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A B S T R A C T   

Polylepis tarapacana is the highest-elevation tree species worldwide growing between 4000 and 5000 m a.s.l. 
along the South American Altiplano. P. tarapacana is adapted to live in harsh conditions and has been widely 
used for drought and precipitation tree-ring based reconstructions. Here, we present a 400-year tree-ring width 
(TRW) chronology located in southern Peru (17ºS; 69ºW) at the northernmost limit of P. tarapacana tree species 
distribution. The objectives of this study are to assess tree growth sensitivity of a northern P. tarapacana pop
ulation to (1) precipitation, temperature and El Niño Southern Oscillation (ENSO) variability; (2) to compare its 
growth variability and ENSO sensitivity with southern P. tarapacana forests. Our results showed that this TRW 
record is highly sensitive to the prior summer season (Nov-Jan) precipitation (i.e. positive correlation) when the 
South American Summer Monsoon (SASM) reaches its maximum intensity in this region. We also found a positive 
relationship with current year temperature that suggests that radial growth may be enhanced by warm, less 
cloudy, conditions during the year of formation. A strong positive relationship was found between el Niño 3.4 
and tree growth variability during the current growing season, but negative during the previous growth period. 
Growth variability in our northern study site was in agreement with other populations that represent almost the 
full range of P. tarapacana latitudinal distribution (~ 18ºS to 23ºS). Towards the south of the P. tarapacana TRW 
network there was a decrease in the strength of the agreement of growth variability with our site,with the 
exception of higher correlation with the two southeastern sites. Similarly, the TRW chronologies recorded higher 
sensitivity to ENSO influences in the north and southeastern locations, which are wetter, than the drier south
western sites . These patterns hold for the entire period, as well as for periods of high and low ENSO activity. 
Overall, P. tarapacana tree growth at the north of its distribution is mostly influenced by prior year moisture 
availability and current year temperature that are linked to large-scale climate patterns such as the SASM and 
ENSO, respectively.   

1. Introduction 

The complex topography of the Andes plays an important role in 
regulating part of the large-scale atmospheric circulation over South 
America, shaping a range of well-differentiated climates types in both 
sides of the Cordillera (Garreaud, 1999). In the tropical Central Andes is 

located the South American Altiplano, a high altitude semi-arid plateau 
over ~ 4000 m a.s.l. between the eastern and western Cordillera and 
spanning from 15ºS to 24ºS with an average width of 300 km (Garreaud 
and Aceituno, 2001). In the last decades, the Altiplano have experienced 
persistent warming and drying trends (Ramos-Calzado et al., 2008), 
which are estimated to continue over the near future (Neukom et al., 
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2015). Water resources from this region are critical for human con
sumption, ecosystems, agriculture, mining, hydropower and other 
socio-economic activities not only for this vast territory, but also for the 
dry western lowlands. In particular in the Peruvian Altiplano, traditional 
small-scale agriculture and subsistence farming is highly sensitive to 
drought and floods at inter-annual scale (Vargas, 2009), and as a 
consequence these activities and the rural lifestyle are vulnerable to 
extreme weather conditions presenting a high climate risk (Sietz et al., 
2012). For example, the extreme drought of 1982–83 produced a severe 
crop failure of potatoes and quinoa which represent the main agriculture 
production in the region. Moreover, the widespread famine during this 
extreme event produced profound social impacts among the Andean 
settlers, leading to cases of children being sold to wealthier families as a 
way to escape hunger in desperate homes (Cavledes, 1985). Likewise, 
extreme frosts events can also negatively affect traditional crops and 
have triggered a high mortality of the camelid livestock (alpacas and 
llamas) and sheep (Andrade, 2018). One of the main drivers of extreme 
climatic conditions at interannual scale in the Altiplano is the El 
Niño-Southern Oscillation (ENSO) phenomenon (Garreaud and Acei
tuno, 2001; Vuille, 1999). The lack of crop insurances for rural com
munities places the Peruvian Andes as a very vulnerable region in 
relation to food security associated with strong ENSO events (Gilles and 
Valdivia, 2009). Thus, there is an urgent need to achieve a better un
derstanding of climate variability and its drivers in the Central tropical 
Andes in order to improve strategies for disaster risk management. 

The study of climate variability over the Central tropical Andes 
associated to major circulation patterns such as the ENSO and the South 
American Summer Monsoon (SASM) has been a topic of great interest in 
the scientific community during last decades (e.g. Vera et al., 2006; 
Garreaud et al., 2009). However, our understanding of the full range of 
climate variability for decadal and longer time scales have been limited 
due to the scarcity of meteorological stations and to the short span of the 
records, rarely exceeding 50 years in this complex mountain region 
(Drenkhan et al., 2015). This precludes the assessment of trends, 
low-frequency variability and return time of extreme event occurrence 
such as severe droughts and floods. In this context, the development of 
new high-resolution precipitation and ENSO proxies from tree rings can 
be useful to provide a multi-centennial range of climate variability in the 
study region from interannual, decadal and even centennial time scales. 

