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Abstract 

Background Recent decades brought persistent warming and declining precipitation to the North Patagonian 
Andes, raising concerns about the capacity of temperate mountain forests to withstand climate stress at the semi-
arid forest–steppe ecotone. We assess whether current growth declines in Austrocedrus chilensis are unprecedented 
in a late Holocene context and whether intensified drought has contributed to a weakening of the relationship 
between climate and tree growth.

Methods Increment cores from living trees were combined with subfossil cross-sections to develop cross-dated, 
millennial-length ring-width chronologies at three ecotonal sites in northern Patagonia. Site chronologies were stand-
ardized using multiple detrending approaches and integrated into a regional chronology. Recent growth trends were 
evaluated against long-term variability using chronology comparisons, climate–growth regression models, observed-
minus-predicted residual analyses, and drought legacy approaches.

Results Sustained growing-season warming since mid-1970s, together with more frequent severe droughts 
after 1997, has induced persistent multi-year moisture deficits since 2009. Across all sites, recent decades show 
a pronounced, persistent decline in A. chilensis growth that remains evident after accounting for age-related trends 
and differences in intrinsic growth rates among trees. Millennial records were integrated into a composite regional 
chronology extending back to CE 178, with a robust common signal from CE 520 onward. For 1917–2022, warm-
season temperature and annual precipitation explain 42% of tree-growth variance, increasing to 46% when long-
memory hydroclimatic variables capturing multi-year moisture deficits are included. Consistently, model performance 
deteriorates from the mid-1990s onward, overestimating observed growth and suggesting a loss of stationarity in cli-
mate–growth relationships. Residual analyses further show that growth reductions intensify under higher antecedent 
composite stress and persist for several years after droughts, consistent with drought legacy effects.

Conclusions Our results reveal an unprecedented, persistent low-growth regime in ecotonal A. chilensis for-
ests over the past two to three decades. This decline falls outside the range of natural variability observed 
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Background
A growing body of meteorological records and envi-

ronmental proxies shows that the climate of the North 

Patagonian Andes has changed markedly in recent dec-

ades, both in long-term trends and in the frequency 

of extreme events (Villalba et  al. 2012; Garreaud et  al. 

2013; Garreaud 2018; Morales et  al. 2020; Wang et  al. 

2025). Instrumental observations provide clear evidence 

of persistent warming and widespread hydroclimatic 

decline, together with a poleward migration of the west-

erly wind belt (Goyal et  al. 2021; O’Connor et  al. 2021; 

Deng et al. 2022; Villamayor et al. 2021). �ese changes 

have been associated with reduced precipitation, dimin-

ished snow cover, glacier retreat, and lower river flows 

across the region (Boisier et  al. 2018; Dussaillant et  al. 

2019; Masiokas et al. 2019). Sustained increases in tem-

perature, combined with a regional decrease in precipi-

tation, have also contributed to a greater frequency and 

persistence of extreme droughts since the mid-twentieth 

century (Rivera et al. 2017, 2021; Garreaud 2018). Tree-

ring-based hydroclimatic reconstructions further show 

that this regional aridification is unprecedented over the 

last several centuries and has gradually intensified since 

the 1970s (Morales et al. 2020; Hadad et al. 2021). In this 

context of rapid climate change, rising temperatures and 

less frequent rainfall events are increasingly affecting for-

est dynamics in the northern Andean–Patagonian eco-

tone by disrupting the ecophysiological processes that 

regulate growth, reducing forest vigor, and triggering 

increasingly frequent episodes of decline and mortality 

(Villalba and Veblen 1998; Rodriguez-Catón et  al. 2016; 

Vega et al. 2019).

Temperate forests in southwestern South America are 

distributed along steep environmental gradients shaped 

by the interaction of Pacific-dominated precipitation, 

marked climatic seasonality, and the high Andean topog-

raphy (Veblen et al. 1996; Viale et al. 2019). Along these 

gradients, vegetation changes abruptly, particularly at the 

transition between the Andean forest and the Patagon-

ian steppe east of the Andes. �is forest–steppe ecotone, 

which is highly sensitive to changes in water availability 

(Kitzberger 2012), marks the eastern distributional limit 

of the iconic conifer Austrocedrus chilensis (ciprés de la 

cordillera).

