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ABSTRACT

Identifying and understanding the response of tree

species to climate variability and drought events is

a key challenge in addressing climate change in the

Andean ecosystems of southern South America.

This study aims to: (1) determine the main tem-

poral patterns of radial growth of three Nothofagus

species (N. pumilio, N. dombeyi, and N. alpina) on the

northwest slope of the Choshuenco volcano,

around 40�S, (2) examine the relationship between

radial growth and environmental variables, as well

as climatic forcings, and (3) evaluate the resilience

of these species across an altitudinal gradient in the

Valdivian Andes. The chronologies of the three

Nothofagus species were assessed using principal

component analysis, correlation analysis between

the chronologies and environmental variables, and

resilience analysis for drought years. The Nothofagus

chronologies reveal an increased common signal in

radial tree growth since the 1980s. At the begin-

ning of the growing season (November) all

chronologies exhibit a negative relation with pre-

cipitation and some chronologies positive relations
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with mean air temperature and the 0 �C isotherm

height. These findings suggest that the persistence

of snow cover during spring may be crucial for the

onset of the tree growth. Previous year hydrocli-

mate appears to have an important role favoring

tree growth, with most chronologies exhibiting

positive relations with summer soil moisture, and

circulation patterns forced by the Antarctic oscil-

lation that favors wet mild and summers. The re-

sponse to drought varies among species, with N.

alpina notably exhibiting high resistance, recovery

and resilience, likely due to its location near the

southern limit of its distribution. Integrating anal-

yses of temporal growth patterns, growth-envi-

ronment variables relationships, and drought

resilience enhances understanding of how

Nothofagus species have responded to climatic

variability in recent decades in the Valdivian Andes

forests.

Key words: Nothofagus; Climatic variability; Ra-

dial growth; Andes; Altitudinal gradient.

HIGHLIGHTS

� Radial growth patterns of three Nothofagus

species (N. pumilio, N. dombeyi and N. alpina)

were analyzed across an altitudinal gradient in

the Valdivian Andes.

� Radial growth exhibited a strong common signal

since 1980 s, highlighting a shared response to

climatic variability.

� Negative correlations with November precipita-

tion and positive correlations with temperature

and 0 �C isotherm height indicate snow persistence
as a critical factor for growth initiation.

INTRODUCTION

Identifying and understanding the impacts of cli-

matic variability on ecological processes is crucial

for effective conservation and management of for-

est ecosystems, especially in the current context of

global change (Arias and others 2021). The ob-

served and projected increases in average air tem-

perature and decreases in precipitation across

extensive regions could lead to significant changes

in key ecological processes, such as the growth and

establishment of tree species (Arias and others

2021). Forest ecosystems, and particularly the

performance of tree species, are influenced both

directly and indirectly by climate. These changes

may be associated with variations in temperature

and precipitation patterns, as well as disruptions in

disturbance regimes, such as landslides triggered by

intense and episodic precipitation events and

heatwaves that increase the risk of fires, factors that

influence tree growth and dynamics (Seidl and

others 2017; González-Reyes and others 2023).

Among the forest ecosystems that have experi-

enced the most significant alterations in their eco-

logical processes are high-altitude forests, which

represent the altitudinal limits of tree distributions

in mountainous landscapes around the world.

In the southern Andes of South America,

specifically in central-southern Chile (35�S–55�S),
there is an extensive area of high-altitude forests

dominated by species of the genus Nothofagus. At

the upper altitudinal limit, Nothofagus pumilio

(Lenga) is the predominant species (Donoso 1993),

which has been widely studied in dendroclimatic

research (Villalba and others 1997; Lara and others

2001, 2005; Daniels and Veblen 2004; Srur and

others 2008; Álvarez and others 2015; among

others). In Andean forests situated below 1000 m

a.s.l., Nothofagus dombeyi (Coigue) and Nothofagus

alpina (Raulı́) are found, and these species have

also been investigated through dendrochronologi-

cal studies in northern Patagonia ca. 40�S on the

eastern slope of the Andes (Suarez and others 2004,

2015; Bonada and others 2022a).

The growth of Nothofagus species in the temper-

ate Andes is influenced by both precipitation and

temperature, with moisture availability primarily

controlling growth in more humid regions and

temperature acting as a limiting factor in drier or

warmer environments. Precipitation plays a key

role in the radial growth of Nothofagus in the tem-

perate Andes. In N. pumilio, Villalba and others

(1997) found a positive and significant correlation

between growth and September precipitation,

while the late spring and early summer precipita-

tion (November and December) showed a negative

relationship with growth. Along a latitudinal gra-

dient (36�S–55�S), Lara and others (2005) found a

positive correlation between precipitation and

growth in the northern part of the species distri-

bution range. In N. dombeyi, the positive relation-

ship between growth and precipitation has been

documented along a longitudinal precipitation

gradient near 40�S, suggesting that higher moisture

availability favor its growth (Suarez and others

2015). In populations located in drier areas east of

the Andes, severe droughts have led to high mor-

tality rates, highlighting the species dependence on

water availability (Suarez and others 2004). Simi-
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larly, in N. alpina, summer precipitation has a

positive impact on radial growth. Studies in mixed

forests with N. obliqua along a longitudinal gradient

near 40�S have confirmed the reliability of N. alpina

growth rings for dendroclimatic studies, showing

that its growth is greater in more humid environ-

ments on the eastern slope of the Andes (Bonada

and others 2022a, 2022b). The effect of tempera-

ture on the growth of Nothofagus varies depending

on the geographic location and species. In N. pu-

milio, Lara and others (2005) found a negative

correlation between growth and temperature in the

northern part of its latitudinal range (36�S–55�S),
while in the southern part, growth showed a pos-

itive correlation with mean annual temperature. In

the case of N. dombeyi, a negative relationship be-

tween growth and temperature during the growing

season has been documented, indicating that war-

mer temperatures may limit its development

(Suarez and others 2015). On the other hand, in N.

alpina, a negative correlation between growth and

summer temperatures has been identified, sug-

gesting that higher temperatures may reduce the

growth rate of the species (Bonada and others

2022b). This reinforces the idea that the growth of

N. alpina is influenced by both water availability

and temperature, with a preference for cooler and

wetter environments on the eastern slope of the

Andes.

Despite extensive research on the relationship

between climate and growth for the three

Nothofagus species individually, no study has

examined sites where these species coexist in their

respective altitudinal zones under a common cli-

matic regime on the western slope of the Andes. In

this context, the northwestern slope of the

Choshuenco volcano, where these Nothofagus spe-

cies coexist, offers an ideal setting for such a study.

This area has experienced minimal human inter-

vention due to its location within a national re-

serve, with large ravines that limit access, and a

long period of volcanic inactivity, with the last

eruptions recorded in 1822 (Caldcleugh 1836) and

1864 (Vidal Gormaz 1869). These unique condi-

tions make it an exceptional site to examine the

relationship between the radial growth of Nothofa-

gus and environmental variables across an altitu-

dinal gradient.

Previous dendroclimatic studies in this area have

identified significant relationships between radial

growth and climate. At the treeline (ca. 1400 m), N.

pumilio growth was negatively correlated with

November–December precipitation and positively

correlated with average temperature from

November to January (Álvarez and others 2015).