Polylepis tarapacana Phill. grows across the South American Altiplano 
(16ºS to 23ºS) over the slopes of volcanoes up to 5200 m.a.s.l. and it is 
the highest elevation tree species worldwide (Kessler and 
Schmidt-Lebuhn, 2006). This tree species is well adapted to the Alti
plano extreme conditions such as low temperatures, water scarcity and 
high solar irradiation (García-Plazaola et al., 2015). Because the growth 
of P. tarapacana is highly sensitive to variations in water availability 
(Argollo et al., 2004; Rodriguez-Caton et al., 2021), during the last de
cades records based on its ring-width variations have been successfully 
used to reconstruct past hydroclimate variability in the Central and 
Southern Altiplano (18º–23ºS; Morales et al., 2020, 2015, 2012). Most 
P. tarapacana chronologies are located south of 18◦S and so far none has 
been developed in Peru a the northern Altiplano, where the conditions 
are wetter and there is a higher exposure to ENSO influence (Trenberth 
and Caron, 2000). Here, we generated the longest P. tarapacana tree-ring 
width (TRW) chronology in Peru to provide a new high-resolution 
centennial record for this region and to address the following specific 
objectives. The goals of this study are: (1) to expand the present 
P. tarapacana TRW network to its northern distribution limit into the 
Peruvian Andes; (2) to assess the tree growth sensitivity of this new TRW 
chronology to precipitation, temperature and the ENSO variability; and 
(3) to compare its growth variability and ENSO sensitivity with other 
P. tarapacana southern locations. 

2. Materials and methods 

2.1. Study area 

The study was carried out in a P. tarapacana forest located near to 
Chiluyo Village at 4657 m a.s.l. at the northern part of the South 
American Altiplano in the department of Tacna in Peru (17◦24́S, 
69◦39́W, Fig. 1a). Biogeographically, this site is located in the xero
phytic Puna region that is a high Andean ecosystem rich in endemic 
elements dominated by grasslands associated with scrub and shrubs of 
Cactacea, Fabacea, Zylophylaceae and Asteraceae families, in addition 
to Polylepis forests (Josse et al., 2009). 

At the Mazocruz weather station, which is the nearest from the 
Chiluyo TRW site (74 km northeast; 16◦ 44́S, 69◦ 42́ W; 4006 m a.s.l, 
Fig. 1b), the mean annual temperature is 4.8 ◦C with minimum and 
maximum temperatures ranging from −6.5 to 16.1 ◦C, respectively. The 
temperature amplitude is 7.73 ◦C. The total annual rainfall is 523 mm 
which is more than the double than the annual precipitation recorded at 
the southwestern species distribution limit adjacent to the Atacama 
Desert (Morales et al., 2018). The 81% of the annual precipitation occurs 
during the austral summer months (Dec-Mar) showing a clear unimodal 
distribution. The driest and wettest months are June (2 mm) and 
January (139 mm), respectively. 

2.2. Tree-ring sampling and chronology development 

We collected 43 cross sections from one of the multiple stems of the 
living individuals and wedges of dead trees. Following standard 
dendrochronological techniques the samples were labeled, dried at 
room temperature, and then polished with progressively thinner sand
paper (60–1500 grain) to allow for the visualization of anatomical 
structures within the rings and thus the identification of the TRW 
boundaries (Stokes and Smiley, 1968). The tree-ring growth variations 
in each sample were visual crossdating under a binocular microscope 
(Stokes and Smiley, 1968) and measured to a precision of 0.001 mm 
using a Velmex system. The dating quality controlled was conducted 
using the program COFECHA (Holmes, 1983). The calendar dates to 
each tree ring were assigned following the Schulman convention for the 
Southern Hemisphere (Schulman, 1956) that uses the year when 
tree-ring formation starts (~November in our study site, Fig. 1b). 

