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A B S T R A C T   

Stable oxygen isotopes records (δ18O) in tree-rings are commonly used to assess the response of trees to envi-
ronmental variability being a valuable tool for studying past climate at different temporal and spatial scales. This 
is particularly relevant in semi-arid regions like the southern Tropical Andes, where ongoing environmental 
changes coincide with a rapidly increasing demand for hydrological resources, presenting a challenge for 
ecosystem dynamics and water resource management. In this study, we aim to determine the main spatio- 
temporal variability of a new network of δ18O Polylepis tarapacana chronologies during the last century, and 
their relationships with hydroclimate and tropical circulation at local to subcontinental scales throughout the 
Tropical Andes. For this purpose, we develop six δ18O P. tarapacana tree-ring chronologies across a 450 km 
latitudinal moisture gradient in the southern Tropical Andes adjacent to the Atacama Desert, covering the period 
1900–2007. Results show a clear latitudinal gradient in the δ18O values across the network and significant re-
lationships are observed with other δ18O tree-ring chronologies in Tropical South America, demonstrating clear 
regional climate influences at a subcontinental scale. A principal component analysis of the δ18O tree-ring 
chronologies demonstrate a strong regional environmental signal contained in the network, exhibiting a main 
temporal pattern (PC1 δ18O) that explains 63% of the total variance during the period 1900–2007. Comparisons 
between PC1 δ18O and environmental variables showed significant negative relationships with precipitation and 
soil moisture, and positive relationships with temperature and vapor pressure deficit (VPD) during summer when 
the South American monsoon occurs. The main δ18O tree-ring network signal clearly records tropical atmo-
spheric and circulation patterns across South America. The easterly wind flux conditions from the Amazon basin 
favor lower δ18O values, and the PC1 δ18O exhibit significant positive correlations with VPD across the entire 
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Tropical Andes and the northern portion of the Amazon basin, and as well as outgoing longwave radiation across 
the southern Tropical Andes and part of the Amazon basin. The close relationships between the regional signals 
from our δ18O tree-ring network with the previously mentioned parameters, highlight the potential to develop 
future hydroclimatic-related reconstructions with these δ18O records to assess climate variability and change 
across the Tropical Andes.   

1. Introduction 

The composition of stable oxygen isotopes in tree-ring cellulose is a 
valuable tool for studying past climate and environmental variability 
(Naulier et al., 2015; Rinne et al., 2013; Treydte et al., 2024). The annual 
and even seasonal resolution of tree rings, the preservation of the iso-
topic signal over time, and the relationships between stable isotopes and 
environmental parameters have allowed the monitoring and recon-
struction of multiple parameters, significantly complementing those 
generated using tree ring widths (Gagen et al., 2010; Leavitt and Lone, 
1991). Stable oxygen isotopes in plants, inferred through the measure-
ment of the 18O/16O ratio and expressed as δ18O, provide crucial in-
formation about the gas exchange between the atmosphere and the leaf 
water of trees (Farquhar and Lloyd, 1993). It has been documented that 
δ18O in tree rings is influenced by the temporal variability in the isotopic 
content of water sources used by the plants, the isotopic enrichment in 
leaf transpiration controlled by vapor pressure deficit (VPD), and the 
percentage of isotopic exchange of oxygen post-assimilation before and 
during cellulose synthesis (Roden et al., 2000; Szejner et al., 2020; 
Treydte et al., 2014). Isotopic fractionation occurs during the leaf 
transpiration through the stomata, resulting in a higher proportion of 
δ18O in the leaf water. This is due to the preferential evaporation of 
lighter isotopes (16O) over the heavier isotopes (18O). As a result, the 
water remaining in the leaves becomes enriched in δ18O compared to the 
water in the soil (Roden et al., 2000; Szejner et al., 2020). The δ18O 
values in tree rings may be influenced by patterns in the δ18O of the 
water source, which reflect the evaporation and condensation within air 
masses and the distance from ocean sources on various spatial and 
temporal scales (Dansgaard, 1964). Therefore, δ18O in tree rings can be 
an extremely useful tool for monitoring local and large-scale climate and 
related environmental variables at different temporal and spatial scales. 

Environmental parameters that can be recorded in δ18O chronologies 
include the integration of variations in δ18O of source water and the 
evaporative enrichment at the leaf level driven by the vapor pressure 
deficit (VPD). Soil moisture is a crucial environmental variable related 
with the isotopic content of soil water and is of interest due to its po-
tential connection between the δ18O value in precipitation (water 
source) and δ18O in tree growth rings (Treydte et al., 2014; Xu et al., 
2020). The δ18O values recorded in tree rings are likely influenced by the 
evaporation of water from the soil, resulting in an enrichment of the 
isotopic composition of the available water that is eventually absorbed 
by the trees (Bailey et al., 2023). Due to the lack of in-situ soil moisture 
measurements in remote areas, the use of satellite-based measurements, 
climate reanalysis, and data assimilation is crucial for assessing this 
variable, but these methods only encompass the last four decades 
(Martens et al., 2017). Moreover, VPD represents the atmospheric 
evaporative demand and influences the leaf-level transpiration of plants 
and the corresponding stomatal conductance (Roden et al., 2000; 
Treydte et al., 2014). VPD is the difference between the amount of 
moisture in the air and the amount of moisture that the air can hold 
when it is saturated. When the VPD increases, the amount of moisture in 
the air relative to its saturation capacity is reduced, and the air becomes 
drier (Rawson et al., 1977). Consequently, during evapotranspiration in 
conditions of a dry atmosphere, VPD determines a more intense 
enrichment in δ18O due to the preferential evaporation of the lighter 
isotope (Craig and Gordon, 1965; Roden et al., 2000). 

Oxygen isotopes (δ18O) are recorded in various natural archives, 
including tree rings, ice cores, lake sediments, corals, and speleothems. 