At the lower boundary of the N. pumilio ecotone

(ca. 1100 m altitude), radial growth exhibited a

significant negative relationship with February

maximum temperature and November precipita-

tion (Serrano-León and Christie 2020). However,

these studies only included data up to 2010,

excluding the recent extreme drought years that

began in 2010 in central-southern Chile (González-

Reyes and Muñoz 2013; Garreaud and others 2017;

González-Reyes and others 2020).

Drought events have become increasingly fre-

quent from 2010 to the present in central-southern

Chile (Garreaud and others 2017; González-Reyes

and others 2020), causing significant impacts on

tree growth, including high mortality rates (Suarez

and others 2004; Rodrı́guez-Catón and others

2016). These effects are expected to intensify in the

coming decades due to ongoing global climate

change (Trenberth and others 2014). To assess the

impact of drought stress on tree growth, the con-

cepts of resistance, recovery, and resilience (sensu

Lloret and others 2011) provide valuable insights.

Resistance measures the potential reduction in ra-

dial growth during a drought compared to pre-

drought conditions. Recovery measures the aver-

age growth following the drought event, while re-

silience evaluates the ability of radial growth to

recover after a disturbance by calculating the ratio

between average growth in the years following the

drought and the average growth in the preceding

years (Lloret and others 2011). Drought responses

using these indices have been previously evaluated

in central and central-southern Chile, in mediter-

ranean region, transition zones between the

mediterranean and temperate regions, as well as in

lower-altitude areas (Urrutia-Jalabert and others

2021; Venegas-González and others 2022; Rojas-

Badilla and others 2023). However, these responses

have not been analyzed at the upper limit of the

three Nothofagus species studied in the Andes,

leaving a gap in understanding their vulnerability

under changing climate conditions.

To expand on previous findings, this study

incorporates additional environmental variables

not previously considered in studies on Chosh-

uenco volcano. These include soil moisture

(McNally and others 2017), derived from satellite

measurements and climate reanalysis (Martens and

others 2017), and the 0 �C height of isotherm,

which defines the altitude of the snow line and

differentiates areas receiving liquid versus solid

precipitation (Minder and others 2011). Addition-

ally, vapor pressure deficit (VPD), a key factor in

regulating stomatal conductance and thereby

influencing radial growth (Treydte and others
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2014), is evaluated to better understand the re-

sponses of these species to climatic variability.

These variables provide a broader perspective on

how Nothofagus species on the northwestern slope

of the Choshuenco volcano have been responding

to recent climate variability, particularly under

prolonged drought conditions.

The primary aim of this research is to investigate

the climatic and environmental signals of three co-

occurring Nothofagus species given by N. pumilio, N.

dombeyi, and N. alpina growth using a network of

five ring-width chronologies across an altitudinal

gradient on the Choshuenco volcano in the Valdi-

vian Andes of northern Patagonia (40�S). The

specific objectives are: (a) to identify the main

temporal patterns of radial growth in these high-

elevation Nothofagus species, (b) to analyze the

relationship between radial growth and both

environmental variables and climatic drivers on a

monthly and seasonal scale, and c) to evaluate

resistance, recovery, and resilience of radial growth

in response to four drought events across the alti-

tudinal gradient in the Valdivian Andes.

MATERIAL AND METHODS

Study Area

The Valdivian temperate Andes (� 40�S) feature

peaks that typically reach altitudes between 2000

and 2700 m (Figure 1A, B). The soils are andosols,

developed from volcanic ash (Daniels and Veblen

2003). Under forests cover, these soils are charac-

terized by an Ah horizon rich in organic material.

They also contain abundant allophane, which

contributes to slope instability. These soils generally

have a high pore volume and high water infiltra-

tion rates, resulting in low retention capacity

(Hildebrand-Vogel and others 1990). The study

area is located along an altitudinal gradient within

a National Forest Reserve on the northwestern

slope of the Choshuenco volcano, and is largely

free of recent human activity. The studied species

correspond to N. pumilio forests growing at higher

elevations near the treeline (between 1200 and

1400 m altitude), N. dombeyi around 1100 m, and

N. alpina near 1000 m, both at the upper limits of

their altitudinal distribution (Figure 1C). In the

higher-altitude sites where N. pumilio grows, there

was no evidence of disturbances from volcanic ash

falls or lava flows. Sites with evidence of ava-

lanches were excluded from sampling. In the low-

er-altitude (ca. 1000 m) areas where N. alpina

predominates, no recent logging evidence, such as

stumps, was found. However, low tree density and

dense thickets of Chusquea culeou were observed,

suggesting past selective logging interventions,

though no recent logging was evident.

The primary climatic influences in south-central

Chile (38�S–2�S) in the study area are the sub-

tropical Pacific anticyclone and the prevailing

westerly winds from the Pacific Ocean. The inter-

action between these factors explains the season-

ality of precipitation and temperature in this region

(Garreaud and others 2009). During winter (June–

August), the subtropical Pacific Anticyclone shifts

north (35�S–40�S), increasing precipitation. Con-

versely, in summer (December-March), the anti-

cyclone moves between 40�S–45� S, diverting

westerly storm flows to higher southern latitudes,

resulting in low precipitation in mid-latitudes

(Aceituno 1988). Precipitation in the study area

shows a marked altitudinal gradient, from 2000

mm annually at lower altitudes up to 4000 mm

near the treeline. This precipitation is concentrated

in winter months (June, July, and August) and falls

as snow above 1000 m. The average annual tem-

perature is around 10 �C, with July being the

coldest month (average 6.8 �C) and January the

warmest (average 16.5 �C). At the interannual

time-scale, the regional climate is modulated by

both the Antarctic Oscillation (AAO) also known as

the Southern Annular Mode (SAM), and to a lesser

extent the El Niño-Southern Oscillation (ENSO;

Garreaud and others 2009; Christie and others

2011). The AAO is the principal mode of atmo-

spheric circulation variability in the extratropics of

the Southern Hemisphere (Thompson and Wallace

2000). Positive phases of the AAO are associated

with decreased geopotential heights over the

Antarctica, increased geopotential heights over the

mid-latitudes, a poleward shift of the storm track,

and a strengthening of the polar vortex, resulting in

warmer and drier conditions over our study region

during summer (Christie and others 2011). The

opposite conditions occur during negative AAO

phases (Thompson and Wallace 2000; Fyfe 2003).

Tree Species

Species of the genus Nothofagus dominate the high-

altitude forests of the temperate Valdivian Andes.

N. pumilio is prominent at the upper forest line,

with an extensive latitudinal range between 35�S
and 55�S along the Andes of Chile and Argentina

(Donoso 1993; Veblen and others 1996). This

deciduous tree species can reach 30 m in height,

1.7 m in diameter, and attain ages of 400 years

(Donoso 1974; Rebertus and Veblen 1993; Villalba

and others 2003). N. pumilio forms pure stands or

C. Álvarez and others



associates with species like Araucaria araucana, N.

antarctica, N. dombeyi, and N. betuloides (Veblen and

others 1996).

N. dombeyi (Coigue) is an evergreen species

occurring in the temperate Valdivian Andes, with a

range from 34�S to 48�S on the western slope of the

Andes (Donoso 1974). It can reach 4 m in diameter

and 38–45 m in height (Donoso 1974). N. dombeyi

typically occupies the dominant upper canopy

layer, with a maximum lifespan of 500–600 years

(Veblen and others 1996). It is a shade-intolerant

species that regenerates primarily after large-scale

disturbances, such as volcanic eruptions and land-

slides caused by earthquakes and to a lesser extent

from fires and wind blowdowns (Donoso 1993).