Austrocedrus chilensis has a discontinuous distribu-

tion on both sides of the Andes. On the western slope in 

Chile, the species occurs mainly between 32° and 38° S, 

with few scattered stands farther south between 42° and 

44° S (Donoso Zegers 1993). In Argentina, A. chilensis 

extends from 37° to 44° S, from west-central Neuquén to 

northwestern Chubut, with a more continuous distribu-

tion toward the southern part of its range (Veblen et al. 

1995; Pastorino et al. 2015). �is contrasting geographic 

pattern reflects the precipitation asymmetry imposed 

by the Andes and is associated with spatial differences 

in growth sensitivity to climate, demographic dynamics, 

and forest structure (Veblen et al. 1995).

In the eastern Andes of northern Patagonia, numerous 

studies have shown that radial growth of A. chilensis is 

negatively related to temperature and positively related 

to precipitation during the growing season, indicating 

that reduced rainfall combined with increased evapora-

tive demand limits soil water availability and becomes a 

critical constraint on growth (Villalba et  al. 1998; Mar-

cotti et  al. 2025; Vega et  al. 2025). Austrocedrus chilen-

sis is a conifer adapted to periods of water stress through 

xeromorphic leaves and early stomatal closure under dry 

conditions (Gyenge et  al. 2005; Vega et  al. 2025). Nev-

ertheless, its vulnerability to severe drought has been 

widely documented across much of its distribution (Vil-

lalba and Veblen 1998; Le Quesne et  al. 2006; Amoroso 

et al. 2012). In central Chile, the megadrought that began 

in 2010 has been associated with the lowest decadal 

growth of A. chilensis during the last millennium and 

with increased growth synchrony, reflecting the strong 

influence of prolonged warm-dry conditions on species 

performance (Garreaud et al. 2017; González de Andrés 

et  al. 2025). �is regional hydroclimatic shift has also 

been linked to widespread decline in woody species of 

central Chile (Miranda et al. 2023; González-Reyes et al. 

2024).

Austrocedrus chilensis is particularly well suited for 

dendroclimatic studies because it frequently grows in 

xeric environments where water availability strongly 

limits radial growth (Schulman 1956). However, a com-

mon limitation for developing long tree-ring records 

from this species in Argentina is the difficulty of finding 

old stands without evidence of disturbance, particularly 

in the millennial-length records and is not captured by long-term climate–growth models, pointing to a weakening 
of the relationship between climate and radial growth under ongoing warming and recurrent drought. These findings 
identify antecedent stress and drought legacy effects as key drivers of current forest performance in Patagonian for-
est–steppe ecotone.

Keywords Dendrochronology, Forest-steppe ecotone, Drought legacy effect, Climate-growth relationship, 
Hydroclimatic variability
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fire (Kitzberger et al. 1997; Veblen et al. 1999). Since the 

1980s, new collections have expanded the network of A. 

chilensis tree-ring chronologies in northern Patagonia 

(Villalba and Veblen 1997a; Villalba et al. 1998; Marcotti 

et al. 2025). �ese chronologies have supported studies of 

climate–growth relationships, drought-related mortality 

and decline at the forest–steppe boundary (Villalba and 

Veblen 1998; Mundo et  al. 2010; Amoroso et  al. 2012), 

and the influence of large-scale modes of climate variabil-

ity on species growth (Villalba et al. 1998, 2012).

Despite extensive research across different portions 

of the forest–steppe ecotone, major knowledge gaps 

remain regarding how recent growth decline in A. chil-

ensis should be interpreted in the context of long-term 

growth variability and ongoing warming and aridifica-

tion. Although existing chronologies show strong growth 

responses to water availability, several studies indicate 

that the spatial variability of these responses remains 

incompletely explained and that temporal changes in 

climate–growth relationships have not been thoroughly 

evaluated under ongoing warming and aridification 

across the species’ geographic distribution (Villalba et al. 

1998; Reiter et al. 2024; Marcotti et al. 2021). �is gap is 

especially relevant in ecotonal environments, where low 

precipitation, marked climatic seasonality, and shallow 

rocky soils with low water-holding capacity may amplify 

drought impacts on radial growth. �erefore, under-

standing how cumulative water stress and recent trends 

toward stronger multi-year moisture deficits contribute 

to sustained growth reduction is critical (Anderegg et al. 

2015; González de Andrés et al. 2025).

To evaluate changes in A. chilensis growth in response 

to recently documented climate change, we developed 

millennial-length tree-ring chronologies by integrating 

samples from living trees with subfossil cross-sections. 