Oxygen isotopes in tree rings have been utilized as proxies for recon-
structing past climatic and environmental conditions (Freund et al., 
2023; Meier et al., 2020; Nagavciuc et al., 2022, 2024; Rinne et al., 
2013; Rodríguez-Catón et al., 2024, Treydte et al., 2024). These re-
constructions offer valuable insights into past climate variability, 
allowing us to understand temporal climate changes in periods beyond 
available instrumental records. This approach is particularly useful in 
remote regions, such as the southwestern Altiplano, where climatic in-
formation is limited and scattered, and can register latitudinal hydro-
climatic fluctuations related to changes in relative humidity 
(Rodríguez-Catón et al., 2024). For most of the year the southwestern 
Altiplano experiences extremely dry conditions, with the exception of 
the summer months (November to March) when more than 70% of the 
annual total precipitation occurs (Garreaud et al., 2003; Vera et al., 
2006). This precipitation is related to convective storms associated with 
the South American Summer Monsoon system SASM (Garreaud et al., 
2003; Vuille and Keimig, 2004). These seasonal rains occur due to 
instability in the local troposphere, caused by intense surface heating 
and the establishment of easterly winds at higher altitudes, facilitating 
the transport of moist air masses from the Amazon basin (Garreaud 
et al., 2003). The Bolivian High, an anticyclonic system located over 
Bolivia, is a crucial atmospheric feature associated with the SASM. The 
geographic location and intensity of the Bolivian High play a significant 
role in precipitation patterns by regulating circulation patterns in the 
upper troposphere (Garreaud and Aceituno, 2001; Vuille and Keimig, 
2004). The wet (dry) periods are associated with a strengthening 
(weakening) and a pronounced shift southward (northward) of the 
Bolivian High. This movement facilitates the expansion, through the 
simple horizontal advection of zonal winds from the east (west) in the 
upper atmosphere and the input (blocking) of humidity over the Alti-
plano (Falvey and Garreaud, 2005). Consequently, the interplay be-
tween the dynamics of the Bolivian High and the easterly winds in the 
upper troposphere critically influences precipitation patterns over the 
Altiplano (Falvey and Garreaud, 2005; Garreaud and Aceituno, 2001; 
Garreaud et al., 2003; Vuille and Keimig, 2004). On the other hand, 
rainfall originating from the west is uncommon because the moisture 
from the Pacific is vertically captured due to the large-scale anticyclonic 
subsidence and highly stable low-level thermal inversion along the Pa-
cific coast. Additionally, the Bolivian High blocks the atmospheric cir-
culation from the west (Garreaud et al., 2003). Therefore, the study of 
the hydroclimate of the Altiplano not only sheds light on the behavior of 
the climate on a local scale but also on a regional scale across the 
Tropical Andes and the areas influenced by the South American 
monsoon. Understanding the variability of hydroclimate in the Altiplano 
is essential to assess the vulnerability of natural ecosystems and for 
effective water resource management for human activities. In recent 
decades, a concerning negative trend in precipitation has been observed, 
accompanied by extreme events such as droughts, which have caused 
severe impacts on ecosystems, as well as agricultural and livestock ac-
tivities in the Altiplano region (Canedo-Rosso et al., 2021; Morales et al., 
2020). This becomes even more concerning given that there are pro-
jections indicating an increase in the frequency of droughts in the Alti-
plano (Minvielle and Garreaud, 2011; Neukom et al., 2015). The 
analysis of oxygen isotopes in the Altiplano region thus becomes a 
fundamental tool for unraveling climatic patterns over time, providing a 
more comprehensive perspective on the climatic history of the region. 

Polylepis tarapacana is the tree species that grows at the highest 
altitude in the world (up to 5200 m a.s.l.) within the Altiplano plateau at 
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the southern portion of the Tropical Andes (16◦-22◦ S; Braun, 1997). 
Currently, this semiarid biome is highly threatened by anthropogenic 
activity (Messerli et al., 1997), the increase in air temperature (Vuille 
et al., 2015) and the projected decrease in precipitation (Minvielle and 
Garreaud, 2011; Neukom et al., 2015). These factors are projected to 
result in a severe reduction in the potential distribution of P. tarapacana 
by the end of the 21st century due to more arid conditions (Cuyckens 
et al., 2016). P. tarapacana woodlands provide numerous ecological 
services in the Tropical Andes, including specific habitats for bird and 
animal species, reduction of soil erosion, water provision, and source of 
wood and medicinal plants for local communities (Cuyckens et al., 
2016). This species presents distinguishable annual growth rings and 
can live for more than 750 years, serving as an excellent environmental 
archive for the semiarid Tropical Andes. It has been useful for recon-
structing regional hydroclimate using its ring widths (Morales et al., 
2012, 2023). Several tree-ring studies show a significant positive rela-
tionship between previous growing season moisture conditions and 
P. tarapacana radial growth (Christie et al., 2009; Solíz et al., 2009; 
Morales et al., 2012, 2020). Recent studies assessing stable isotope in 
P. tarapacana tree rings have determined close relationships between 
δ13C and δ18O content with climate variables, indicating a significant 
negative (positive) relationship between δ18O and precipitation (tem-
perature) during the current growing season (Rodríguez-Catón et al., 
2021). Additionally, Rodríguez-Catón et al. (2022) recorded a high 
temporal and spatial coherence between P. tarapacana δ18O chronolo-
gies located in Chile and Bolivia, demonstrating the suitability of these 
records to develop climate reconstructions in the southern Altiplano. 
These results highlight the utility of P. tarapacana δ18O chronologies to 

record past hydroclimate as recently demonstrated by Rodríguez-Catón 
et al. (2024). However, there is a need to develop future hydroclimate 
reconstructions in the region based on δ18O tree-ring networks to in-
crease the regional spatial coverage of these records and capture sub-
continental signals throughout the Tropical Andes. 

This research presents a new network of annual resolution 
P. tarapacana δ18O chronologies. The network spans the period 
1900–2007 and comprises six chronologies located along a 450 km 
latitudinal moisture gradient in the southern Tropical Andes, adjacent to 
the Atacama Desert. This network is employed to (i) characterize the 
δ18O variability of tree-ring sites along the gradient, (ii) determine the 
main spatio-temporal pattern of variability in δ18O records during the 
1900–2007 period, and (iii) assess the relationships between the main 
pattern of δ18O variability across the network with climate and envi-
ronmental variables at local to subcontinental scales throughout the 
Tropical Andes. 

2. Methods 

2.1. Study area 

The collection of P. tarapacana samples were conducted between 
2008 and 2017 in the southwestern region of the semiarid Tropical 
Andes in the Altiplano region, sampling six sites along a latitudinal 
gradient of aridity extending approximately 450 km between 17◦S and 
21◦S in Chile along the border with Bolivia (Fig. 1, Table 1). The sites are 
located at an average altitude of 4500 m a.s.l. on moderate slopes with 
soils of volcanic origin. The Altiplano is a high-elevation semi-arid 