Finally, the third species studied is N. alpina, a

deciduous tree that grows in Andean environments

from 35�S to 40�S. N. alpina (Raulı́) can reach

diameters of up to 3 m and heights of 35–40 m

(Donoso and others 1986). The environment

where this species grows is characterized by pre-

cipitation ranging from 1500 to 4000 mm in Chile

and southwestern Argentina. Most locations expe-

rience a summer dry period (December–March)

lasting at least three months. This species grows on

deep, well-drained, and fertile soils derived from

volcanic ash and tends to avoid topographic

depressions prone to cold air pockets (Burschel and

others 1976; Veblen and others 1996).

Tree-ring Chronologies Development

To construct the chronologies for N. pumilio, wood

samples were collected from at least 30 individuals

with trunk diameters over 20 cm at three different

altitudes in 2012: low (approximately 1200 m;

LBA), middle (1300 m; LME), and high (1400 m;

LAL). For N. dombeyi, samples were taken from 30

individuals at around 1100 m (COI). A second

collection of samples was conducted in the austral

summer of 2021 to update the chronologies to

2019. During this time, wood samples from 19 N.

alpina individuals were collected at around 1000 m

(RAU), representing the altitudinal limit of species

in the study area (Figure 1C). Increment borers

Figure 1. A Location of Choshuenco volcano (red rectangle) near 40�S on the western slope of the Andes in southern

South America. B Panoramic view of the northwestern slope of Choshuenco volcano, with the orange rectangle indicating

the section of the altitudinal transect studied in the Nothofagus forests. This panoramic picture was taken in winter when

Nothofagus pumilio loses its leaves, which is why the upper part of the altitudinal transect appears grayish. C Altitudinal

transect of the chronologies developed on the northwestern slope of Choshuenco volcano, ranging from 1400 to 1000 m in

elevation: three sites of N. pumilio—LAL (high elevation), LME (mid-elevation), and LBA (low-elevation). COI: N. dombeyi,

and RAU: N. alpina.
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were used to extract 5 mm diameter wood cores.

Subsequently, these cores were mounted on woo-

den frames and sanded with increasingly fine

sandpaper to clearly reveal the growth ring

boundaries. The rings were then dated according to

the Southern Hemisphere convention by Schulman

(1956), which assigns each growth ring to the cal-

endar year when growth began. Afterward, ring

widths were measured under a microscope using a

Velmex measuring system (Velmex Inc., Bloom-

field NY, USA) with a precision of 0.001 mm. The

samples were cross-dated using the COFECHA

software, which verifies accurate dating through

correlation analysis of the ring-width series

(Holmes 1983). The accurately dated ring-width

series were then standardized using a negative

exponential curve with the ARSTAN software

(Cook and Holmes 1984), allowing the removal of

growth trends unrelated to climatic variability

(Fritts 1976). This procedure standardizes the ring-

width series, reduces variance among samples, and

converts them into dimensionless index values.

The quality of the chronologies was assessed using

the expressed population signal (EPS), which esti-

mates how closely a mean chronology from a finite

number of trees approximates a theoretically per-

fect chronology from a finite number of trees (Cook

and others 1990). To calculate EPS, we used a 50-

year window with a 25-year overlap between

adjacent windows. Finally, the ARSTAN software

was used to generate the standard version of the

ring-width chronologies for N. pumilio, N. dombeyi,

and N. alpina, reflecting the annual variations in

radial tree growth (Cook and others 1990).

Climate Data

To evaluate the relationships between the stan-

dardized chronologies and environmental vari-

ables, we used precipitation data from CR2 Met,

which has a spatial resolution of 0.05� 9 0.05�,
covering the period from 1981 to 2019 (https://ma

wun.cr2.cl/). Air temperature data at 2 m above

ground level were obtained from ERA5, with a

spatial resolution of 0.25� 9 0.25� https://cds.clima

te.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-

single-levels-monthly-means?tab=overview, span-

ning from 1959 to 2019 (Hersbach and others

2020). Additionally, we used soil moisture data

obtained from the Famine Early Warning Systems

Network Land Data Assimilation System (FLDAS;

McNally and others 2017). This global land surface

model is driven by various datasets from satellite

measurements and atmospheric analyses, which

are evaluated using direct comparisons of outputs

with independent measurements (ground/satellite)

and indirect comparisons, including correlations of

soil moisture with vegetation indices (McNally and

others 2017). The FDLAS data provide monthly

gridded soil moisture data at various depths, with a

horizontal resolution of approximately 10 km since

the year 1982. The data are expressed as the vol-

ume of water per soil volume (m3/m3). For our

research, we focused on the soil moisture layer

between 0–10 cm. We used gridded (0.5� 9 0.5�)
mean monthly temperature and relative humidity

data obtained from the Climate Research Unit

(CRU) (https://climexp.knmi.nl/selectfield_obs2.cg

i?id=someone@somewhere; Harris and others

2020) to calculate VPD. First, we calculated satu-

ration vapor pressure es in millibars using the

equation developed by Hartmann (2016).

es ¼ 6:11 � exp L

Rv

1

273
� 1

T

� �� �

where L represents the latent heat of evaporation

(2.5 9 106 J kg-1), Rv is the gas constant for water

vapor (461 J K-1 kg-1), and T is the temperature in

degrees Kelvin. Based on the es, VPD was calculated

using the equation:

vpd ¼ es � 100� RHð Þ
100

where RH represents the relative humidity in per-

centage. For the variables in cell format, although

the spatial resolution of the grids varies depending

on the variable, all the environmental variables

were extracted from a single cell. For the extraction

of the data grid, we used the ncdf4 package in R.

The 0 �C isotherm height data were obtained

from monthly radiosonde observations at the Tep-

ual airport station in Puerto Montt (Dirección

Meteorológica de Chile) and cover the period from

1958 to 2019. To calculate the correlations between

the radial growth of Nothofagus species and the

climatic forcings of the El Niño Southern Oscilla-

tion (ENSO) and Antarctic Oscillation (AAO), the

SST 3.4 index (https://www.cpc.ncep.noaa.gov/da

ta/indices/ersst5.nino.mth.91-20.ascii) and the

AAO-Marshall index (http://www.nerc-bas.ac.uk/

icd/gjma/sam.html; Marshall 2003) were used.

Temporal Patterns of Chronologies
Variability and Climate Relationships

To identify similarities in the radial growth patterns

of the five chronologies developed for N. pumilio, N.

dombeyi, and N. alpina, a principal component

analysis (PCA) was performed on the standard

chronologies for the common period from 1900 to

C. Álvarez and others

https://mawun.cr2.cl/
https://mawun.cr2.cl/
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview
https://climexp.knmi.nl/selectfield_obs2.cgi?id=someone@somewhere
https://climexp.knmi.nl/selectfield_obs2.cgi?id=someone@somewhere
https://www.cpc.ncep.noaa.gov/data/indices/ersst5.nino.mth.91-20.ascii
https://www.cpc.ncep.noaa.gov/data/indices/ersst5.nino.mth.91-20.ascii
http://www.nerc-bas.ac.uk/icd/gjma/sam.html
http://www.nerc-bas.ac.uk/icd/gjma/sam.html


2019. The sampling unit in this analysis was the

standard chronologies. The relationship between

the first principal component (PC1) and environ-

mental variables was assessed by calculating cor-

relation functions between PC1 and the detrended

environmental variables. An autoregressive model

was applied to the series to remove the autocorre-

lation trend from environmental variables.