�ree representative sites from the forest–steppe eco-

tone in northern Patagonia were sampled. �is com-

bined sampling strategy enabled the construction of 

long records that place recent growth variability within a 

robust long-term context. �e specific objectives of this 

study were to: (a) characterize millennial-scale growth 

patterns of A. chilensis in northern Andean Patagonia; 

(b) evaluate radial growth responses during recent dec-

ades under exceptionally warm and dry conditions; and 

(c) assess the extent to which severe droughts, cumulative 

hydroclimatic stress, and post-drought persistence are 

associated with the extremely reduced growth observed 

in recent decades.

Our results highlight the recent decline of Austrocedrus 

growth under a progressively warmer and drier climate 

regime and underscore the likely importance of cumu-

lative stress and drought legacy effects in shaping this 

reduction.

Materials and methods
The species

Austrocedrus chilensis is an endemic conifer in the south-

ern Andes. In Argentina, its natural distribution forms a 

narrow belt along the eastern Andean slope, arranged in 

patches of variable size, with the southern sector show-

ing the greatest extent and continuity (Fig.  1; Pastorino 

et  al. 2015). At three sites on the eastern margin of the 

forest–steppe ecotone: Cuyín Manzano (40°43′ S, 71°07′ 
W), Confluencia Limay-Traful (40°44′ S, 71°02′ W), and 

Nahuel Pan (42°58′ S, 71°10′ W), where water avail-

ability is a key constraint on forest growth, the preserva-

tion of subfossil A. chilensis material is excellent. �ese 

sites have been investigated dendrochronologically for 

more than three decades and were selected to develop 

ring-width chronologies that combine increment cores 

from living trees with cross-sections from dead trees. 

Integrating these materials enables the construction of 

millennial-length records in northern Patagonia. Previ-

ous studies have documented the high sensitivity of these 

ecotonal A. chilensis forests to hydroclimatic variability 

(Villalba and Veblen 1997a, b, c; Villalba et al. 1998; Mar-

cotti et al. 2025).

We observed that subfossil A. chilensis wood is best 

preserved at marginal growth microsites, such as rocky 

outcrops, where rapid post-rainfall drainage reduces wet-

ting of dead stems and favors long-term wood conser-

vation. �ese exposed microsites typically have shallow 

or absent soils and lower radial growth than adjacent, 

more protected patches with deeper soils and greater 

water retention (Table  1); in the latter, trees are larger, 

live crown percentage increases, and wood decomposi-

tion is more evident. In contrast, trees growing on rocky, 

drought-prone microsites tend to form a higher propor-

tion of latewood, which enhances the durability of dead 

stems and increases the likelihood of finding very old 

subfossil material.

At Cuyín Manzano (Fig. 2a), the subfossil cross-section 

CUY261a (Fig. 2b, c) contains 786 rings along its longest 

radius (22 cm), spanning CE 178–963, with a mean radial 

increment of 0.28  mm   yr–1. �e specimen was found 

exposed at the surface, with no evidence of substantial 

burial, in a geomorphic setting dominated by rocky out-

crops and shallow soils (Fig. 2a), where dead wood pres-

ervation is particularly common.

Climate

Northern Patagonia has a cool-temperate climate marked 

by strong seasonal contrasts in temperature and precipi-

tation. �ese contrasts are closely linked to the seasonal 

displacement and intensity of the Southern Hemisphere 

Westerlies, as well as to their modulation by broader pat-

terns of Southern Hemisphere atmospheric circulation 
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(Villalba et al. 2003; Garreaud et al. 2013). At Bariloche 

and Esquel, mean annual temperatures typically range 

between 8 and 10  °C, with cold winters and mild sum-

mers. During the austral summer (DJF), mean tempera-

tures reach 14.0  °C in Bariloche and 14.4  °C in Esquel, 

whereas in winter (JJA) they drop to 2.9  °C and 2.7  °C, 

respectively (1914–2023 period). Precipitation is strongly 

concentrated in winter: cumulative totals during JJA 

reach 423 mm in Bariloche and 209 mm in Esquel, and 

June is the wettest month at both locations (161.5 mm in 

Bariloche and 80.3 mm in Esquel). In contrast, summer 

precipitation (DJF) declines to 78.3 mm in Bariloche and 

61.5 mm in Esquel, reflecting the pronounced hydrologi-

cal seasonality of the Andean Patagonian climate.

