77, p < 0.01,

Figure S7A) and is capturing as much high-frequency variance as that

in the earlier reconstruction (Villalba, 1990).

The δ13Ccor-based reconstruction also agrees well with a mean temperature reconstruction for northern

Patagonia based on tree ring width records from Nothofagus pumilio, the dominant subalpine tree across

the southern Andes (Villalba et al., 2003; Figure 6b). It is important to mention here that unlike our tempera-

ture reconstructions for the eastern slope of the Andes, Villalba et al. (2003) reconstructed the mean annual

temperature variations resulting from averaging three records in the Chilean slope of the Andes (Puerto

Montt, Valdivia, and Temuco). Since the reconstruction of Villalba et al. (2003) is not a seasonal but an annual

reconstruction intended to retain as much low-frequency variance as possible, its interannual variability is by

construction lower than ours in the common 1800–1987 period (SD = 0.46 versus SD = 0.91, respectively).

Both reconstructions share, however, some common variability (r = 0.47, p < 0.01). The percentage of var-

iance explained in our temperature reconstruction is higher than that in Villalba et al. (2003; r2adj = 0.66 versus

r2adj = 0.55 over 1931–1987). In contrast, our second reconstruction based on BAIres series is not significantly

related to that of Villalba et al. (2003). Both records have similar variance around the mean (SD ≈ 0.45), how-

ever, they largely differ in terms of long-term variability with opposite variations in decadal temperature oscil-

lations mostly over the 19th century (Figure S7B). This opposite pattern in multidecadal temperature trends

has also been recorded in instrumental records located on both sides of the Andes (see section 4.4; Villalba

et al., 2003). Compared to these two already published reconstructions and to the one based on BAIres, the

advantage of our δ13Ccor-based reconstruction is that the low- and high-frequency variations in temperature

are equally retained. Its strength is then doubled: it can be used to study multidecadal variations in tempera-

ture as well as extreme warm or cold events. For instance, 38% of the extreme values in the observations are

also detected in the prediction (with ±1.5 × SD as a threshold; not shown).

4.4. Summer Temperature Variability Related to Low-Latitude (ENSO) and High-Latitude (SAM)

Climate Forcings

At approximately 41°S over the Andes, temperature variations are not only influenced by the Southern

Annular Mode, the leading mode of climate variability at higher latitudes in the Southern Hemisphere, but

also by the El Niño–Southern Oscillation rooted at lower latitudes in the Pacific Ocean (Garreaud et al.,

2013). As mentioned above, temperature variations are nonuniform over the Andes and the adjacent regions.

While summer temperatures from Bariloche station on the east side of the northern Patagonian Andes

(41°120S–71°120W, 840 m asl) have increased at ~0.2°C per decade since the 1950s (Lavergne et al., 2017;

Villalba et al., 2003), a significant decrease of ~0.2°C per decade in summer has been recorded from 1950s

onward at Puerto Montt, located on the western side of the Andes near the Pacific coast (41°250S, 73°050W,

14 m asl) (Camarero & Fajardo, 2017; Villalba et al., 2003). Moreover, while instrumental records from

Figure 6. Comparison of the δ
13
Ccor-based (blue) reconstruction with (a) the

Villalba (1990) summer reconstruction based on the treering width chronology

of Fitzroya cupressoides at 41°S for the overlapping period 1800–1984 (r = 0.15,

p < 0.05) and (2) the Villalba et al. (2003) reconstruction for the Northern

Patagonian Andes based on the first principal component of tree ring width

records from Nothofagus pumilio for the overlapping period 1800–1987 (r = 0.47,

p < 0.01). The summer temperature anomalies are calculated using the

1901–1995 climatology. The shaded blue represents the confidence intervals for

each reconstruction (±1 RMSE= 0.69°C). The * and ** indicate that the correlation

is significant at 95% and 99% confidence level, respectively.
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Valdivia coastal station (39°480S, 73°140W, 9 m asl) have depicted a significant warming trend over the period

1960–2010 (Urrutia-Jalabert, Rossi, Deslauriers, et al., 2015), no clearly identifiable trends were reported in

southern Chile (38°S–48°S) for the period 1979–2006 (Falvey & Garreaud, 2009). Interestingly, significant

surface cooling at coastal stations (0.2°C/decade) and warming in the Andes (+0.25°C/decade) were

detected further north in central and northern Chile (17°S–37°S) for the period 1979–2006 (Falvey &

Garreaud, 2009). These different patterns emphasize the strong spatial variability of temperature in the

region. Nevertheless, a short common cold period from 1950 to 1975 was observed at both Andean slopes

(Villalba et al., 2003). This cold period was followed by a regional jump in temperature around 1976, asso-

ciated with a well-documented increase in SST in the tropical Pacific (Mantua et al., 1997; Trenberth &

Hurrell, 1994). Based on these observations, it is worth noting that our summer temperature reconstruction

are mainly representative of climate variations on the eastern slopes of the Andes in northern Patagonia,

which are largely modulated by interannual and decadal oscillations rooted in both high and low latitudes.

Correlation and spectral analyses also demonstrate that the temperature signals imprinted in F. cupressoides

growth and δ
13Ccor have been modulated by oscillatory modes at interannual to secular scales related to

ENSO and SAM. Interestingly, the strong commonality in decadal oscillations between the tropical SSTs

reconstructed by Li et al. (2013) and our temperature reconstruction from the mid-19th to the early 20th

century is concomitant with the highest rate of temperature increase recorded over the last 360 years in

northern Patagonia (Villalba et al., 2003). Notably, extreme warm summers related to severe El Niño events

such as those in 1877 and 1897 (Markgraf & Diaz, 2000) are more prominent in the ring width based than

in the δ13Ccor-based reconstruction. The marked common interannual to decadal variability with SSTs indices

in the 1970s is likely the imprint of the step increase in SSTs also reported in the temperature records in both

sides of the Andes (see above). Such abrupt increase has been related to the shift from negative (cold) to

positive (warm) phase of the ENSO-like multidecadal climate variability, often referred to as the Pacific

Decadal Oscillation (Mantua & Hare, 2002). A similar marked common interannual variability is also observed

with SAM indices in the 1970s and later in the 1990s. Thus, large-scale climatic forcings have a strong impact

on local temperature variability, and their climate imprints are strongly recorded in our TDJF reconstructions

for the eastern slope of the Andes in northern Patagonia.

5. Conclusions

In this study, we developed robust 212 year long BAI and δ13C chronologies from living Fitzroya cupressoides

in Northern Patagonia, Argentina (41°S). After correcting the basal area increments to remove the increasing

trend likely linked to increasing CO2 concentrations, we tested the possibility of reconstructing past summer

temperature variations using different regression models. The combination of the two predictors does not

significantly improve the predictive skills of the final regression model. Comparatively, the isotope-based

reconstruction has the strongest predictive skills explaining 62% of the total variance in summer temperature

over the period 1931–2011. In addition, the low frequency component of our δ13C-based reconstruction

agrees well with documented multidecadal variations of summer temperature in north-eastern Patagonia.

The summer temperature reconstruction shows two cold periods, in the second half of the 19th century

and in the middle of the 20th century followed by a warming trend until the present. Both low-latitude

(ENSO) and high-latitude (SAM) climate forcings are modulating climate variations across midlatitudes in

South America, with periods dominated by tropical (ENSO) or subantarctic (SAM) influences. Our contribution

provides the first reconstruction of summer temperature in South America south of 40°S for the period

1800–2011 entirely based on isotopic records.
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