Fig. 1. (a) Polylepis tarapacana woodlands in the Surire Medio site (SME) at 4650 m a.s.l. in Chile. At the back the Salar de Surire salt lake and the Arintica and 
Puquintica volcanoes, the last one, border with Bolivia. (b) Location of the six sites analyzed across the latitudinal gradient in the southern Tropical Andes in Chile 
(orange triangles): Suriplaza (SUR), Guallatire (GUA), Surire (SME), Queñiza (QUE), Collacagua (COL) and Irruputuncu (IRR). (c) Annual cycle of mean monthly 
temperature (red line) from CRU dataset and mean monthly precipitation at each study site (blue bars) from CR2MET dataset gridded product during the period 
1981–2020. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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mountain plateau with a mean elevation of 4000 m a.s.l. and situated 
between 15◦S and 23◦S in the southern Tropical Andes. The summits in 
this area generally reach altitudes of 6000 m a.s.l. The Tropical Andes at 
the Altiplano act as a barrier to tropospheric circulation, creating two 
contrasting climatic regions. One region is located to the east on the 
tropical lowlands with high humidity and precipitation, while the other 
is located to the west, toward the Pacific coast in the Atacama Desert 
(Garreaud et al., 2003). The study sites are located across a moisture 
gradient in the southern portion of the Tropical Andes, where the 
climate is characterized as semiarid to arid. The site furthest north (SUR) 
received 277 mm of precipitation per year, while the site furthest south 
received 202 mm of precipitation per year (IRR; Fig. 1c). For each study 
site, a monthly cycle of precipitation was developed using gridded data 
from CR2MET (Boisier, 2023) available at https://www.cr2.cl/datos-p 
roductos-grillados/ (Fig. 1c). These data have a spatial resolution of 
0.05◦ x 0.05◦ and cover the period 1979–2020. The CR2MET precipi-
tation field is based on statistical models that translate precipitation data 
from ERA-Interim (Dee et al., 2011) into better regional estimates for 
Chile by incorporating topography and by calibrating with local mete-
orological stations, and it has proven to be an excellent dataset for the 
Altiplano region (Anderson et al., 2021). For temperature, we used the 
CRU gridded dataset with a resolution of 0.5◦ x 0.5◦ (Harris et al., 2020). 

2.2. Development of chronologies and preparation of samples for isotopes 
analysis 

P. tarapacana is a small evergreen angiosperm that can reach a height 
of 2–3 m and grows along the Altiplano in the southern Tropical Andes 
between 16◦S and 22◦S, at altitudes ranging from 4000 to 5200 m 
(Christie et al., 2009; Morales et al., 2012). It grows in semi-arid con-
ditions with high solar radiation and experiences wide daily tempera-
ture ranges, with differences of up to 16 ◦C between day and night 
(García-Plazaola et al., 2015). The sampling strategy targeted adult trees 
from woodland patches without evidence of human disturbance such as 
logging and/or fire located at the mid elevation of the species local 
altitudinal distribution. Given the eccentric growth pattern of the spe-
cies, we collected cross sections from one of the multiple stems of trees 
and subfossil material. The number of trees per site are indicated in 
Table 1. Samples were prepared using standard dendrochronological 
techniques (Stokes and Smiley, 1968). The samples were dated using the 
Schulman (1956) convention for the Southern Hemisphere, which as-
signs to each annual ring the date of the calendar year in which tree 
growth began. Ring widths were measured with an accuracy of 0.001 
mm under a microscope with a Velmex measuring station (Velmex Inc., 
Bloomfield NY, USA) connected to a computer. To identify potential 
dating errors due to partially missing rings, false rings, or incorrect 
measurements, the COFECHA software was used (Holmes, 1983). Each 

series was detrended using a negative exponential curve or a straight 
line using the ARSTAN software (Cook et al., 1990). This procedure 
removes the effects of age and potential disturbances in ring widths 
(Fritts, 1976), transforming the series to values of a dimensionless index. 
The expressed population signal (EPS) and Rbar were used to assess the 
quality of the chronologies. EPS estimates the closeness of a finite- 
replicated chronology to a hypothetical perfect chronology based on 
infinite trees (Wigley et al., 1984). Rbar is the mean correlation coeffi-
cient of all possible pairings among tree-ring series from individual 
cores, computed for a specific common time interval (Briffa, 1995). To 
calculate the EPS and Rbar, we used a 50-year window with a 25-year 
overlap between adjacent windows. 

After each sample was correctly dated, a tree-ring width chronology 
was generated at each site. From each ring-width chronology, five trees 
were selected for isotope analysis based on the following criteria: tree- 
ring samples with distinct and well-defined wide rings, trees older 
than 150 years to avoid potential age-related effects, and series showing 
significant correlations with the site-level ring-width chronology. Using 
a microscope, each growth ring from the five selected trees was carefully 
cut with a scalpel and combined to create a composite sample for each 
year spanning the period 1900–2007. As a result, six combined δ18O 
stable isotope chronologies of P. tarapacana were developed, one for 
each site covering the period 1900–2007. In addition, to assess the 
annual variability of δ18O among the individual trees contributing to the 
composite chronologies at each sampling site, samples were collected in 
each year of a new decade (i.e. 11 years between 1900 and 2000). For 
this set of samples, the δ18O content was determined individually for 
each of the five trees at each site. Previous studies of δ18O content in 
P. tarapacana have shown extremely high coherence between δ18O in-
dividual series, demonstrating a high coherence in the interannual 
variability of tree-ring δ18O values from different trees using five trees 
(Rodríguez-Catón et al., 2021). 

In total, the isotopic ratios of oxygen (18O/16O) of 967 tree-ring 
cellulose samples were determined, with 648 determinations for the 
six composite chronologies and 319 determinations for the individual 
tree samples. The 18O/16O ratios were expressed in the conventional d- 
notation: 

δ‰ = [(Rsample − Rstandard)/Rstandard )] * 1000  

where R represents the ratio (18O/16O) between heavier (18O) and 
lighter (16O) oxygen isotope species, specifically related to the Vienna 
Standard Mean Ocean Water (VSMOW) for δ18O. 

Isotope analyses were conducted at the Tree-Ring Laboratory at 
German Research Centre for Geosciences GFZ in Potsdam, Germany. 
Holocellulose was extracted from whole wood using the two-step base- 
acid method: sodium hydroxide for resin and extractives removal 

Table 1 
Characteristics of the tree-ring width and δ18O Polylepis tarapacana chronologies.  