Superimposed on this seasonal cycle is a strong west-

to-east precipitation gradient. Western sectors, more 

directly exposed to moist air masses from the Pacific 

Ocean, receive higher annual totals, whereas to the 

east, across interior valleys and plains, precipitation 

decreases sharply, resulting in relatively dry summers 

and high interannual variability (Masiokas et  al. 2008; 

Hurtado et  al. 2023). �is spatial heterogeneity is fur-

ther modulated by large-scale circulation modes such 

as the El Niño-Southern Oscillation (ENSO) and the 

Southern Annular Mode (SAM), whose positive phases 

have been associated with reduced precipitation and 

drier conditions in northern Patagonia, particularly 

Fig. 1 Study area and sampling network of Austrocedrus chilensis in northern Patagonia, Argentina. The map shows the distribution of A. chilensis 
within the 40°–43.5° S latitudinal band (green shading; after Pastorino et al. 2015). Red circles mark the three study sites: Cuyín Manzano (CUY), 
Confluencia Limay-Traful (LIM), and Cerro Nahuel Pan (NAH), used to develop the millennial tree-ring records. Yellow circles indicate other existing 
A. chilensis tree-ring chronologies, and blue squares represent the meteorological stations whose temperature and precipitation records were used 
in this study. The grayscale background shows elevation (m a.s.l.). The geographic range of A. chilensis extends farther north than the area shown 
here
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during the warm season (Garreaud et al. 2009; Villalba 

et al. 2012; Hurtado et al. 2023).

Assessment of recent climate variations

To characterize recent hydroclimatic variability in the 

study region, we used monthly temperature and precipi-

tation records from the Bariloche and Esquel meteoro-

logical stations (Fig. 1). Both stations are located near the 

A. chilensis sampling sites and provide the longest and 

most complete instrumental records available for north-

ern Patagonia. To infill remaining data gaps and extend 

the instrumental series as far back as possible, we also 

incorporated historical monthly temperature and pre-

cipitation data for each station. �ese historical records 

were obtained from the Argentine National Meteoro-

logical Service and from CENPAT-CONICET (Puerto 

Madryn, Chubut) and were used to complement station 

data available through international repositories (NASA 

GISS; KNMI). �is procedure extended the temperature 

records back to 1914 for Bariloche and 1913 for Esquel, 

and the precipitation records back to 1916 for both 

stations.

To characterize low-frequency regional variability and 

facilitate comparisons between Bariloche and Esquel, we 

computed standardized monthly temperature anomalies 

using a common reference period (1975–2024). For each 

calendar month, standardized anomalies were calculated 

by subtracting the reference-period monthly mean from 

each observation and dividing by the corresponding ref-

erence-period standard deviation. �is transformation 

expresses temperature variability in dimensionless units 

and is widely used in climatology to analyze variability 

and extremes (von Storch and Zwiers 1999; Wilks 2011).

To identify shifts in the regional thermal regime, 

we applied structural breakpoint analyses to the Bari-

loche and Esquel temperature series using the struc-

change package in R (Zeileis et  al. 2002), following the 

least-squares framework of Bai and Perron (1998, 2003). 

Breakpoints were tested as changes in the mean level of 

the series (intercept-only models, without covariates) 

and were fitted to both monthly series and annual aggre-

gates. Candidate partitions for different numbers of seg-

ments were evaluated by minimizing the residual sum of 

squares (RSS), and the optimal number of breakpoints 

Table 1 Characteristics of sampled sites

* Calculated on standardized ring-width values for the periods 700–2022 (CUY), 900–2022 (LIM), 1200–2018 (NAH) and 520–2022 (REG)

Variable Cuyín Manzano (CUY) Con�uencia Lim-Tra 
(LIM)

Cerro Nahuel Pan (NAH) Regional (REG)