To evaluate the temporal variation of the com-

mon signal in radial growth, PCA was conducted

on the five standard chronologies, each covering

the common period from 1900 to 2019. In this case,

the sampling unit was the standard chronologies of

each species. Thirty-year moving windows (89

windows) with a 29-year overlap were applied to

the ring-width indices of each chronology. Finally,

the percentage of variance explained by each PCA

was plotted for the central year of each interval.

The PC1 loading values for each chronology were

extracted for the periods defined by significant re-

gime shifts in the explained variance, as identified

using the Rodionov (2004) method with a 95%

confidence level. For each of these periods, the

positive loadings of the chronologies on PC1 were

graphically represented.

Tree Growth and Its Relationship
with Regional and Large-scale Climate

To examine the relationships between monthly

climate variables, climatic forcing indices, and

standard Nothofagus tree ring-width chronologies,

we performed correlation functions using the

standardized chronologies as the sample unit.

These five chronologies were correlated with

monthly instrumental records of mean tempera-

ture (ERA5), 0 �C isotherm height (DMC), vapor

pressure deficit (VPD, CRU derived), Precipitation

(CR2Met), soil moisture (FDLS), Antarctic Oscilla-

tion Index (AAO) using the treeclim package in R

(Zang and Biondi 2015). Since radial growth often

shows significant correlations with the climatic

conditions of the year preceding ring formation

(Fritts 1976), we conducted correlation analyses

over a 21-month period, from August of the pre-

vious growing season to April of the current

growing season. Before computing the correlation

functions, environmental variables and indices

were detrended using an autoregressive model to

remove temporal trends.

To assess the relationship between the main

mode of Nothofagus forest tree growth on the

Choshuenco volcano and large-scale climate pat-

terns and variations, we performed correlation

maps using the first principal component (PC1) of

radial growth as the sampling unit. PC1 was de-

rived from a principal component analysis (PCA) of

the five standard Nothofagus chronologies. Corre-

lations were calculated between the PC1 ampli-

tudes and the NCEP 2.5� 9 2.5� gridded data sets of

previous summer (January–March) 600 mb zonal

wind and 800mb geopotential height for the period

1948–2019 (Kistler and others 2001).

Drought Resilience Analysis

To assess the resilience of radial growth in the three

Nothofagus species studied during and after drought

events, resistance, recovery, and resilience indices

were calculated according to the methodology of

Lloret and others (2011). For this study, resistance

is defined as the reduction in radial growth fol-

lowing a disturbance, measured by comparing the

growth of individual trees during droughts to the

average growth over the four preceding years.

Recovery evaluates the growth after four years

following the drought event. The resilience index

measures the ability of radial growth to recover

after a disturbance, calculated as the ratio between

the average growth during the four years following

the drought and the average growth during the

four years preceding it.

For these analyses, raw ring-width of the indi-

vidual trees was used due to the lack of a general

trend that could suggest an age effect during the

drought years studied. The resistance, recovery,

and resilience indices were calculated using the

res.comp function from the pointRes package in R

(Van der Maaten-Theunissen and others 2015). A

resistance value of less than 1 indicates reduced

resistance, while a recovery value greater than 1

suggests that growth has recovered compared to

the growth level during the drought year. Con-

versely, a resilience value greater than 1 indicates

either complete recovery or increased growth

compared to the growth level over the four years

preceding the drought year (Gazol and others

2017).

Drought events were identified based on the self-

calibrated Palmer Drought Severity Index (scPDSI

TS4.05) data (https://crudata.uea.ac.uk/cru/data/d

rought/; Barichivich and others 2021). These data

were extracted for the coordinates 39.9�S,
72.07�W, corresponding to the sampled area on the

northwest slope of Choshuenco Volcano, using the

ncdf4 package in R (Pierce 2024). The scPDSI is an

enhanced index that reflects soil moisture condi-

tions by accounting for atmospheric moisture in-

puts and soil evaporation (Wells and others 2004).

To identify drought events, scPDSI data were
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averaged over the growing season from October to

March. Periods with scPDSI values below - 1.6

during these months were classified as moderate

droughts (specifically, the years 1983, 1988, 1996,

and 1998, Figure S1).

Individual Tree-Ring Analysis at Tree
Level

To explore individual tree growth patterns of trees

from the three co-occurring Nothofagus species

across the elevation gradient according by the main

growth pattern of the whole Nothofagus community

(n = 497 trees), we developed multi-species tree-

ring chronologies derived from tree-ring series from

the four Nothofagus individuals significantly, and

non-significant correlated (p < 0.95) with the

amplitude of the PC1 derived from the five

chronologies of the study sites (Figure 2F).

To quantify the number of trees that exhibited

growth reduction versus those that did not, we

analyzed individual series from five standard

chronologies and PC1 scores over the period 1900–

2019. Correlations were calculated between each

series and PC1, classifying them based on their

significance at the 95% confidence level, using the

critical r-value for the common period. Based on

this classification (correlated and uncorrelated ser-

ies), annual means of ring-width indices were

computed for each group. For each multi-species

derived chronologies we calculated the proportion

of individuals of each species contribution ex-

pressed in relative percentages (%). The Rodionov

regime-change detection test was then applied to

detect significant shifts in the mean (95% confi-

dence level). Finally, we calculated indices de

resistance, recovery, and resilience according to

Lloret and others (2011) for each multi-species

chronologies with respect to the drought events of

1983, 1988, 1996 and 1998 (see Figure S1), and

significant differences of the indices between both

groups were assessed using the non parametric

Mann–Whitney U test.

RESULTS

Ring-Width Chronologies of N. pumilio,
N. dombeyi, and N. alpina

This study developed and updated three standard

ring-width chronologies for N. pumilio at high, mid,

and low altitudes, as well as one standard

chronology for N. dombeyi and one for N. alpina.

The N. pumilio and N. dombeyi chronologies in-

cluded more than 100 series each, while the N.

alpina chronology included 26 series (Table 1). The

N. pumilio chronologies, with EPS values greater

than 0.85 (Figure 2A–C), showed a strong common

signal and cover the periods 1870–2019, 1755–

2019, and 1770–2019, respectively. For N. dombeyi,

the period with EPS > 0.85 spans from 1770 to

2019 (Figure 2D), and for N. alpina, it extends from

1865 to 2019 (Figure 2E). Correlation values

among the series within each chronology ranged

from 0.48 for high N. pumilio and N. alpina forests to

0.53 for N. pumilio mid-altitude and N. dombeyi

forests (Table 1, Figure 2). Over the last 120 years,

similar growth patterns were observed between N.

pumilio at high, mid, and low altitudes, with the

three chronologies showing comparable growth

curves and a significant decline in growth after

1990. After 2010, growth increased in N. pumilio at

Figure 2. Standard chronologies of Nothofagus pumilio

showed an EPS > 0.85. A LAL (high-elevation), B LME

(mid-elevation), C LBA (low-elevation). D Standard

chronology of Nothofagus dombeyi (COI), and E

Nothofagus alpina (RAU), F PC1 calculated from five

chronologies studied. The horizontal dashed line

represents the mean value of the Ring Width Index,

while the gray line shows the number of series included

in each chronology. The solid black line is a 10-year

spline applied to each standard chronology and PC1.
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high and N. pumilio at medium altitude, while it

remained stable in N. pumilio low altitude (Fig-

ure 2C). N. dombeyi exhibited a growth curve that

remained near or below the mean from 1900 until

the mid-1980s, followed by a substantial increase

in the 1990s. Subsequently, growth showed a slight

decline from the mid-2000s to the mid-2010s, fol-

lowed by an increase from the mid-2010s to 2019.