Sites SUR GUA SME QUE COL IRR 

Lat & Lon 17.9◦S 69.5◦W 18.5◦S 69.1◦W 18.9◦S 69.0◦W 19.4◦S 68.9◦W 20.0◦S 68.8◦W 20.7◦S 68.6◦W 
Altitude (m a.s.l.) 4760 4570 4640 4380 4200 4320 
Number of series 48 129 47 56 83 110 
Series inter-correlation 0.56 0.63 0.62 0.63 0.60 0.58 
Mean TRW (mm) +/− SD 0.66 +/− 0.4 0.43 +/− 0.2 0.52 +/− 0.2 0.51 +/− 0.3 0.50 +/− 0.3 0.52 +/− 0.3 
Mean sensitivity 0.35 0.28 0.29 0.31 0.39 0.33 
Rbar (mean) 0.29 0.32 0.38 0.42 0.40 0.35 
Missing ring (%) 0 0.004 0 0.050 0.013 0.014 
EPS > 0.85 1770–2007 1395–2015 1490–2009 1550–2007 1400–2015 1430–2015 
SNR 17.25 85.37 64.67 57.73 26.87 17.54 
Autocorrelation 0.41 0.57 0.51 0.59 0.58 0.71 
Mean chron δ18O (‰) +/− SD (1900–2007) 29.0 +/− 1.5 30.1 +/− 1.7 30.4 +/− 1.4 31.1 +/− 1.2 32.7 +/− 1.3 32.9 +/− 1.4 

SUR = Suriplaza, GUA = Guallatire, SME = Surire medio, QUE = Queñiza, COL = Collacagua and IRR = Irruputuncu. SD = standard deviation, TRW = Tree-ring width, 
EPS = Expressed population signal. Rbar is the mean correlation coefficient for all possible pairings among tree-ring series from individual cores, computed for a 
specific common time interval. To compute EPS and Rbar parameters we used a 50-year window with a 25-year overlap (Briffa 1995). SNR = Signal-to-noise ratio. SNR 
was calculated following the methodology of Cook and Pederson (2011) and using dplR package in R (Bunn, 2008). 
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followed by acidified sodium chlorite to eliminate lignins (Helle et al., 
2022). Following extraction, samples were washed thoroughly with 
milli-Q water, homogenized (ultrasonic sonode device for Eppendorf 
sample vials) and then freeze-dried for 48 h (Laumer et al., 2009). 
Resultant homogenized cellulose was weighed (160-200 μg) and packed 
in silver capsules for stable oxygen isotope analysis. Measurements were 
completed on an Isotope Ratio Mass Spectrometer Delta V, Thermo-
Fisher Scientific, Bremen, Germany with TC/EA HT pyrolysis device at 
1400 ◦C. The samples analyzed are referenced to standard materials 
from the International Atomic Energy Agency (IAEA-C3, IAEA-CH6, 
IAEA-601 and IAEA-602), and checked with secondary standards from 
Sigma-Aldrich Chemie GmbH, Munich, Germany (Sigma Alpha- 
Cellulose and Sigma Sucrose) using a two-point normalization method 
(Paul et al., 2007). Sample replication resulted in a reproducibility of 
better than ±0.3‰ for the δ18O values. 

2.3. Climate data 

In order to assess the relationships between δ18O tree-ring chronol-
ogies and local climate, we utilized the regional datasets of precipitation 
and temperature developed by Rodríguez-Catón et al. (2021). These 
datasets were constructed using data from 36 weather stations located in 
the Andes of Chile, Bolivia, Argentina, and Peru. The regional mean 
precipitation covered the period from 1950 to 2008, while the temper-
ature series covered the period from 1951 to 2008, respectively. The 
decision to use climate data from weather stations starting from 1950 
were based on the availability and reliability of the data in the remote 
Andean region of the study area. We used soil moisture data from the 
grid points of tree-ring sample sites, which were obtained from the 
Famine Early Warning Systems Network Land Data Assimilation System 
(FLDAS; McNally et al., 2017). This global land surface model is driven 
by various datasets from satellite measurements and atmospheric ana-
lyses, which are evaluated using direct comparisons of outputs with 
independent measurements (ground/satellite) and indirect compari-
sons, including correlations of soil moisture with vegetation indices 
(McNally et al., 2017). The FDLAS data provides monthly gridded soil 
moisture data at various depths, with a horizontal resolution of 
approximately 10 km since the year 1982. The data is expressed as the 
volume of water per soil volume (m3/m3). For our research, we focused 
on the soil moisture layer between 0 and 10 cm and 10–40 cm in depth. 
We used gridded (0.5◦ x 0.5◦) mean monthly temperature and relative 
humidity data obtained from the Climate Research Unit (CRU) (Harris 
et al., 2020) to calculate VPD. First, we calculated saturation vapor 
pressure es in millibars using the equation developed by Hartmann 
(2016). 

es = 6.11*exp
(

L
Rv

(
1

273
−

1
T

))

where L represents the latent heat of evaporation (2.5 × 106 J Kg− 1), Rv 
is the gas constant for water vapor (461 J K− 1 Kg− 1), and T is the tem-
perature in degrees Kelvin. Based on the es, VPD was calculated using the 
equation: 

vpd =
es*(100 − RH)

100  

where RH represents the relative humidity in percentage. Precipitation 
and temperature gridded data from 0.25◦ x 0.25◦ ERA5 reanalysis 
(Hersbach et al., 2020) were utilized for field correlation maps. Out-
going longwave radiation (OLR) and zonal and meridional wind data 
were obtained from 0.25◦ x 0.25◦ ERA5. In Tropical South America, 
negative (positive) OLR are indicative of enhanced (suppressed) con-
vection and hence more (less) cloud coverage and precipitation, repre-
senting a common method to study these hydroclimatic parameters in 
the region (Liebmann and Smith, 1996; Vuille and Keimig, 2004). 

2.4. Geographical provenance of air parcels 

We used the HYSPLIT (Hybrid Single-Particle Lagrangian Integrated 
Trajectory) model to assess the potential geographical provenance of the 
air parcels that transported humidity to each tree-ring sampling site 
across the north-south latitudinal gradient of the network. HYSPLIT is an 
atmospheric transport and dispersion model designed to calculate sim-
ple air-parcel trajectories and the movement of particles through the 
atmosphere (Draxler and Hess, 1998; Stein et al., 2015). Following 
Ancapichún et al. (2021), we calculated one trajectory per day for each 
tree-ring site, starting at 15:00-UTC and extending 240 h backward 
during the P. tarapacana summer growing season (December through 
March). Each backward trajectory represents the spatial displacement of 
air parcels over a 10-day period (240 h). The total study period 
encompassed 58 years, starting in 1950 and ending in 2008. This 
approach resulted in 6975 trajectories for each tree-ring site, completing 
41,850 trajectories across the latitudinal gradient of the tree-ring 
network. Following Stein et al. (2015) and Ancapichún et al. (2021), 
and evaluating the topography of the region, we used 550 hPa (~5000 
m) as the starting point of the air parcel analysis to ensure the reliable 
performance of the HYSPLIT model. The NCEP/NCAR reanalysis was 
used as the input data of the HYSPLIT model (Kalnay et al., 1996), and 
finally, the calculated backward trajectories were generated as a set of 
longitudinal, latitudinal, and altitudinal points based on 240 h into the 
past for a specific hour of the day (Draxler and Taylor, 1982), in our case 
15:00 UTC. 