Latitude 40º 43’ S 40º 44’ S 42º 58’ S -

Longitude 71º 07’ W 71º 02’ W 71º 10’ W -

Elevation (m a.s.l.) 1030 950 990 -

Time span 178–2022 267–2022 1070–2018 178–2022

Time span (years) 1845 1756 949 1845

Number of dated series 462 479 438 1378

Series intercorrelation 0.60 0.59 0.59 0.55

Mean sensitivity 0.29 0.29 0.28 0.29

Mean tree age (years) 218.9 256.7 190.5 222.9

Mean RW (mm) 0.53 0.49 0.67 0.55

SD RW (mm) 0.31 0.27 0.36 0.31

EPS* 0.95 0.97 0.94 0.94

Rbar* 0.42 0.36 0.33 0.27

Living trees

 Time span 1464–2022 1461–2022 1517–2018 -

 Mean sensitivity 0.28 0.30 0.27 -

 Mean RW (mm) 0.63 0.62 0.81 -

 SD RW (mm) 0.41 0.35 0.43 -

Subfossil wood

 Time span 178–1990 267–1981 1070–2006 -

 Mean sensitivity 0.30 0.28 0.28 -

 Mean RW (mm) 0.41 0.43 0.55 -

 SD RW (mm) 0.23 0.23 0.30 -
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Fig. 2 Subfossil wood preservation at the Cuyín Manzano site (CUY). a Rocky outcrop at the Cuyín Manzano site (CUY), where abundant coarse 
rock fragments and shallow sandy soils constrain the growth of A. chilensis. b Cross-section CUY261a, which contains 786 rings spanning CE 
178–963. This sample has remained exposed at the surface since tree death, most likely for more than 1000 years. In microsites where microrelief 
promotes greater soil water retention, tree growth is faster, woody material decomposes more rapidly, and the probability of preserving very old 
wood is lower. c Enlarged detail of cross-section CUY261a showing the identification of annual rings for the interval CE 871–902
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was selected using the Bayesian Information Criterion 

(BIC; Schwarz 1978).

Because precipitation distributions are often strongly 

skewed and non-normal, we analyzed accumulated sea-

sonal totals rather than standardized monthly anomalies. 

�is approach preserves the hydrological magnitude of 

events and avoids potential distortions associated with 

directly standardizing strongly skewed distributions 

(Lloyd-Hughes and Saunders 2002). We identified dry 

summers using a percentile-based threshold: a “dry sum-

mer” was defined as any summer in which accumulated 

December–February precipitation fell below the 10th 

percentile (P10) of the distribution. �is non-parametric 

approach is commonly used to characterize dry extremes 

and their recurrence (McKee et  al. 1993; Lloyd-Hughes 

and Saunders 2002). �e frequency of dry summers was 

computed as the number of P10 events within a centered 

11-year moving window to highlight low-frequency vari-

ability and trends in drought recurrence. Potential abrupt 

changes in drought recurrence were assessed using the 

non-parametric Pettitt test (Pettitt 1979).

To assess drought severity, intensity, and duration, we 

used the Standardized Precipitation Evapotranspira-

tion Index (SPEI) from the global SPEIbase v2.10 dataset 

(Reig-Gracia et  al. 2023). SPEI is a multi-scalar drought 

index based on the climatic water balance (precipita-

tion minus potential evapotranspiration), capturing both 

water supply and atmospheric demand. We accessed SPEI 

through Google Earth Engine using the CSIC/SPEI/2_10 

collection. �e dataset provides monthly SPEI at 0.5° 

spatial resolution and at accumulation timescales from 1 

to 48 months. In this product, potential evapotranspira-

tion is estimated using the FAO-56 Penman–Monteith 

method (Vicente-Serrano et  al. 2010; Reig-Gracia et  al. 

2023). SPEI time series were extracted as point values 

using the coordinates of the dendrochronological sites 

(Cuyín Manzano/Confluencia Limay-Traful and Cerro de 

Nahuel Pan). We evaluated 12-, 24-, 36-, and 48-month 

timescales ending in February to represent hydroclimatic 

conditions at the end of the austral summer.

Development of ring-width chronologies

Although dendrochronological research in northern 

Patagonia began more than 70  years ago (Schulman 

1956; LaMarche et  al. 1979; Boninsegna et  al. 2009), 

field campaigns specifically targeting millennial-length 

Austrocedrus chilensis ring-width chronologies were 

conducted since 2015 at sites where subfossil wood 

is relatively abundant (Fig.  2). At each site, we sam-

pled dominant and co-dominant living trees, avoiding 

individuals with visible disturbances (e.g. fire scars) 

or extensive crown dieback (> 75% dead crown). We 

extracted at least two 5-mm increment cores per tree 

using Pressler borers at ~ 1.3  m height. From dead 

stems, we collected cross-sections from the widest por-

tion of the bole using a chainsaw. �is design combined 

living-tree records spanning the last ~ 300–400  years 

with subfossil material capable of extending site chro-

nologies through the last millennium and beyond 

(Table 1).