N. alpina exhibited the greatest variability in its

growth curve among the three species analyzed,

with growth below average from 1860 to 1960. A

growth peak was observed in the mid-1960s, fol-

lowed by a decreasing trend that remained slightly

below the mean from the mid-1990s to 2010.

Subsequently, an increase in growth was observed

after 2010.

As expected, the highest correlation values were

found among the N. pumilio chronologies, with a

particularly strong correlation between the low-

and mid-altitude sites (r = 0.92, p < 0.01) during

the common period from 1900 to 2019. Significant

correlations were also observed between species,

such as N. alpina and N. pumilio mid-altitude (r =

0.34, p < 0.05), N. alpina and N. pumilio low alti-

tude (r = 0.34, p < 0.05), N. dombeyi and N. pumilio

high altitude (r = 0.22, p < 0.05) and N. dombeyi

and N. pumilio mid-altitude (r = 0.18, p < 0.05).

However, no significant correlation was found be-

tween the N. dombeyi and N. alpina chronologies

(Figure 3).

The PCA calculated using moving windows re-

vealed two main growth patterns (PC1 and PC2),

which explained 54% and 20% of the variability,

respectively. These patterns remained stable at

around 50% and 25%, respectively, until approx-

imately 1980. After 1980, there was a sharp in-

crease in PC1 values, exceeding 65% until 2004,

while PC2 experience a marked decline, reaching

values close to 15% (Figure 4).

Relationship Between Radial Growth
and Environmental Variables

For the correlation analysis between the radial

growth of the Nothofagus chronologies, along with

the PC1 calculated for the common period from

1900 to 2019, the following variables were con-

sidered: mean temperature (Tmean), 0 �C isotherm

height (IsoT), vapor pressure deficit (VPD), pre-

cipitation (Pp), soil moisture (SM; 0–10 cm), and

Figure 3. Pearson correlation coefficients between the

standard chronologies of five Nothofagus species sites on

the northwestern slope of Choshuenco volcano. The

correlation analysis was calculated for the period 1900–

2019. Three sites of N. pumilio: LAL = high-elevation,

LME = mid-elevation, LBA = low-elevation. N. dombeyi:

COI, and N. alpina: RAU (*P < 0.05; **P < 0.01).

Table 1. Statistics Parameters of the Chronologies Nothofagus pumilio (LAL: high-elevation; LME: mid-
elevation; and LBA:low-elevation), N. dombeyi (COI) and N. alpina (RAU) on the Western Slope of the Volcano
Choshuenco.

Site LAL LME LBA COI RAU

Series intercorrelation 0.48 0.53 0.52 0.53 0.48

Mean ring width (mm) ± sd 1.30 ± 0.66 0.93 ± 0.47 0.99 ± 0.50 1.24 ± 0.66 1.08 ± 0.70

Mean sensitivity 0.32 0.31 0.30 0.30 0.31

Number of trees 93 116 112 110 15

Number of series 111 128 123 119 26

Time span (> 5 series) 1814–2019 1710–2019 1669–2019 1635–2019 1775–2019

Missing rings (%) 0.06 0.07 0.06 0.07 0.22

First-order autocorrelation 0.62 0.67 0.69 0.72 0.75

Altitude (m) 1400 1300 1200 1100 1000

Time span with EPS

(> 0.85)

1870 1755 1770 1770 1865
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the climatic forcing indices El Niño Southern

Oscillation (ENSO) and Antarctic Oscillation (AAO;

Figure 5). Environmental variables related to tem-

perature showed positive correlations with growth

during the current growing season (Figure 5A–C).

Notably, N. pumilio high altitude showed significant

positive correlations (p < 0.01) between its growth

and mean temperature (Tmean), the 0 �C isotherm

height (IsoT), and vapor pressure deficit (VPD) in

December. N. pumilio mid-altitude, N. pumilio low

altitude, and N. alpina also exhibited significant

positive correlations (p < 0.05) with November

Tmean. The IsoT for November showed significant

positive correlations (p < 0.05) with N. pumilio

high altitude and mid-altitude, N. dombeyi, and

PC1. Conversely, IsoT revealed significant negative

correlations with N. alpina growth (p < 0.01) in

December and February. Additionally, a positive

correlation was found between N. alpina growth

and November VPD (p < 0.05). Interestingly, sig-

nificant negative correlations between radial

growth and temperature-related variables domi-

nate in December of the previous growing season

(Figure 5A–C). A notable shift in N. alpina was

observed, with a positive correlation (p < 0.01)

between radial growth and the previous November

Tmean transitioning to a significant negative cor-

relation in December and March of the same pre-

vious growing season (p < 0.01).

The strongest correlations were negative and

occurred between all chronologies, PC1, and

November precipitation during the current growing

season (p < 0.01). Additionally, N. dombeyi growth

showed a positive correlation with December pre-

cipitation and a negative correlation with August

and January precipitation during the current

growing season (p < 0.05; Figure 5D). Previous

season soil moisture (SM) was positively correlated

with radial growth in most of the species analyzed.

Specifically, N. pumilio low, N. dombeyi, and radial

growth (p < 0.05) showed positive correlations

with SM from December to April in the prior sea-

son (Figure 5E). Finally, no significant correlations

were observed with the SST 3.4 index of the ENSO

climate driver. However, there were correlations

with the AAO-Marshall index, which were mainly

negative during the summer months of the previ-

ous growing season. Negative correlations were

found between January AAO and the radial growth

of N. pumilio mid-altitude and low altitude, N. al-

pina, and PC1 (p < 0.05). In contrast, positive

correlations were observed between the growth of

N. pumilio high altitude, N. dombeyi, and November

AAO during the current growing season (p < 0.05;

Figure 5F).

Figure 4. Temporal variation of the common signal in tree growth between the five analyzed Nothofagus tree-ring

chronologies during the 1900–2019 common period, explained by a 30-year moving window principal component

analysis (PCA) of the respective tree-ring chronologies. The green and light-blue lines indicate the percentage (%) of the

explained variance of the PC1 and PC2, respectively, of the running PCA developed for 30-year moving windows with a

29-year overlap and plotted on the centroid + one year for each window. The horizontal red lines show significant (95%

CL) regime shifts in the time series utilizing the Rodionov (2004) method (window length = 30 years) and the vertical

dotted lines highlights significant regime shifts in the respective moving explained variance (%) of each PC. Symbols

(circle, diamond, and triangles) indicates the respective loadings of each tree-ring chronology to a PC1 and PC2 amplitudes

of a PCA of the five three-ring chronologies for the period 1900–2019, during each significant regime period of explained

variance. For PC2, only symbols indicating positive loadings are plotted. Red symbols indicate non-significant (p < 0.01)

correlation between the respective tree species chronology and the corresponding PC amplitude during the regime shift

period.
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The correlation field maps between the main

mode (PC1) of Nothofagus forests tree growth and

geopotential height and zonal wind gridded fields

show a robust association between tree growth and

large-scale tropospheric circulation conditions

during the previous summer in the mid- to high-

latitudes of the Southern Hemisphere (Figure 6).