Two analytical approaches were applied for each tree-ring site 
leveraging the output of the HYSPLIT model: (i) to assess the frequency 
location of the total number of air parcel of all backward trajectories 
passing through each geographical grid, and (ii) to calculate the average 
value of the relative humidity from all trajectories passing through each 
geographical grid. The HYSPLIT model calculation was performed in R 
using the openair package (Carslaw and Ropkins, 2012), and the maps 
were developed with the m_map package in Matlab software (Pawlo-
wicz, 2020). 

2.5. Spatio-temporal patterns of δ18O variability and climate relations 

A Principal Component Analysis (PCA) was conducted to identify the 
common regional signal among the six δ18O chronologies of 
P. tarapacana over the 1900–2007 period. The loadings of each δ18O 
chronology with the main mode of δ18O variability (PC1) were calcu-
lated as the correlation coefficient between each δ18O chronology and 
the PC1 time-series over the period 1900–2007, and the results were 
plotted on a map. 

To identify the relationships between climatic and environmental 
factors and δ18O variability, correlation functions were computed be-
tween the time series of the first two modes of δ18O variability (PC1 δ18O 
and PC2 δ18O) and soil moisture (at 0–10 cm and 10–40 cm), as well as 
the regional series of precipitation and temperature (Blasing et al., 
1984). The correlation analyses were conducted using the treeclim 
package (Zang and Biondi, 2015), available in the free statistical soft-
ware R (R Development Core Team, 2021). To determine the relation-
ships between the main mode of δ18O P. tarapacana variability (PC1 
δ18O) and atmospheric and climatic features, correlation maps were 
calculated between PC1 δ18O and the summer (DJFM) averaged 0.25◦ ×

0.25◦ gridded OLR from ERA5, serving as a measure of convection, as 
well as 0.5◦ × 0.5◦ gridded VPD derived from CRU. Additionally, to 
assess atmospheric circulation patterns associated with convection and 
the South American monsoon activity, following Christie et al. (2011) 
the 10 highest and 10 lowest PC1 δ18O values (years) within the period 
1950–2008 were selected as indicators of the 10 driest and 10 wettest 
years, respectively. Using these values, the mean summer (DJFM) cir-
culation patterns related to the 200 hPa zonal and meridional wind 
components anomalies were calculated, covering the reference period 
from 1950 to 2007. This enables the creation of two separate composite 
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200 hPa wind anomaly fields, and the difference between them (dry 
minus wet years as inferred from the PC1 δ18O series) Plotted. The 
correlations and composite maps were generated using the m_map 
package in Matlab software (Pawlowicz, 2020). All correlations were 
assessed after removing the red noise from the time series by pre-
whitening using an autoregressive (AR) model, where the order was 
estimated by means of AIC (Akaike, 1974). This step prevents the 
adjustment of degrees-of-freedom for the serial persistence seen in the 
original data to properly test correlation significance (e.g., Dawdy and 
Matalas, 1964). 

3. Results 

3.1. Oxygen stable isotope chronologies 

Six δ18O chronologies were developed from P. tarapacana tree-ring 
cellulose, covering the period from 1900 to 2007 across a 450 km lat-
itudinal moisture gradient in the Southern Tropical Andes (Fig. 2). A 
high similarity between the δ18O chronologies at interannual variability 
was recorded along the environmental gradient. The δ18O analysis at 
annual resolution in each year of a new decade from individual trees per 
site (11 years between 1900 and 2000) exhibited high similarity among 
the δ18O values at each site (Fig. S1). In general, the δ18O chronologies 
showed a decrease of 5% around 1910 with respect to the mean, fol-
lowed by a subsequent recovery of 5% around 1913. Then, δ18O chro-
nologies showed values around the mean up to the early 1960s, with a 
subsequent increase in their values of 9% in 1965 with respect to the 
mean. A decrease of 7% in δ18O was observed in the early 1970s, fol-
lowed by an increase of 5% in the early 1980s, another decrease of 6% in 
the mid-1980s, and finally an increase up to around the mean in the 
early 1990s. From the mid-1990s to 2007 the SUR, GUA, SME and QUE 
chronologies exhibited consistent and stable values among each other, 
remaining around its respective means. In contrast, the COL and IRR 
chronologies showed a slight increase in this period (Fig. 2a). 

The PCA results from the six δ18O P. tarapacana chronologies shows 
that the first mode of δ18O variability (PC1) explain a large portion of the 
common variance (63%), where all chronologies have relatively similar 
loadings, demonstrating a strong regional environmental signal across 
the 450 km latitudinal moisture gradient (Fig. 2b, c). The loadings of 
each of δ18O chronology with PC1 δ18O (represented as the correlation 
coefficient between each δ18O chronology and the PC1 over the 
1900–2007 period) are SUR: 0.81, GUA: 0.84, SME: 0.87, QUE: 0.85, 
COL: 0.63, IRR: 0.76 (all significant at p < 0.001), with the southern sites 
exhibiting the lowest values (Fig. 2b). The second mode of δ18O vari-
ability (PC2) explain a small portion of the common variance (12.9%), 
with loadings of SUR: -0.32***, GUA: -0.23**, SME: − 0.13 ns, QUE: 
− 0.07 ns, COL: 0.70***, IRR: 0.28* (*p < 0.05; **p < 0.01; ***p <
0.001; ns: not significant), demonstrating that PC2 represents a local 
signal related to the southern sites mainly by COL. 

Moreover, a clear north-south gradient is observed in the distribution 
of the annual δ18O values from the cellulose of each P. tarapacana 
chronology (n = 108; period 1900–2007) across the latitudinal moisture 
gradient (Fig. 3). The tree-ring sites toward the northern distribution 
exhibit lower δ18O isotopic values, with a median of 28.93‰ for the 
northernmost site (SUR) and a median of 33.04‰ for the southernmost 
site (IRR) (Fig. 3). This pattern is also observed in the mean values of the 
δ18O determinations for each year of a new decade from individual trees 
at each site (Fig. S1). 