The ring-width measurements were standardized by fitting a nega
tive exponential curve for each individual TRW series to remove vari
ability not related to climate such as tree size-age trends (Cook and 
Kairiukstis, 1990). This detrending of the raw TRW measurements re
sults in a set of dimensionless growth indices with a defined mean of 1.0. 
This allows the standardized indices from many samples to be averaged 
into a single TRW chronology. Finally, a residual chronology was ob
tained using the statistical package R "dplR" (Bunn, 2008) by averaging 
the individual standardized time series after the removal of the serial 
autocorrelation using an autoregressive modeling (Cook and Kairiukstis, 
1990). The residual instead of standard chronology was selected for 
analyses as it emphasizes the high frequency variations of the climate 
signal contained in the TRW series and improves the climate-growth 
relationship (Gilman et al., 1963). The quality and sensitivity of the 
TRW chronology was assessed by the Mean Sensitivity (MS), the 
Expressed Population Signal (EPS), and the mean correlation between 
the TRW series (Rbar) (Wigley et al., 1984; Briffa, 1999). The MS rep
resents a measure of the interannual variability in tree rings (Fritts, 
1976), the Rbar the average of the correlation coefficients that result 
from comparing all possible pairs of segments of a given length among 
all TRW series that integrate a chronology (Briffa, 1999), and the EPS 
measures the strength of the common signal in the chronology by 
comparing a finite sample chronology with a hypothetical chronology 
that has been infinitely replicated (Wigley et al., 1984). While there is no 
level of significance for EPS, the value above 0.85 is generally accepted 
as a good level of common signal fidelity between trees (Wigley et al., 
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1984). To calculate the running Rbar and EPS we used a 50-year window 
with an overlap of 25-year between adjacent windows. 

All the chronologies from the P. tarapacana network were detrended 
using the same negative exponential standardization method used for 
the Chiluyo tree-ring chronology development. The residual chronolo
gies were also computed by using autoregressive modeling to remove 
the serial autocorrelation in the original tree-ring series. The residual 
chronologies were used in the correlation analyses with the SSTs_N3.4 
and the tree-ring chronology from Chiluyo. All the P. tarapacana chro
nologies shown in Fig. 1a were used for these analyses, except for the 
Huarikunka and Serke TRW chronologies that were discarded due to low 
replication and short time span (Supplementary material, Table S2). 

2.3. Climate data 

To assess the climate seasonality for the region monthly precipitation 
and temperature data were compiled from the meteorological national 
services from Chile (DMC), Peru and Bolivia (SENAMHI). We selected 20 
meteorological stations located higher than 3500 m a.s.l. between 15◦S 
and 20◦S which presented less than 10% of missing data (Supplementary 

material, Table S1). Linear regression models were used to fill missing 
data for an specific station using neighbor stations data (Ramos-Calzado 
et al., 2008). A correlation matrix computed for precipitation and tem
perature records from the selected meteorological stations show signif
icant and positive correlations among data from different stations with a 
mean correlation coefficient of 0.66 among precipitation data (Fig. S1) 
and 0.56 among temperature data (Fig. S2). Based on this good agree
ment, regional indices of precipitation and temperature (1967–2015) 
were obtained averaging normalized data (z-score) from each station for 
the common periods when data was available (Jones and Hulme, 1996). 

Finally, in order to assess the ENSO signal in the TRW chronologies, 
the Sea Surface Temperature anomalies from the Niño 3.4 region 
(SST_N3.4) for the period 1856–2015, were downloaded from the NOAA 
ERSSTv5 database (Huang et al., 2017). 

2.4. Climate-growth relationships 

Pearson’s correlation analysis at 95% significance level were per
formed to assess the climate-growth relationships between the Chiluyo 
TRW chronology and precipitation/temperature (1967–2015) and 

Fig. 1. Map of the study region in the South American Altiplano indicating the new P. tarapacan TRW site in Chiluyo (yellow star) and the present P. tarapacana TRW 
network (green stars, from Morales et al., 2020). The light blue triangles indicate the geographical location of the 20 meteorological stations in Peru, Bolivia and 
Chile, used in this study (a). Walter-Lieth climatic diagrams for the study site. Solid dark areas represent the wet season with monthly precipitation ≥ 100 mm. The 
humidity period (blue vertical lines) from November to March coincides with the spring-summer vegetation growing season (gray area) (b). Picture of our study site: 
P. tarapacana forest in the Peruvian Altiplano (c). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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SST_N3.4 (1856–2015) data. Because tree radial growth could be 
influenced by climatic conditions from the previous growing year, the 
analyses were performed for 23-month period from June of twoprevious 
years to May of the current year (Blasing et al., 1984; Fritts, 1971). Based 
on the months with higher correlations with tree-growth), regional 
monthly indices of temperature (November-March from the current 
growing season), precipitation (November-January from the previous 
growing season) and SST_N3.4 (September-February from the current 
growing season) were computed. 

Finally, we used boxplots to compare the values of the TRW chro
nology, precipitation and temperature during the years of El Niño 
(+ENSO = SST_N3.4 > 75th percentiles) and La Niña (-ENSO =
SST_N3.4 < 25th percentiles). The Kolmogorov-Smirnov test was used to 
determine if there were significant differences (p < 0.05) in TRW, pre
cipitation and temperature values between +ENSO and -ENSO - years. 