�e millennial chronologies also incorporated ear-

lier collections from living trees and remnant wood 

obtained during earlier sampling campaigns (Fig. S1). 

�e earliest collections from Cuyín Manzano and 

Nahuel Pan (referred to as Estancia Teresa in LaMarche 

et  al. 1979) were coordinated by Richard Holmes in 

1970 at the Tree-Ring Laboratory, University of Ari-

zona. �ese sites, together with the Confluencia 

Limay-Traful area included in the present study, were 

resampled in 1989–1992 (Villalba and Veblen 1997a, b) 

and more recently in 2012–2014 (Marcotti et al. 2025).

In the laboratory, increment cores were mounted 

on grooved wooden holders and cross-sections were 

secured to wooden boards; all samples were progres-

sively sanded with increasingly fine sandpaper until 

ring boundaries were clearly visible. Samples were 

visually crossdated following standard procedures 

(Stokes and Smiley 1968). Following Schulman’s (1956) 

Southern Hemisphere convention, rings were assigned 

to the year in which growth began. Ring widths were 

measured to 0.001 mm using a Velmex UniSlide meas-

uring system coupled to a computer. A subset of sam-

ples was scanned at high resolution (A3 scanner) and 

measured on digital images using CooRecorder/CDen-

dro (Larsson 2010), following Maxwell et al. (2021) rec-

ommendations for measurement and quality control. 

Agreement between visual and image-based crossdat-

ing was evaluated through the program COFECHA 

(Holmes 1983).

To extend the chronologies, subfossil cross-sections 

were incorporated stepwise. First, subfossil samples were 

crossdated against living-tree site chronologies using 

diagnostic years and statistical concordance. As the mas-

ter chronology lengthened, progressively older subfossil 

pieces were dated against the extended record, enabling 

incremental back-extension at sites with sufficient mate-

rial. Sampling effort, temporal coverage, overlap among 

segments, and site-specific quality metrics are reported 

in Table  1. Chronology quality and reliability were 

assessed using standard dendrochronological statistics, 

including Rbar, expressed population signal (EPS), and 

mean sensitivity (MS) (Wigley et  al. 1984; Briffa 1990). 

Inferences were restricted to intervals with adequate 

common signal (EPS ≥ 0.85) and sufficient annual replica-

tion (N ≥ 10 series year⁻1); statistical analyses were con-

ducted only when these criteria were met.
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Assessment of recent growth trends

Long-term growth patterns can be influenced by (i) 

large differences between trees in ring width and (ii) the 

expected age-related decline in ring width as trees grow 

older (i.e. the biological growth trend). To reduce the 

influence of series with exceptionally low or high mean 

growth rates, each series was divided by its mean (“hori-

zontal line through the mean”, ARSTAN option 6), so that 

all trees contributed comparable weight to the final chro-

nology. Under this standardization, any persistent decline 

in the resulting chronologies would indicate that the 

trend is not simply an artifact of among-tree differences 

in growth rate.

To assess whether progressive aging of the sampled 

trees could contribute to recent growth trends, we evalu-

ated (i) changes in the mean cambial age of contributing 

series during the period of interest (e.g. the last three 

decades) using the ARSTAN mean-age statistic (Cook 

and Krusic 2005), and (ii) the expected magnitude of age-

related changes in radial increment at ages comparable to 

those represented in recent decades. For this purpose, all 

series contributing to each chronology were aligned by 

cambial age and averaged to estimate a regional growth 

curve, which was then used to quantify the fraction of 

recent ring-width change potentially attributable to 

increasing age.

Recent growth trends and standardization

Ring-width series are standardized to remove non-

climatic trends related to tree age and size, as well as 

growth changes associated with competition and/or dis-

turbance (Fritts 1976; Cook and Kairiukstis 1990). Some 

detrending approaches can introduce the “increasing-

end” problem, generating spurious positive trends near 

the end of standardized series (Cook et al. 1995). Because 

this artifact could bias inference about the magnitude of 

recent growth reductions in A. chilensis, we assessed the 

sensitivity of recent trends to alternative standardization 

choices. Original ring-width series were standardized 

in ARSTANv49 (Cook and Krusic 2005) using multiple 

options, including negative exponential curves (NEC), 

age-dependent splines (ADS), median filtering with 

sharpening/smoothing routines (MFSS), and Regional 

Curve Standardization (RCS) (Briffa and Melvin 2011), 

among others. In addition, we implemented Signal-Free 

standardization (Melvin and Briffa 2008) using both 

NEC and RCS detrending options. Finally, the chronolo-

gies developed using different standardization options 

were compared with each other to select those that best 

reflected the growth patterns observed in the raw series 

or in the series standardized using the “horizontal line 

through the mean” option.