3.2. Humidity sources and geographical provenance of air parcels air 

We used the HYSPLIT model to assess the potential geographical 
provenance of air parcels that transported humidity to each tree-ring 
sampling site across the north-south latitudinal gradient of the 
network. The six maps generated through the HYSPLIT backward tra-
jectory analysis illustrate the frequency location and relative humidity 

provenance of air parcels that transported humidity across the north- 
south moisture gradient of the network (Fig. 4). Each map delineates 
the potential geographical provenance of air parcels, with isolines 
indicating the frequency of air parcels passing through each geograph-
ical grid. The isolines help visualize areas with different numbers of air 
parcels, such as those with 600, 1000, 3000, and 30,000 air parcel lo-
cations. Additionally, the colorbar scale provides information on the 
average relative humidity from all trajectories passing through each 
geographical grid. (Fig. 4). Air parcels with higher percentages of rela-
tive humidity are observed over the Amazon basin and the opposite over 
the Pacific Ocean. The results indicate that concomitant with the north- 
south gradient of the tree-ring sites location, the number of wet parcels 
from the Amazon basin decreases while that of dry parcels from the 
Pacific increases. This is consistent with the soil moisture gradient of 

Fig. 2. Spatio-temporal patterns of δ18O chronologies of Polylepis tarapacana 
across the 450 km latitudinal moisture gradient in the southern Tropical Andes. 
(a) The tree-ring cellulose δ18O chronologies of P. tarapacana at each study site 
(intensity of blue corresponds to its latitudinal position), and the first Principal 
Component calculated from them (PC1 δ18O, red line) which explains 63% of 
the total variance for the period 1900–2007. (b) Location of δ18O chronologies 
of P. tarapacana (circles) with colors indicating their loadings with respect to 
PC1 δ18O expressed as the correlation coefficient between each δ18O chronol-
ogy and the PC1 for the period 1900–2007 (all correlations are significant at p 
< 0.001). Colour contours indicate the summer mean soil moisture (m3 * m− 3) 
at a depth of 0–10 cm (December through March) covering the period 
1982–2022 with a spatial resolution of 0.1◦ x 0.1◦, obtained from the FLDAS 
Land Data Assimilation System dataset. (c) Corresponding summer soil mois-
ture latitudinal gradient in the study area along the 69◦ W meridian (black 
dashed line in (b). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

C. Álvarez et al.                                                                                                                                                                                                                                 



Global and Planetary Change 239 (2024) 104503

7

tree-ring sites shown in Fig. 2. Sites located further south across the 
latitudinal gradient (COL and IRR) exhibit a lower number of wet par-
cels from the Amazon basin and a higher number from the Pacific 
(Fig. 4). 

3.3. Relationships between oxygen isotopes and climatic and 
environmental variables 

During the Southern Hemisphere summer months, which are the 
rainiest months and the P. tarapacana growing season in the Altiplano, 
there is a significant negative correlation between precipitation and PC1 
δ18O (DJF; r = − 0.76; p < 0.01; Fig. 5). The PC1 δ18O also showed 
significant negative correlations with soil moisture (SM) at depth of 
0–10 cm and 10–40 cm during the summer (JFM) months (r = − 0.76 
and r = − 0.67, respectively, p < 0.01, Fig. 5b), with a remarkable 
interannual similarity, especially with SM at 0–10 cm (Fig. 5b). On the 
contrary, the PC1 δ18O and mean temperature showed significant pos-
itive relationships during the summer (DJF; r = 0.65, p < 0.01, Fig. 5b). 
PC2 δ18O showed no correlations with temperature and SM (10–40 cm), 
and only weak correlations with February precipitation from the pre-
vious year of ring formation and SM (0–10 cm) in October from the 
current season (Fig. S2). 

The PC1 δ18O shows negative correlations with precipitation over 
the southern Tropical Andes and part of the Amazon basin and positive 
with temperature across the entire Tropical Andes and the Amazon basin 
during the summer P. tarapacana growing season (DJFM) (Fig. 6). Cor-
relation maps between PC1 δ18O and OLR and VPD exhibit positive 
spatial relationships during summer (DJFM) (Fig. 7), being consistent 
with the spatial patterns of the relations between PC1 δ18O and pre-
cipitation and temperature. With respect to OLR, the significant corre-
lations are centered across the southern Tropical Andes, highlighting 
strong convective activity in the region (Fig. 7a). This pattern is 
consistent with the easterly air mass flux indicated by the wind vectors 
(Fig. 7a). The wind composite anomalies, derived from the difference 
between the composite maps of the 10 highest and 10 lowest PC1 δ18O 
years (as indicators of the 10 driest and 10 wettest years, respectively), 
depict the classical spatial patterns of a strong convection and activity in 
the South American monsoon system (Fig. 7a) (Garreaud, 1999; Vuille 

and Keimig, 2004;). It is remarkable the results of the field correlation 
between PC1 δ18O and VPD, which exhibit significant positive correla-
tions across the entire Tropical Andes and the northern portion of the 
Amazon basin (Fig. 7b). This pattern is spatially consistent with the field 
correlations between gridded VPD and the regional time series of pre-
cipitation (negative) and temperature (positive) from the Altiplano 
during the summer (Fig. S3). Moreover, correlation maps between PC1 
δ18O and gridded precipitation and temperature during summer exhibit 
a consistent pattern with correlation maps between PC1 δ18O and OLR 
and VPD (Fig. 7), with negative correlations over the southern Tropical 
Andes and part of the Amazon basin for precipitation and positive all 
across the Tropical Andes and the Amazon basin for temperature 
(Fig. 6). 

4. Discussion 

4.1. Spatiotemporal patterns of δ18O chronologies 

Six annually-resolved δ18O chronologies from P. tarapacana in the 
Altiplano region reveal highly coherent spatiotemporal patterns of 
environmental variability in the southern Tropical Andes during the past 
century. The presented δ18O P. tarapacana chronologies highlight a 
strong common signal between chronologies across a latitudinal 
gradient of 450 km across the region demonstrating similar climate and 
environmental variations registered in the records, highlighting their 
utility to describe regional past climate and environmental variability in 
the southern Tropical Andes. Despite the high loadings of all chronol-
ogies to the main mode of δ18O variability, the southern sites exhibited 
slightly lower values, demonstrating some differences across the lat-
itudinal moisture gradient (Fig. 2b). Interestingly, significant relation-
ships of this new δ18O P. tarapacana network are observed with other 
δ18O tree-ring chronologies from Tropical South America. This includes 
the δ18O P. tarapacana chronologies from Rodríguez-Catón et al. (2021) 
in the southern tropical Bolivian Andes, and the δ18O Cedrela chronol-
ogies from Brienen et al. (2012); Baker et al. (2015, 2022) located about 
~1000 km away from our network in the tropical lowlands of northern 
Bolivia (C. odorata) and > 2000 km away in the Ecuadorian Andes 
(C. montana) (Fig. 7b). The presented δ18O P. tarapacana chronologies 
highlight a strong common signal among chronologies across a lat-
itudinal gradient of 450 km across the region, demonstrating similar 
climate and environmental variations registered in the records, high-
lighting their utility to describe past climate and environmental vari-
ability at a subcontinental scale in the southern Tropical Andes. 