2.5. Spectral properties for ENSO and P. tarapacana chronology 

To identify periodicities and oscillatory modes in the time series, we 
performed a Continuous Wavelet Transform analysis -WT- (Torrence 
and Compo, 1998) for the Chiluyo TRW chronology and Niño 3.4 re
cords during their common period. We also evaluated causal relation
ships in the time-frequency space between P. tarapacana growth from 
the Chiluyo site and ENSO variability (SST_N3.4) using the Cross 
Wavelet Transform analysis -XWT- (Grinsted et al., 2004). The XWT 
analysis finds regions in the time frequency space with high common 
spectral power and determine if both series are physically related 
(Jevrejeva et al., 2003). Monte Carlo methods were used to assess sta
tistical significance against red noise backgrounds (Grinsted et al., 
2004). 

2.6. Spatial patterns of tree growth variations and ENSO sensitivity 

To evaluate the spatial correlation pattern between the P. tarapacana 
TRW record from the Chiluyo site and the Pacific Ocean SST, we 
calculated field correlations (1856–2015) between the TRW chronology 

and mean September-February gridded SST from the current growing 
season from the 2.5◦ x 2.5◦ NCEP reanalysis global database (Kistler 
et al., 2001) using the KNMI Climate explorer tool (Trouet and Van 
Oldenborgh, 2013). 

To compare the Chiluyo TRW record with the existent P. tarapacana 
TRW network across the Altiplano (Fig. 1a, Supplementary material 
Table S2), we performed correlation analysis between our record and 
each P. tarapacana chronology for their common period (1856-2001 
CE). We also computed Pearson’s correlations coefficients between all 
the P. tarapacana chronologies and the September-February SST_N3.4 
records to assess ENSO sensitivity across the latitudinal gradient of the 
TRW network for the common period (1856–2001 CE). Additionally, to 
evaluate the intensity of these relationships between periods of high and 
low ENSO activity (Torrence and Webster, 1999) correlations among all 
the P. tarapacana TRW chronologies and correlations between each TRW 
chronology and September-February SST_N3.4 were computed for pe
riods of high (1856–1930 CE, 1960–2001 CE) and low (1930–1960 CE) 
ENSO activity. 

3. Results 

3.1. The Polylepis tarapacana tree-ring chronology at Chiluyo 

A total of 60 TRW series from 30 trees (i.e. 70% of the 43 tree 
samples collected) were used to develop a 414-year TRW chronology at 
a P. tarapacana forest close to the village of Chiluyo (Fig. 2a). This forest 
is located at the northwestern phytogeographical distribution of 
P. tarapacana. 

The residual TRW chronology spans from 1602 to 2015 with more 
than 10 time series after 1666. The chronology has a MS of 0.29 that 
indicates high sensitivity (i.e. high year-to-year variability) and Rbar of 
0.36 that indicates a common pattern in the interannual variations of 
radial growth among the individual series that composed the chronol
ogy. The mean EPS, which expresses the quality of a chronology, was 
0.92 for the period from 1674 to 2015, which indicates that the number 
of trees used is suffice to represent the common growth pattern of this 
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stand in Chiluyo. 

3.2. Relationship between climate and radial growth 

The Pearson’s correlation coefficients between the residual TRW 
P. tarapacana chronology and precipitation/temperature data for the 
period 1967–2015 show contrasting responses of tree growth to climate 
between consecutive growth periods (Fig. 3a, b). A significant positive 
relationship (P < 0.05) was found between tree growth and the regional 
precipitation time series (Fig. 3a) for spring-summer months November 
to January (NDJ) of the previous growing season, while negative cor
relations were found during the current summer months from January to 
March (JFM). Tree growth exhibited positive correlations with monthly 
regional temperature from October to April (Fig. 3b) and monthly 
SST_N3.4 data from June to April (Fig. 3c) during the current growth 
season. Aditionally,some discontinuous negative significant correlations 
(P < 0.05) were also reported during the previous growing season 
(Fig. 3b, c). Because of SST_N3.4 has high monthly auto-correlation, the 
correlation coefficients were significant for several months showing 
negative correlation with previous winter-spring and summer season 
(two previous June to previous September) and a shift to positive cor
relation from previous April to current May, albeit being significant 

from previous June to current April (Fig. 3c). 
Tree growth variations of P. tarapacana are positive significantly 

correlated with regional NDJ precipitation from the previous season 
(r = 0.52, P < 0.001, Fig. S1a) and with regional temperature from 
November to March from the current growing season (r = 0.59, 
P < 0.001, Fig. S1b) for the period 1967–2015. Similarly, high corre
lations between tree growth and the SST_N3.4 from September to 
February are positive and significant for the period 1856–2015 
(r = 0.58; P < 0.001, Fig. 4a). 