Growth patterns during recent decades

To characterize growth anomalies in recent decades, 

we computed overlapping 10-year moving means of the 

growth indices, restricting analyses to chronology inter-

vals with adequate signal strength (EPS > 0.85): from CE 

700 onward at Cuyín Manzano, CE 900 onward at Con-

fluencia Limay-Traful, and CE 1200 onward at Cerro 

Nahuel Pan. Decadal means were calculated with 10-year 

windows shifted by one year. For each site, we built the 

distribution of all complete decadal means and quantified 

recent anomalies by comparing the 1998–2022 period 

(Cuyín Manzano and Confluencia Limay-Traful) and 

1998–2018 (Nahuel Pan) against their respective long-

term distributions. �is comparison period was moti-

vated by precipitation breakpoint analyses indicating an 

increased frequency of severe summer (JFM) droughts 

at both Bariloche and Esquel since the summer 1997 

(Fig. 3).

To test whether the recent low-growth episode is 

unprecedented in the long-term record, we analyzed the 

regional chronology (CE 523–2022; n = 1500; EPS > 0.85) 

using complementary metrics of extremeness, persis-

tence, and significance under temporal dependence. First, 

as for individual sites, we computed overlapping, right-

aligned 10-year moving means of the annual series (each 

decadal mean assigned to the final year of the window). 

Using the distribution of complete decadal windows, 

we defined a low-growth threshold as the 5th percentile 

(P5 = 0.78) and located recent windows using empirical 

percentiles and tail probabilities. Because overlapping 

windows induce serial dependence, we also constructed 

non-overlapping decades anchored at 2022 (2013–2022, 

2003–2012, …, 523–532; 150 complete decades) and 

evaluated recent decades against that historical distri-

bution (Wilks 2011). Finally, to obtain robust p-values 

under autocorrelation, we implemented a circular block 

bootstrap on the regional chronology (stationary null 

preserving serial dependence), resampling fixed-length 

circular blocks (L = 10, 20, 30, 50  years; B = 2000 rep-

licates per L) and recomputing (i) whether the segment 

equivalent to 1998–2022 yields 25/25 decadal means ≤ P5 

(persistence), and (ii) whether the segment minimum 

is at least as low as observed (Künsch 1989; Politis and 

Romano 1992; Lahiri 2003; Mudelsee 2010).

Relationships between climate and tree growth

�e extreme climatic changes documented in north-

western Patagonia provide a plausible environmental 

explanation for the reduced radial growth of A. chilensis 

in recent decades. To evaluate this hypothesis, we com-

pared the regional growth chronology (integrating the 

three millennial chronologies) with instrumental temper-

ature and precipitation records from the Bariloche and 
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Fig. 3 Climate variability in the eastern sector of the northern Patagonian Andes. a Interannual October–March temperature variability (solid 
lines), linear trends for the full period (red dashed lines), and regime means for 1914–1976, 1977–2007, and 2008–2022 (black horizontal lines) 
at the Bariloche and Esquel meteorological stations. b Summer accumulated precipitation (January–March) for 1916–2024. The left axis shows 
seasonal precipitation totals, whereas the right axis shows the frequency of dry summers, computed as an 11-year moving mean of the number 
of events with precipitation below the 10th percentile of each series (P10). Red circles denote summer precipitation values below P10. 
The vertical line marks the breakpoint in precipitation identified using the Pettitt (1979) test. c Time series of the 48-month Standardized 
Precipitation-Evapotranspiration Index (SPEI48) ending in February of the current growing season for the Cuyín Manzano/Limay-Traful and Cerro 
Nahuel Pan sites over the period 1913–2023
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Esquel meteorological stations. Monthly climate series 

were aggregated into seasonally relevant predictors based 

on the species’ phenology and prior dendroclimatic evi-

dence. Growing-season temperature was defined as mean 

October(t–1)–March(t) temperature, matching the main 

period of cambial activity. Hydrological-year precipita-

tion was calculated as total May(t–1)–April(t) precipita-

tion. To derive regional predictors, monthly series from 

both Bariloche and Esquel stations were standardized as 

z-scores over the 1913–2022 reference period and then 

averaged, yielding regional temperature and precipitation 

series.