The δ18O P. tarapacana chronologies reveal a clear north-south iso-
topic gradient across the network, with an increase in mean δ18O values 
toward the southern sites (Fig. 3). This result is consistent with the 
increasing aridity toward the southern region (Fig. 2b, c). These con-
ditions may favor the enrichment of δ18O in the soil and leaf water of 
P. tarapacana due to the evaporation of the lighter isotope 16O (Hsieh 
et al., 1998; Barbour et al., 2004). While this finding is consistent with 
more severe aridity toward the southern tree-ring sites, it does not match 
the distillation theory (Dansgaard, 1964), which suggest that more 
enriched δ18O values would be expected in the cellulose of trees located 
closer to the origin of the water source, in this case, the Amazon basin 
(Garreaud et al., 2003). This apparent contradiction can be explained by 
a local amount effect, where higher levels of precipitation lead to 
depletion in the soil-water δ18O value because the 18O molecule pre-
cipitates faster (Hsieh et al., 1998; Risi et al., 2008). Higher precipitation 
levels in the tree-ring sites toward the north, closer to the Amazon basin, 
lead to a depletion in the δ18O of precipitation. This depletion may 
contribute to lower δ18O values in P. tarapacana tree-ring cellulose at 
sites with a higher amount of precipitation. Additionally, the reduced 
precipitation values and lower cloud cover toward the south (Vuille and 
Keimig, 2004) may result in higher solar radiation and thus increased 
evapotranspiration (Rodríguez-Catón et al., 2021). Consequently, there 
would be an enrichment in δ18O of the soil water and plant leafs, 

Fig. 3. Box-and-whisker plots exhibiting the distribution of all the 108 annual 
δ18O values from the cellulose of Polylepis tarapacana chronologies of each 
sampling site across the latitudinal moisture gradient during the period 
1900–2007 (north-south from left to right in the horizontal axis). The hori-
zontal line inside each box represents the median, and the whiskers and the box 
limit the minimum, maximum values and the 25th and 75th percentiles, 
respectively. The tree-ring sampling sites are ordered in the horizontal axis 
from left to right according to its location across the north-south mois-
ture gradient. 
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attributed to this increased aridity toward the southern portion of our 
latitudinal gradient. 

4.2. Climate, atmospheric circulation and δ18O chronologies relationships 

The HYSPLIT results showed that the number of wet air parcels from 
the Amazon basin decreases across the north-south moisture gradient of 
the tree-ring network, while that of drier parcels from the Pacific in-
crease (Fig. 4). This pattern may also contribute to the increasing north- 
south δ18O gradient. Another potential factor contributing to the 
increasing north-south δ18O P. tarapacana gradient is the larger influ-
ence of humidity source from the Pacific toward the southern sites. The 
noticeable decrease in the number of relatively more humid air parcels 
originating from the Amazon Basin toward the southern sites is 
concomitant with an increase of Pacific air parcels. Furthermore, toward 
the southern sites, there is an increase in humidity from the Pacific 
Ocean off the coast of Chile and subtropical latitudes, indicating the 
potential transport of air parcels with a higher percentage of relative 
humidity from higher latitudes (Fig. 4) (Vuille et al., 2003). The influ-
ence of air parcels and humidity sources varies with latitude, being more 
prominent from the Amazon Basin in northern sites (SUR and GUA), and 
with a more significant contribution from the Pacific Ocean in southern 
sites (COL and IRR, Fig. 4). Interannual PC1 δ18O variability, as well as 
the differences in δ18O across the P. tarapacana gradient, can be useful to 
assess past monsoon activity. This relationship is physically linked by 
the Bolivian High (BH) activity, an upper-level high-pressure cell that 
develops over the Central Andes in response to the latent heat released 
by the summer’s deep convection over the Amazon Basin (Lenters and 
Cook, 1997). Wet periods in the Altiplano are related to a pronounced 
southward displacement of the BH, which allows for the expansion of 
the upper-air easterly flow and the ingress over the Altiplano of the 
moisture influx from the Amazon Basin (Lenters and Cook, 1997). It is 
interesting that as we move southward along our gradient of δ18O 
P. tarapacana sites, the relationships between the δ18O P. tarapacana 
chronologies and the δ18O C. odorata record in the Bolivian Amazon 
decreases (Fig. S4). This also confirms the HYSPLIT results of a 
decreasing number of tropical air parcels arriving toward our southern 
P. tarapacana sites. 

The climate of the P. tarapacana woodlands in the southern Tropical 
Andes is characterized by a high concentration of precipitation (>80% 
annual total) and warmer temperatures during the summer (Fig. 1c). 
Consequently, an increase in relative humidity and VPD occurs when the 
South American summer monsoon becomes more intense during sum-
mer (Fig. S5; Vera et al., 2006). Under this climatic context, the changes 
of δ18O in P. tarapacana tree-ring cellulose in response to the environ-
mental variability considered in this study (precipitation, mean tem-
perature, soil moisture 0–10 cm and 10–40 cm, OLR, VPD, and wind 
circulation) are consistent. Firstly, variables related to moisture showed 

(caption on next column) 

Fig. 4. HYSPLIT backward trajectory analysis of air parcels for each location of 
the Polylepis tarapacana tree-ring sites across the north-south (up-down) lat-
itudinal gradient, using one trajectory per day, starting at 15:00-UTC and 
extending 240 h backward during summer (December through March) and 
covering the period 1950–2008 (6975 trajectories per site and 41,850 across 
the latitudinal gradient of the tree-ring network). In each panel the frequency of 
the total number of air parcels of all trajectories passing through each 
geographical grid are indicated by the five white isolines delimiting intervals of 
600, 1000, 3000, 30,000 and 60,000 air parcels (from outer to inner, respec-
tively), and the colorbar scale indicates the average value of the relative hu-
midity (RH %) from all trajectories passing through each geographical grid 
(0.5◦ x 0.5◦). Note that concomitant with the north-south gradient of the tree- 
ring sites location, the number of wet parcels from the Amazon basin decreases 
while that of dry parcels from the Pacific increase. In the lower left corner of 
each panel is indicated the code respective tree-ring site and the cyan rectangle 
its location on the map. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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a negative relationship with PC1 δ18O (Fig. 5), which is consistent with 
lower δ18O values when precipitation increases (Risi et al., 2008). This 
occurs because as relative humidity increases, water demand from the 
leaf decreases, and consequently, the evaporative enrichment of water 
from the leaf is reduced. The stomata remain open, and there is no δ18O 
enrichment (Roden et al., 2000). In the case of soil moisture, the δ18O 
values observed in tree rings are likely influenced by soil water evapo-
ration, leading to an increase in the isotopic composition of the water 
absorbed by trees (Bailey et al., 2023). Secondly, mean temperature and 
VPD exhibited positive relationships with PC1 δ18O (Figs. 5, 6b, 7b). 
This is consistent with an enrichment of δ18O when temperature and 
VPD increase, resulting in the evaporation of water from the leaf and 
thus a lighter 16O isotope (Roden et al., 2000). Another important point 
is the significant relationships between PC1 δ18O and climate primarily 
registered during the current growing season. This may indicate that 
sugars utilized for the synthesis of cellulose are synthesized and fixed in 
the wood during the current growing season (Rathgeber et al., 2016; 
Rodríguez-Catón et al., 2021). 