Fig. 4 shows a good agreement between positive and negative 
extreme SST_N3.4 years with wide and narrow rings, respectively. We 
identified a total of 40 (41) years with values of SST_N3.4 above (below) 
the percentile 75th (25th) for the period 1856–2015. A 55% of these 
years (22 from 40) with positive SST_N3.4 anomalies (> 75th percentile) 
representing El Niño conditions were coincident with wide rings years 
(Fig. 4a, b). A 44% of the years (18 from 41) with negative SST_N3.4 
anomalies (< 25th percentile) corresponding to La Niña conditions were 
concurrent with narrow rings years (Fig. 4a, b). We also found lower 
precipitation than average during El Niño years than during La Niña 
years (Fig. 4c) and higher temperatures than average during El Niño 
years than during La Niña years (Fig. 4d). Overall during El Niño (La 
Niña) years, the ring-width index (Fig. 4b) and temperature anomalies 
(Fig. 4d) were significantly above (below) the historical average, while 
precipitation anomalies were significantly below (above) the historical 
average (Fig. 4c). The difference between TRW, temperatures, and 
precipitation data during years of the ENSO + and ENSO- were signifi
cant (P < 0.005) based on the KS-Test. 

We also identified that previous growing season extreme wet years 
(> 75th percentile) coincide with high TRW, while extreme dry years (<
25th percentile) are concurrent with low TRW values (Fig. S1a). The 
differences in the distribution of the TRW data between extreme wet and 
dry years were significant based on the KS-Test (p < 0.005, Fig. S1a). 
Likewise, during the current growing season extreme warm years (>
75th percentile) coincide with high TRW values, while extreme cold 
years (< 25th percentile) are concurrent with low TRW values 
(Fig. S2b). The distribution of TRW values during the warm and cold 
years is significantly different based on the KS-Test growth (p < 0.005, 
Fig. S1b). Overall these results suggest that previous season rainfall and 
current temperatures are key factors for tree growth with high (low) 
prior year precipitation and high (low) current temperatures favoring 
(constraining) wood formation. 

3.3. Spatial pattern and spectral properties of the P. tarapacana TRW 
chronology and ENSO 

Fig. 5a shows the spatial correlation patterns between the 
P. tarapacana TRW chronology and the global spatially explicit sea 
surface temperatures (SSTs) averaged for the current spring-summer 
season (September-February) for the period 1856–2015. Significantly 
positive correlations were found between the TRW record and Sep-Feb 
SST data over the equatorial Pacific Ocean region from 80 to 185◦W 
longitude and 15◦S to 15◦N latitude. The significant correlation co
efficients were higher in the El Niño 3.4 sector (~ 170◦W to 120◦W and 
5◦S to 5◦N, r > 0.5), resembling a clear ENSO-like pattern. 

The Wavelet spectrum analysis (WT) for the TRW record exhibits 
strong inter-annual and sub-decadal variability in a non-continuous way 
and significantly throughout the analyzed period from 1870 to 2015 
(Fig. 5b). The periods with significant spectral power (p < 0.05) were 
detected at 2–6-year band around 1880 and 1960–1990, as well as in 
lower frequencies at 6–8 years band around 1900 and 1945–1965. 
Similarly, the WT for the SST_N3.4 time series shows significant spectral 
variability in the inter-annual frequency (2–6-year band) around 1880, 
1900, 1980, 1990 and 2010, as well as significant power spectrum at 
6–8-year band around 1910–1920 and 1940–1955 (Fig. 5c). 

The cross-wave transformation (XWT) between the TRW chronology 
and the SST_N3.4 from September to February (spanning the period of 
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highest ENSO activity) shows a common spectral power within the 
domain of 2–8-years (Fig. 5d) that corresponds to the width of the ENSO 
band (Fig. 5c). This XWT spectrum shows strong common signal of 
2–4.5-year (1880–1890), 6–8.5 year (1900–1920), 6–7.5 year 
(1940–1960) and 2–4 year (1965–1975). Strong but short signals every 
2–6 year also occurred between 1980 and 1983 and around 1998. 
However, there is a marked lack of common spectral power at 2–5 years 
cycles from 1900 to 1960 (XWT; Fig. 5c). 