The most notable features in the correlation maps

indicate that the main mode of Nothofagus tree

growth in our study area is strongly related to

blocking activity and atmospheric circulation pat-

terns in the extratropical southeastern Pacific.

Figure 5. Pearson correlation coefficients between the standard chronologies of Nothofagus pumilio (LAL = high elevation;

LME = mid-elevation; LBA = low elevation), N. dombeyi (COI); N. alpina (RAU), PC1, and monthly environmental

variables at the Choshuenco volcano. The principal component analysis (PCA) was calculated from five Nothofagus species

chronologies covering the period 1900–2019. A Mean temperature (Tmean; 1959–2019), B 0 �C Isotherm height (IsoT;

1958–2019), C Vapor pressure deficit (VPD; 1959–2019), D Precipitation CR2Met data (Pp; 1981–2019), E Soil moisture

(SM; 1987–2019), and F Antarctic Oscillation Index (AAO). Correlation analyses were calculated from August of the

previous growing season to April of the current growth season. Before performing the correlation analyses between the

standard chronologies and environmental variables, the latter were detrended using an autoregressive model (*p < 0.05;

**p < 0.01).
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Resilience Indices in the Nothofagus
Sites

Considering all four drought events together (1983,

1988, 1996, 1998), the radial growth resistance of

trees in N. pumilio at high altitude and mid-altitude

showed values below 1, while N. pumilio at low

altitude and N. dombeyi showed an increasing trend,

exceeding the value of 1. The highest and signifi-

cantly different resistance value was found in N.

alpina. For the recovery index, values slightly be-

low and above 1 were recorded at the N. pumilio

high-, mid-, and low-altitude sites, while N. dombeyi

showed a significantly lower value. In terms of

resilience, the values were close to 1 at the N. pu-

milio high-, mid-, and low-altitude sites, while N.

dombeyi showed the lowest and significantly dif-

ferent value, and N. alpina the highest (Figure 7).

Individual Growth Patterns
and Resilience of Trees Grouped by PC1
Correlation

Approximately 75% of the series (n = 376) showed

significant positive correlations with PC1 (p <

0.05), particularly in high- and mid altitude sites of

N. pumilio. Mean ring-width series showed differ-

ences between correlated and non-correlated

groups. In the series significantly correlated with

PC1 tended to show a decrease in the mean ring

width index, followed by a slight increase after

2010 that was not captured by regime shift analy-

sis. Regarding drought response, trees positively

correlated with PC1 exhibited significantly higher

recovery and resilience values (p < 0.05) com-

pared to non-correlated series.

DISCUSSION

Temporal Patterns of the Chronologies

The five Nothofagus chronologies of the three co-

occurring species developed on the high-elevation

forests of the Choshuenco volcano showed EPS

values above 0.85 from 1870 to the present (Fig-

ure 2; Table 1), demonstrating adequate sample

replication and a high common signal for tree

growth at each site. Additionally, our chronologies

showed inter-series correlations from 0.48 to 0.53

(Table 1) that are relatively high compared to

previous chronologies of N. pumilio. For example,

this species showed inter-series correlations be-

tween 0.12 and 0.38 in the northern part of its

distribution on the western slope of the Andes

(Lara and others 2001). The chronology of N.

dombeyi showed a correlation value of 0.53 among

the series, which is higher than the values reported

by Suarez (2010), ranging from 0.39 to 0.47 in drier

sites on the eastern side of the Andes. Additionally,

the EPS of N. dombeyi was similar (> 0.85) to the

values reported by Guzmán-Marı́n and others

(2024). N. alpina showed an inter-series correlation

of 0.48, similar to those reported by Bonada and

others (2022a) at their sites on the eastern slope of

the Andes, where mesic conditions prevail along an

annual precipitation gradient ranging from 934 to

1461 mm at the wetter location. The high correla-

Figure 6. Spatial correlation fields between the

Nothofagus PC1 growth patterns and previous Summer

(Jan–Mar) 2.5� 9 2.5� 800mb Geopotential Height (up)

and 600mb Zonal wind (bottom), respectively (period

1948–2019). The green dots indicate the location of the

tree-ring sites in the windward side of the northern

Patagonian Andes.
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tion values among the series (Table 1) and between

the medium- and low-altitude N. pumilio

chronologies (Figure 3) support the findings of

Villalba and others (1997), who observed stronger

correlations in N. pumilio growing at mid-elevations

compared to sites near the altitudinal treeline. The

decreasing growth trend observed in N. pumilio

chronologies at high, medium, and low altitudes is

also evident in N. dombeyi (1990–2015) and N. al-

pina (1990–2010). These declining growth trends in

recent decades have been previously reported in

conifers from central-southern Chile, such as Aus-

trocedrus chilensis, Araucaria araucana (Villalba and

others 2012), and Prumnopitys andina (Álvarez and

others 2021). A similar declining trend has also

been observed in the angiosperms N. dombeyi on

both slopes of the Andes (Guzmán-Marı́n and

others 2024; Suarez and others 2004) and N. pu-

milio, with cases of individual tree mortality on the

eastern slopes of the Andes (Rodrı́guez-Catón and

others 2016; Suarez and others 2004). Over the

past 120 years, significant positive correlations

have been observed between chronologies of dif-

ferent species, such as between N. pumilio medium

altitude and N. alpina, and, N. pumilio low altitude

and N. alpina (p < 0.05; Figure 3). These strong

correlations suggest that a common environmental

factor may be responsible for this high syn-

chronicity across species. The increase in the per-

centage of variance explained by PC1 in the five

Nothofagus chronologies analyzed indicates greater

synchrony in tree growth after 1980 (Figure 4),

suggesting an increased common signal affecting

radial tree growth. This indicates that the growth

curves of the chronologies have become more

aligned, suggesting that the limiting factor may be

the same for all sites and species and may be

intensified over time in mountainous areas of the

Andes. The increased common signal in tree radial

growth may be related to climatic variables shifts

that occurred during the 1970s. Changes in pre-

cipitation, as well as in minimum and maximum

temperature regimes, have been detected in the

study area around 40�S (Figures S2–S4). This is

consistent with observations reported for South-

Central Chile during 1976–1977 (Jacques-Coper

and Garreaud 2015).

This trend of increasing common signal after

1980 can also be observed at the chronology level,

with a slight rise in the variance explained by PC1

in N. pumilio high and low altitude, and N. dombeyi.

The results for N. pumilio low altitude align with

previous findings for the site, where analysis

showed a decline in PC1 at the end of the 1980 s,

Figure 7. Resistance, recovery, and resilience indices of the chronologies along the altitudinal gradient. The indices are

shown considering the events 1983, 1988, 1996 and 1998 recorded by Palmer Drought Severity Index (scPDSI; Figure S1).