The main mode of δ18O from the P. tarapacana network indicates 
significant positive relations with OLR and VDP during the summer 
(Fig. 7). This suggests that higher values of OLR and VPD –therefore, 
lower convection, less cloudiness, drier environmental conditions, and 
higher evapotranspiration– would lead to a δ18O P. tarapacana tree-ring 
enrichment. This positive relationship between VPD and δ18O encom-
passes a subcontinental region across the Tropical Andes and the 
Amazon basin (Fig. 7b). Our study suggests that VPD should be 
considered an important factor to gain insights into the tropical hy-
drologic cycle in this region of South America. An increase in VPD across 
the Amazon basin has been recently reported for the period 1979–2015 
(Barkhordarian et al., 2019), implying a concomitant reduction in 
photosynthesis and vegetation growth since the 1990s (Yuan et al., 
2019). This is particularly relevant considering the projected increase in 
aridity in the southern Tropical Andes for the 21st century (Minvielle 
and Garreaud, 2011; Neukom et al., 2015; Salazar et al., 2023), and the 
global projected increase in VPD (Yuan et al., 2019). 

Fig. 5. Relationships between the time series of PC1 from the six δ18O Polylepis tarapacana chronologies (PC1 δ18O) and regional series of precipitation (pp) and 
temperature (T) (period 1956–2007), and regionally averaged soil moisture (SM) (0–10 cm and 10–40 cm depth) based on FLDAS (Land Data Assimilation System; 
period 1988–2007). (a) Correlation functions between PC1 δ18O and pp., T and SM presented for 20 months, from the prior (September) to the current year of ring 
formation (April), and for different combinations of summer months (NDJ: November, December, and January, DJF: December, January and February, DJFM: 
December, January, February and March, JFM: January, February and March. Asterisks denotes significant correlations at *p < 0.05 and **p < 0.01. (b) Comparisons 
between the normalized anomalies of PC1 δ18O P. tarapacana and pp., T and SM (0–10 cm and 10–40 cm depth) during the summer. All correlations were performed 
over prewhitened (AR(0)) time series. Note that the Y axes of the precipitation, soil moisture (0–10 cm) and soil moisture (10–40 cm) series (in B) are inverted to 
facilitate visual comparison. 
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Fig. 6. Correlation map between the PC1 from the six δ18O Polylepis tarapacana chronologies (PC1 δ18O) and gridded ERA5 fields of (a) precipitation and (b) 
temperature. Both correlation maps were calculated using summer (DJFM) gridded data of the current growing season and covering the period 1950–2007. Sig-
nificant correlation values (p < 0.05) are demarcated in both maps by the continuous black lines and the green squares indicate the location of the δ18O chronologies 
of P. tarapacana. All correlations were performed over prewhitened (AR(0)) time series. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 7. Relationships between the PC1 from the six δ18O Polylepis tarapacana chronologies (PC1 δ18O) and hydroclimate-related features over South America. (a) 
Correlation map between the PC1 and Outgoing Longwave Radiation (OLR) gridded data for the summer season (DJFM) during the current growing season (period 
1950–2007), and on the top of that a composite map of summer (DJFM) mean 200 hPa zonal and meridional wind components depicted by the black vectors from the 
difference between the 10 wettest and the 10 driest years indicated by the PC1 δ18O time series during the 1950–2008 period. OLR and wind gridded data (0.25◦ x 
0.25◦) obtained from ERA5. (b) Correlation map between the PC1 δ18O time series and mean VPD summer (DJFM) gridded data (0.5◦ x 0.5◦; derived from CRU) 
during the period 1950–2007. Notel that the correlation signal with VPD extends across the entire Tropical Andes region. The numbers indicate the correlation 
between the PC1 δ18O and the δ18O chronologies of Cedrela montana and Cedrela odorata from Baker et al. (2015, 2022) located in in the Ecuadorian Andes (>2000 
km away) and the tropical lowlands of northern Bolivia (~1000 km away), respectively, and with the δ18O P. tarapacana chronologies from Rodríguez-Catón et al. 
(2021) in the southern tropical Bolivian Andes (period 1950–2007; *p < 0.01). Significant correlation grids (p < 0.05) are depicted in both maps (a and b) by 
continuous grey lines, and the green squares indicate the location of the six δ18O P. tarapacana chronologies. All correlations were performed over prewhitened (AR 
(0)) time series. Note that the wind composite map in (a) were calculated as the difference between the composite maps of the 10 highest and 10 lowest PC1 δ18O 
values (years) as indicators of the 10 driest and 10 wettest years, respectively. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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4.3. Implications for assessing long-term regional hydroclimate 

Our results show that hydroclimate variability strongly controls δ18O 
P. tarapacana content across our network, and that large-scale atmo-
spheric circulation signals across the Tropical Andes and the Amazon 
basin are registered in the developed tree-ring network. This is consis-
tent with other δ18O tree-ring records from the Tropical Andes (Baker 
et al., 2015, 2022; Rodríguez-Catón et al., 2021, 2024; Vargas et al., 
2022), and δ18O signal in tropical Andean ice cores (Vuille et al., 2003). 
Moreover, our new network of δ18O chronologies has proven to be useful 
for understanding the spatial variability of δ18O in P. tarapacana tree- 
rings across the entire distribution of the species in the tropical Chil-
ean Andes adjacent to the Atacama Desert. This study represents the first 
assessment of the relationships between a regional δ18O signal contained 
in P. tarapacana tree-rings across its entire distribution in the western 
slopes of the southern Tropical Andes with environmental variables 
from local to subcontinental scales. The previous highlights the potential 
to develop future reconstructions of these parameters utilizing the main 
regional mode of δ18O contained in P. tarapacana tree-rings, improving 
our current perspective based on individual sites and thus increasing the 
regional coverage of these registries to capture subcontinental signals 
throughout the Tropical Andes (Rodríguez-Catón et al., 2024). The 
development of this type of reconstructions will help us to better un-
derstand the variability of the tropical Andean hydroclimate. Moreover, 
the high common signal between the δ18O variability from our tree-ring 
network, its relation with others δ18O tree-ring chronologies in the 
Andean tropic, and the existing of δ18O records of ice cores (Vimeux 
et al., 2009) and speleothems (Apaéstegui et al., 2018) in the Tropical 
Andes, open a new avenue to combine these paleoenvironmental records 
and improve our understanding of past climate variability and changes 
in Tropical South America. 
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