3.4. Tree-ring variability and ENSO sensitivity across the P. tarapacana 
network 

The correlation coefficients between the Chiluyo P. tarapacana re
sidual TRW chronology generated in this study and the 18 P. tarapacana 
residual TRW chronologies selected from an existing P. tarapacana 
network (Supplementary material, Table S2) are shown in Fig. 6a. All 
the correlation coefficients were significant and range between 0.41 and 
0.78 (1856–2001). This indicates large similarities in TRW variations 
across the South American Altiplano. In general, our study site shows 
higher correlation coefficients with the geographically closer northern 
chronologies than with the southern chronologies, with the exception of 
some chronologies located in southwestern locations in the Argentinean 
Altiplano which also show high correlations coefficients with our site 
(Fig. 6a). 

The correlation coefficients between the September-February 
SST_N3.4 and each P. tarapacana TRW chronologies of the network for 
the common period 1856–2001 show higher values for the northern 
chronologies (r > 0.4) than for the southern chronologies (r < 0.23). 
Among all the chronologies the newly TRW chronology from Chiluyo 
showed the highest correlation coefficient (r = 0.48) with the 
September-February SST_N3.4 (Fig. 6b). The decrease in correlation 
coefficients from north to south was not significant, in part because two 
southeastern TRW chronologies located in slightly wetter sites showed 
high correlation coefficients (r = 0.46) with SST_N3.4 with a similar 
strength than the northern TRW chronologies. 

The same correlation analyses done for three periods of distinct 
ENSO intensity (high: 1856–1930 and 1960–2001; low: 1930–1960) 
show the same patterns (Fig. 6c, d). This indicates that the spatial pat
terns reported are consistent regardless of the non-stationary influence 
of ENSO on tree-growth variability of the P. tarapacana forests across the 
Altiplano. During the periods of high ENSO activity, the agreement (i.e. 
correlations) in tree growth variability between our site and the rest of 
the P. tarapacana chronologies was significant and higher than during 
the period of low ENSO activity (Fig. 6c). Similarly, correlation co
efficients between September-February SST_N3.4 and P. tarapacana tree 
growth variability at each site were significant and higher during pe
riods of high ENSO activity than during periods with low ENSO activity 
(Fig. 6d). 

Fig. 4. (a) Comparison between the Chiluyo P. tarapacana TRW chronology and mean September-February SST_N3.4 for 1856–2015 period. The gray shading and 
the horizontal red lines indicates TRW indices and SST_N3.4 values within its 75th and 25th percentile distribution, respectively. The empty and red circles indicates 
extreme TRW and SST_N3.4 values, respectively. Box plots of the (b) P. tarapacana TRW for the period 1856–2015, and (c) precipitation and (d) temperature for the 
period 1967–2015 during the El Niño and La Niña years according to SST_N3.4 values > 75th and < 25th percentiles, respectively. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

4.1. Polylepis tarapacana radial growth variability across the Altiplano 

In this study, we generated a centennial TRW chronology of 
P. tarapacana spanning from 1602 to 2015. This high replicated chro
nology represents the longest TRW record developed in Peru so far and 
extends northward the P. tarapacana TRW network to the limit of its 
geographical distribution. Although there is another TRW chronology of 
this species located further north (17.2ºS) at Cerro Huarinka in Bolivia 
(Fig. 1a; see Solíz et al., 2009), its use for dendroclimatological studies 
have been limited due to a short time span of less than 100 years 
(1925–1999) and low sample replication (Nº <10 time series). Our 
newly developed TRW chronology has high-quality statistics with 
similar values than reported in previous published chronologies from 
the South American Altiplano (Argollo et al., 2004; Christie et al., 2009; 
Solíz et al., 2009). 

The growth variability of our TRW record is highly correlated with 
the 18 P. tarapacana TRW chronologies distributed across the Altiplano, 
with the highest correlations found with the nearby chronologies to our 
study site (northern Altiplano; Fig. 6a, c). This agreement in tree growth 
variability among P. tarapacana forests over the Altiplano reflects the 

influence of large macroclimatic signals on tree growth variations and it 
is consistent with a previous study from Solíz et al. (2009). However, the 
significant decrease in the correlations following the north-south lat
itudinal gradient reports differences of growth variability between the 
northern and southern chronologies, which could be related to distinct 
influence of local and regional climate on tree growth across the 
Altiplano. 