Nothofagus pumilio (LAL = high elevation; LME = mid-elevation; LBA = low elevation), N. dombeyi (COI) and N. alpina

(RAU). The index values were calculated based on the positive correlation observed between radial growth and soil

moisture during the previous growing season (Figure 5E). Consequently, the indices for the growing seasons following the

drought years were computed to assess the drought resilience of the tree species. The boxes represent the 25th and 75th

percentiles, with the central lines indicating the median. A Kruskal–Wallis test was performed followed by a Dunn post

hoc test with Bonferroni adjustment. Letters indicate significant differences between sites (p < 0.05).
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leading to a decrease in the common signal influ-

encing tree growth at this location. Serrano-León

and Christie (2020) attributed this loss of common

signal to anomalous growth patterns caused by

partial canopy dieback in individual trees. How-

ever, our results indicate an increase in the vari-

ance explained by PC1, and consequently, a

subsequent rise in the common signal after the

earlier decline. This suggests a recovery of the

common growth pattern and the possible survival

of trees that experienced canopy damage during

that period. The return to more stable growth in

recent years in N. pumilio low altitude is also evi-

dent in the growth curve of its chronology (Fig-

ure 2C).

Relationship Between Radial Growth
and Environmental Variables

The most notable pattern observed in the correla-

tions between environmental variables and the

growth of the analyzed tree species was the strong

negative relationship between November precipi-

tation during the current growing season and all

five chronologies, as well as PC1. Additionally,

there is a positive relationship between radial

growth and both Tmean as well as IsoT �C in most

sites (Figure 5A, B). Specifically, the positive cor-

relation with mean temperature in November

(Tmean) suggests that snow cover at the beginning

of the growing season has become increasingly

more limiting (Figure 5A). This response is linked

to the type of precipitation that occurs during this

particular month. When precipitation occurs at

lower temperatures, snow can accumulate and re-

main on the soil, delaying the onset of the growing

season and shortening its duration, which leads to

the formation of narrower tree rings on the studied

species (Villalba and others 2003). These findings in

N. pumilio are consistent with previous reported by

Álvarez and others (2015) and Serrano-León and

Christie (2020) for the sites N. pumilio high and low

altitude, as well as with the results found by Vil-

lalba and others (1997) and Lavergne and others

(2015) on the eastern slope of the Andes.

It has been reported that N. pumilio responds

specifically to climatic variability along its latitudi-

nal distribution gradient. In the norther part of its

range (36�S–39�S), a significant positive relation-

ship with precipitation and a negative relationship

with temperature have been observed (Lara and

others 2005). In this study conducted near 40�S,
we found that although N. pumilio is in the north-

ern sector of its latitudinal distribution, there was a

significant negative relationship between radial

growth and precipitation, and a significant positive

relationship with temperature at the beginning of

the current growing season. Therefore, both pre-

cipitation and temperature were important for the

radial growth of the species. This finding is consis-

tent with radial growth increases when the 0 �C
isotherm height rises, indicating that growth of N.

pumilio improves when snowfall occurs at higher

elevations (Figure 5B). Similarly, soil moisture

(SM) was found to be important for N. pumilio

during the summer of the previous growing season,

particularly for N. pumilio low-altitude site, which

exhibited positive correlations between radial

growth and soil moisture from December to March

(Figure 5E).

The N. dombeyi individuals sampled in this study

are located near its altitudinal limit and in the

central part of the latitudinal range of the species,

where climatic conditions are nearly optimal for

growth. Additionally, the site is characterized by

deep soils and abundant water availability (Donoso

1974). Therefore, the negative relationship ob-

served between radial growth of N. dombeyi and

precipitation during winter (that is, August) and at

the beginning of the growing season (i.e., Novem-

ber) was unexpected. This could be related to the

evergreen nature of the species, as abundant pre-

cipitation in winter and early spring can damage

the tree canopy, reducing its photosynthetic

capacity and ultimately limiting growth. This result

contrasts with those reported by Guzmán-Marı́n

and others (2024), who found positive correlations

between the radial growth of N. dombeyi and sum-

mer precipitation, as well as negative correlations

with maximum temperature, at the San Pablo site,

located approximately 30 km north of our study

area. Similar to N. pumilio, soil moisture showed

significant positive correlations with N. dombeyi

growth during the previous growing season,

emphasizing the importance of water availability

for growth during the summer.

For N. alpina, we studied a population located

near the southern limit of its latitudinal distribu-

tion, where higher sensitivity to limiting climatic

variables is expected. The results support this

expectation, showing a negative correlation be-

tween growth and precipitation, and a positive

correlation with mean November temperature,

consistent with the other species studied. These

findings contrast with those reported by Bonada

and others (2022b), likely due to the greater water

availability at the Choshuenco volcano compared

to the climate characterized by a pronounced

summer drought on the eastern slope of the Andes.

Furthermore, significant shifts in the correlations
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between growth and mean temperature are ob-

served on a monthly scale within the same growing

season. Specifically, the correlation changes from

positive in November to significantly negative in

December and March of the previous growing

season (Figure 5A). This is consistent with mean

sensitivity values around 0.31, which may indicate

a high sensitivity of tree growth to climate vari-

ability. These mean sensitivity values are higher

than those reported for other species, such as Aus-

trocedrus chilensis (0.11–0.22; Amoroso and others

2012), Araucaria araucana (0.14–0.23; Muñoz and

others 2014), and Prumnopitys andina (mean sensi-

tivity of 0.27; Álvarez and others 2021). In contrast

to the responses observed in the other Nothofagus

species analyzed, N. alpina does not exhibit positive

correlations with soil moisture during the previous

summer. This suggests that soil water availability is

not a limiting factor for tree radial growth, this may

be associated with geographic location of our study

area, which is situated near the southern limit of its

latitudinal range.

Finally, the negative correlation between the

AAO and tree growth during the summer months

of the previous growing season indicates that pos-

itive AAO conditions (i.e., high pressures in mid-

latitudes) lead to below-average growth of the

main pattern of tree growth represented by PC1

(Figure 5F). This would be due the observed

reduction in summer precipitation in the study area

when the AAO is in its positive phase (González-

Reyes and Muñoz 2013; Álvarez and others 2015).

The previous is consistent with the large-scale cir-

culation patterns depicted by the correlation maps

(Figure 6). These maps indicate that low values of

the main mode of tree growth (PC1) are associated

with high and low geopotential height anomalies

over mid-latitudes and Antarctica, respectively.

These pressure patterns drive the southward

migration of the westerly storm track, resulting in

anomalously warm and dry summer conditions in

our study region (Gillett and others 2006; Garreaud

and others 2009; Christie and others 2011; Morales

and others 2020). These large-scale climate pat-

terns are coincident with the positive phase of the

AAO, corroborating the influence of this forcing

over the hydroclimate of northern Patagonia and

thus tree growth.

Growth Responses to Drought

As expected, the results for the drought resistance

(Rt), recovery (Rc), and resilience (Rs) indices

show a variable growth response across the altitu-

dinal gradient and in relation to drought occur-

rence (Figure 7; Fang and Zhang 2019; Su and

others 2021). Overall, these values remain within a

narrow range, close to 1, consistent with values

observed in N. obliqua forests along a latitudinal

gradient in south-central Chile (Urrutia-Jalabert

and others 2021).

In the case of N. pumilio, the resistance and

recovery indices showed values slightly below and

above 1, respectively, with higher values observed

at the N. pumilio low altitude site. Resilience, which

measures the ability of trees to recover their pre-

drought growth, remained close to 1 (Figure 7),

indicating that growth rates before and after

drought events were not significantly affected by

dry conditions. The relatively minor impact of

drought on N. pumilio may be attributed to the

extremely wet conditions that prevail during the

fall and winter, which likely may mitigate the

negative effects of drought during growing season.