4.2. Tree-growth climate sensitivity from a northern Polylepis tarapacana 
population 

P. tarapacana trees located in the South American Altiplano are 
exposed to long period of aridity and frequent frost events any time 
throughout the year (García-plazaola et al., 2015; Hoch and Körner, 
2005). P. tarapacana growth in such harsh environment tends to be 
limited mainly by water deficits (Morales et al., 2004) and low tem
peratures (Hoch and Körner, 2005). Our results confirm that 
P. tarapacana growth variability at the northern region of the Altiplano 
is strongly related with local and regional precipitation and tempera
ture. These findings are consistent with previous studies developed at 
the Chilean, Bolivian and Argentinean Altiplano that showed a posi
tively (negatively) influenced by previous (current) spring-summer 
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Fig. 5. (a) Spatial correlation between the 
P. tarapacana TRW chronology from Chiluyo 
(green star) and the 2.5◦ x 2.5◦ gridded monthly 
averaged September-February Sea Surface 
Temperature (SST). The TRW chronology site is 
indicated by green star and colored fields 
represent significant (p < 0.10) Pearson corre
lation coefficients (a). Wavelet power spectrum 
(Morlet) of the TRW chronology (b) and the 
N3.4 SST record (c), and the cross wavelet 
transform (XWT) between the TRW chronology 
and N3.4 SST (September-February) (d). Black 
thick contours indicate the 95% level of signif
icance using the red noise model, and the cone 
of influence is shown as a lighter shade. Vectors 
indicate the relative phase relationship between 
the TRW chronology and the SST_N3.4 (hori
zontal arrows pointing right and left implies in- 
phase and anti-phase relationships respectively, 
and pointing up means the second series lag the 
first by 90◦). (For interpretation of the refer
ences to color in this figure legend, the reader is 
referred to the web version of this article.)   
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season precipitation and positive (negative) influence by current (pre
vious) spring-summer temperatures on P. tarapacana radial growth 
(Argollo et al., 2004; Morales et al., 2004; Moya and Lara, 2011; 
Rodriguez-Caton et al., 2021; Solíz et al., 2009). 

The opposite climate response pattern of P. tarapacana growth be
tween the two consecutive growth seasons is consistent throughout its 
latitudinal distribution range (Rodriguez-Caton et al., 2021). In the Al
tiplano, temperature and precipitation are associated through a negative 
relationship that it is more strong during the rainy season (Ramo
s-Calzado et al., 2008; Rodriguez-Caton et al., 2021). The lack of inde
pendence between both variables can mask the individual effects of each 
climate variable on tree growth. In other words, a negative response of 
tree growth to rainfall during the current growth period may not imply 

that water is detrimental to growth since it could be associated to more 
cloudiness and lower temperatures that may be indeed the limiting 
factors for growth. 

Water availability of the previous growing season is critical for tree 
growth all along the Altiplano, but especially in the arid south (Argollo 
et al., 2004; Morales et al., 2004). An ecophysiological study ~ 180 km 
south of our study site in the Chilean Altiplano reported that in this tree 
especie (1) photosynthetic processing and carbon assimilation are well 
adapted to cope with low temperatures, (2) photosynthesis and carbon 
assimilation occur mainly during the morning taking advantage of low 
vapor pressure deficit (VPD). Low VPD allows for larger stomatal 
aperture than during midday and afternoon when photosynthetic ac
tivity is limited by stomatal closure due to high VPD (García-Plazaola 

Fig. 6. (a) Correlation map between the northernmost P. tarapacana chronology represented by the Chiluyo site (yellow dot) and the available P. tarapacana network 
during the common period 1856–2001. (b) Correlation map between all P. tarapacana chronologies and SST_N3.4 for the 1856–2001 period. (c) Scatter plot of the 
correlations results from (a) and (b) vs. latitude for three periods of ENSO activity: red 1856–1930, green 1930–1960 and blue 1960–2001 (c and d, respectively). 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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et al., 2015). These results pointed out the increase in VPD as a key 
limiting factor in carbon assimilation for P. tarapacana, especially to
wards the south of its distribution. 

Temperature seems to favor tree growth in the wetter northern Al
tiplano during the current growing season (Fig. 3b). In agreement, 
Rodriguez-Caton et al. (2021) reported that water availability in the 
northern Altiplano may not be as limiting as in the arid southern Alti
plano, and thus warmer conditions during the growing season may favor 
both TRW formation and carbon assimilation. Based on TRW and stable 
isotopes (δ13C and δ18O) data from four P. tarapacana populations along 
a 500 km latitudinal gradient (~ 18ºS-22ºS). Rodriguez-Caton et al. 
(2021) also reported that P. tarapacana growth was mainly influenced by 
temperature in northern wetter sites and by water availability in the 
southern drier regions of the Altiplano, which is also consistent with our 
results and illustrates the complexity of the climatic variable controlling 
tree growth in these forests. Rodriguez-Caton et al. (2021) also pointed 
out that there are differences in growth response to these variables that 
are related to the north-south aridity gradient along the Altiplano and 
suggests that the relative importance of temperature and precipitation in 
regulating tree growth depends largely on local water availability, but in 
any case, both variables are involved in growth ring formation. In 
summary, we can conclude that optimal growth condition for 
P. tarapacana forests in the northern Altiplano occur with wet 
spring-summer in the previous season and warm conditions during the 
spring-summer of the current growing season. 