N. dombeyi showed moderate resistance to

drought (Rt > 1), but low recovery (Rc < 1) and

slight low resilience (Rs < 1), suggesting that, al-

though this species can resist drought events rela-

tively well, it struggles to recover its growth once

conditions improve. This may be attributed to the

preference of N. dombeyi for humid environments,

where its recovery capacity tends to be higher. In

more xeric sites, such as those on the eastern slope

of the Andes, the species is more severely affected

by droughts, showing resistance below 1 (Rt < 1),

recovery above 1 (Rc > 1), and slightly higher

resilience (Rs > 1; Suarez and others 2024). These

contrasting responses highlight the significant

influence of local environmental conditions on the

drought dynamics of N. dombeyi.

N. alpina showed high values in resistance (Rt),

recovery (Rc), and resilience (Rs) indices, (Fig-

ure 7), indicating that the species is well-adapted to

drought conditions and recovers effectively after

dry periods. These findings suggest that N. alpina

growing in our study area maintains and restores

its growth even under dry conditions. The high

resilience of this species may be attributed to its

location near the southern limit of its latitudinal

range, where dry conditions may actually create a

favorable environment for its growth (Figure 5).

Consequently, trees of this species exhibit adapt-

ability and stability despite variations in water

availability.

Growth Response and Resilience
at the Individual Tree Level

An important finding from this tree-level analysis

was the high proportion of series that correlated

Multicentury Growth Patterns and Climate Relationships



with PC1, indicating strong coherence in tree re-

sponses, particularly N. pumilio, to climatic vari-

ability (Figure 8). This finding supports the validity

of PC1, derived from the chronology-level analysis

(Figure 2F), as a representative time series of

common growth signal in the study area, likely

reflecting a dominant regional climate influence. In

the case of N. alpina, the smaller number of samples

collected compared to N. dombeyi and N. pumilio

suggests that its results should be interpreted with

caution. The mean growth curve of the series cor-

related with PC1 shows a notable decline in radial

growth in recent decades (Figure 8A), which may

be linked to a slight increase in precipitation and a

Figure 8. A Nothofagus multispecies tree-ring series from Choshuenco volcano significantly correlated with the PC1

amplitude series at the 95% of confidence level. B Nothofagus multispecies tree-ring series from Choshuenco volcano non-

significantly correlated with the PC1 amplitude. In both panels, the mean ring width index is shown. The red lines indicate

regime shifts detected using the Rodionov (2004) method (window length = 10 years, 95% c.l.) Resistance, recovery, and

resilience indices were calculated for both groups, and differences were assessed using the non-parametric Mann–Whitney

U test. Asterisks indicate statistically significant differences (p < 0.05) between indices of both groups. The pie charts on

each panel represents the relative percentage of individuals of each Nothofagus species contributing to each multispecies

tree-ring chronologies (n = total number of tree individuals on each chronology).
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decrease in spring temperatures specifically in

November, a key month for growth in the studied

species (Álvarez and others 2015; Serrano-León

and Christie 2020; Figure 5). This pattern is con-

sistent with the moving correlation analyses, which

identify November temperature, precipitation, and

the Palmer Drought Severity Index (PDSI) as the

main climatic drivers (Figures S5–S8). As expected,

trees that experienced a decline in ring-width in-

dices in recent decades also exhibited significantly

lower values of recovery and resilience compared

to those showing an increase trend in growth

(Figure 8A).

The findings obtained through the individual

series approach generally confirm the results pre-

viously observed using ring-width chronologies. A

decline in growth beginning in the 1990 s, followed

by an increase after 2010, is highlighted and asso-

ciated primarily with November temperature and

precipitation conditions. Higher precipitation com-

bined with lower temperatures during this critical

spring month likely results in a shortened growing

season, leading to reduced cambial activity and the

formation of narrower tree rings under such con-

ditions (Figure 5).

CONCLUSIONS

The analysis of radial growth patterns of three co-

occurring Nothofagus species across the altitudinal

gradient of the Choshuenco volcano in the Valdi-

vian Andes reveals strong growth synchrony high

inter-series correlations. Recent growth declines

are consistent with regional trends in the northern

Patagonian Andean forests, suggesting increased

climatic stress. A rising common growth signal after

1980 suggests intensifying environmental drivers

linked to climate variability.

The relationship between radial growth and

environmental variables shows distinct species-

specific responses influenced by altitudinal and

climatic factors. All species exhibited a negative

correlation with precipitation at the beginning of

the growing season (November), with some also

showing a positive correlation with mean Novem-

ber temperature and the 0 �C isotherm height,

highlighting the significant impact of early growing

season conditions on growth. Snow accumulation,

which delays the onset of growth, emerges as a key

limiting factor for N. pumilio, while soil moisture

during previous summer plays an important role at

most species sites. The growth responses to drought

vary among species influenced by local conditions.

N. pumilio showed minimal drought impact, likely

due to wet conditions during fall and winter. N.

dombeyi exhibited moderate resistance but struggled

to restore its growth to pre-drought conditions. N.

alpina showed high resistance, recovery and resi-

lience, suggesting drought adaptation potentially

due to its location at the southern edge of its species

range. The individual tree-ring analysis at tree level

demonstrated that a large number of tree-ring

series present significant correlations with domi-

nant growth pattern (PC1) reflecting a high degree

of coherence in growth responses to climate vari-

ability.

These findings highlight the complex interplay

between environmental variables and species-

specific and individual-level growth responses,

emphasizing the relevance of climatic factors in

responses of Nothofagus species to changing envi-

ronmental conditions in the Valdivian Andes of

northern Patagonia.
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C. Álvarez and others

https://doi.org/10.1038/nclimate2067
https://doi.org/10.1038/nclimate2067
https://doi.org/10.1111/nph.12741
https://doi.org/10.1111/nph.12741
https://doi.org/10.1016/j.foreco.2021.118962
https://doi.org/10.1016/j.foreco.2021.118962
https://doi.org/10.1016/j.dendro.2015.05.006
https://doi.org/10.3389/ffgc.2022.762347
https://doi.org/10.3389/ffgc.2022.762347
https://doi.org/10.1023/a:1024452701153
https://doi.org/10.1023/a:1024452701153
https://doi.org/10.1038/ngeo1613
https://doi.org/10.1175/1520-0442(2004)017%3c2335:aspdsi%3e2.0.co;2
https://doi.org/10.1175/1520-0442(2004)017%3c2335:aspdsi%3e2.0.co;2
https://doi.org/10.1111/ecog.01335

	Multicentury Growth Patterns and Climate Relationships of Three Co-occurring Nothofagus Species in High-Elevation Forests of the Valdivian Andes
	Abstract
	Highlights
	Introduction
	Material and Methods
	Study Area
	Tree Species
	Tree-ring Chronologies Development
	Climate Data
	Temporal Patterns of Chronologies Variability and Climate Relationships
	Tree Growth and Its Relationship with Regional and Large-scale Climate
	Drought Resilience Analysis
	Individual Tree-Ring Analysis at Tree Level

	Results
	Ring-Width Chronologies of N. pumilio, N. dombeyi, and N. alpina
	Relationship Between Radial Growth and Environmental Variables
	Resilience Indices in the Nothofagus Sites
	Individual Growth Patterns and Resilience of Trees Grouped by PC1 Correlation

	Discussion
	Temporal Patterns of the Chronologies
	Relationship Between Radial Growth and Environmental Variables
	Growth Responses to Drought
	Growth Response and Resilience at the Individual Tree Level

	Conclusions
	Data Availability
	References