4.3. The ENSO imprint in the Polylepis tarapacana TRW chronologies 

We found the strongest ENSO signature in the Chiluyo P. tarapacana 
TRW chronology generated for this study from 1856–2015 (r = 0.58) as 
well as for the common period for the tree-ring network 
(r = 0.48,1856–2001). The strong relationship between this TRW record 
and the September-February SST_N3.4 anomalies indicates that the at
mospheric circulation modulated by the tropical Pacific in a positive 
ENSO phase may lead to local climatic conditions that will positively 
influence P. tarapacana growth. This reflects well the large-scale ENSO 
influence on climate from Peruvian Altiplano associated to warm tem
peratures and low precipitation (Fig. 4c, d; Garreaud et al., 2009; Gar
reaud and Aceituno, 2001; Lagos et al., 2008; Lavado-Casimiro and 
Espinoza, 2014; Vuille et al., 2000). 

The ENSO signal on the TRW chronologies was also analyzed across 
the entire Altiplano and we observed high correlation coefficients be
tween ENSO and the northern TRW chronologies (r > 0.4). However, 
some TRW chronologies located in the southeast of the tree-ring network 
achieved similar correlation coefficient values (r > 0.4). Remarkably, 
the lowest correlation values between the September-February SST_N3.4 
and the P. tarapacana TRW chronologies were located at the south
western area, which is the driest sector of this tree-ring network with a 
strong influence of the Atacama Desert (Fig. 8 in Rodriguez-Caton et al., 
2021). There is a differential ENSO imprint across the Altiplano 
regarding general positive (negative) temperature and negative (posi
tive) precipitation anomalies during El Niño (La Niña) events (Vuille 
1999; Garreaud et al. 2009), which can be associated to the distinct 
ENSO sensitvity recorded across the network. Our interpretation is that 
the warmer and drier conditions resulting by the El Niño events may 
favor radial growth of trees located in humid environments at the 
northern and southeastern sites, while trees growing in more arid 
southwestern locations may not be benefited by this warmer and drier 
extreme conditions associated to positive ENSO during the current year 
of growth. We concluded that the local aridity conditions are an 
important factor determining the strength of the ENSO signal across the 
P. tarapacana TRW chronologies. 

P. tarapacana TRW and the SST_N3.4 data shows similar oscillations 
modes mainly from 2 to 8-year bandwidth indicating consistencies be
tween both time series. These oscillatory modes found at our study site 
at the Peruvian Altiplano are consistent with the spectral properties 

previously recorded in two P. tarapacana populations from the southern 
portion of the Altiplano (Christie et al., 2009). This common spectral 
power is not continuous throughout time probably associated to the 
non-stationarity behavior of ENSO (Torrence and Webster, 1999). The 
lack of stationarity between ENSO and P. tarapacana growths at high 
frequency variability was previously reported by Morales et al. (2012). 

We also found that the growth synchronicity among our study site 
and the rest of P. tarapacana forest along the Altiplano, as well as the 
relationships between tree growth at all sites and the SST_N3.4 was 
stronger during periods of high ENSO activity of during low ENSO ac
tivity. This may indicate a possible loss of a high frequency macro
climatic signal related to ENSO. These results confirm that P. tarapacana 
TRW records are extremely useful to develop ENSO reconstructions 
utilizing large TRW networks, being capable to significantly increase the 
accuracy of this kind of reconstructions that have mostly depended on 
extratropical proxy records (Li et al., 2013). 

5. Conclusions 

A 414-year TRW width chronology of P. tarapacana spanning from 
1602 to 2015 was generated in the Peruvian Altiplano. This paleo record 
represents the longest TRW chronology developed in Peru. Our findings 
show that P. tarapacana growth in its northern distribution is favored by 
warm, but not very wet conditions during the season of tree-ring for
mation, but by wet conditions during the previous growing season to the 
tree-ring formation. The presence of the ENSO signal recorded by the 
TRW data provides, evidence of the strong influence of tropical Pacific 
temperatures on P. tarapacana growth. The highest spatial correlation 
between the TRW chronology with the tropical Pacific SST from sector 
3.4 shows the high reconstruction skill of P. tarapacana as reliable proxy 
of past ENSO variability. This new paleo record is of great scientific 
relevance for future climate and ENSO reconstructions, offering an 
additional tropical TRW record from a region where the interannual 
climatic variability is strongly modulated by the behavior of this large- 
scale climate forcing. Moreover, our new record expands and 
strengthens the present network of tropical TRW chronologies in South 
American which is still in its infancy compared to mid and high lati
tudes, highlighting the need for further tree-ring research in this region. 
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