In a first step, the temperature and precipitation sea-

sonal variables were used as predictors in linear regres-

sion models to quantify the fraction of A. chilensis growth 

variance explained by regional climate variability (Fritts 

1976; Villalba et  al. 1998). Because a combined water-

stress metric may better capture growth responses than 

temperature or precipitation alone, we also evaluated 

SPEI at 12-, 24-, 36-, and 48-month timescales as predic-

tors of radial growth over the last century (Vicente-Ser-

rano et al. 2010).

Since model fit deteriorated during the last three dec-

ades, we implemented a second step to test for non-

stationarity in the climate–growth relationship. Models 

were calibrated over 1913–1997 and then applied, with-

out recalibration to estimate expected growth during the 

recent period 1994–2022. Annual residuals (Res_ann) 

were defined as observed minus predicted growth and 

interpreted as the component of variability not explained 

by contemporaneous climate under the historical cli-

mate–growth relationship.

To quantify compounded regional hydroclimatic stress 

and its persistence, we combined spring–summer tem-

perature and annual precipitation into a Standardized 

Dryness Index (SDI). For each year, temperature was 

computed as mean October(t − 1)–March(t) tempera-

ture, and precipitation as total May(t − 1)–April(t) pre-

cipitation, both aligned with the dendrochronological 

growth year t, for Bariloche and Esquel. Temperature 

and precipitation were standardized as z-scores rela-

tive to the 1913–1997 reference period, and station-level 

z-scores were averaged to obtain regional temperature 

and precipitation series. �e annual index was defined as 

SDIt = −z + zTt , so that higher values indicate greater 

hydroclimatic stress associated with warmer and/or drier 

conditions. To capture potential drought legacy effects, 

we calculated SDI_prev5 as the mean SDI over the pre-

vious five years, from t–1 to t–5, representing accumu-

lated hydroclimatic stress preceding the growth year. We 

evaluated whether residuals became more negative under 

greater antecedent stress using two complementary 

approaches for the period 1994–2022. First, we assessed 

the relationship between Res_ann and SDI_prev5 using 

linear regression with Heteroskedasticity- and Auto-

correlation-Consistent errors (HAC(1)) (Newey and 

West 1987). �is correction leaves coefficient estimates 

unchanged but adjusts standard errors, t statistics, and 

p values to account for non-constant error variance and 

serial correlation between adjacent residuals. Second, 

we defined an antecedent-stress threshold (τ) as the 80th 

percentile of SDI_prev5 during 1913–1997 and compared 

mean residuals between regimes (low vs. high antecedent 

stress). Finally, to visualize potential nonlinearities in the 

climate–tree growth relationship, we binned SDI_prev5 

into quintiles (Q1–Q5) for 1994–2022 and computed the 

mean residual within each quintile.

Assessment of drought legacy e�ects

We used Superposed Epoch Analysis (SEA) to quantify 

the mean growth (or residual) response to drought years 

and to test whether drought effects persisted beyond 

the event year itself (“legacy effects”) (Kannenberg et al. 

2019; Rao et al. 2019). For each drought event year ( t0 ), 

we extracted anomalies over lag windows relative to t0 

using two complementary response variables: (i) growth 

anomalies from the regional chronology and (ii) residual 

anomalies delivered from the baseline climate–growth 

model. Both variables were standardized as z-scores rela-

tive to the pre-decoupling baseline period 1917–1997.

Drought events were defined a priori from an inde-

pendent precipitation-based analysis of major regional 

drought years. To avoid treating consecutive drought 

years as independent events, multi-year episodes were 

declustered so that only non-consecutive event years 

were retained in the SEA. Events were then stratified into 

pre-1994 and post-1994 groups to align the SEA com-

parison with the onset of systematic negative residual 

departures in the climate–growth relationship during 

the mid-1990s. �e pre-1994 group included 1958, 1962, 

1979, and 1989 (n = 4), whereas the post-1994 group 

included 1999, 2004, 2008, 2015, and 2019 (n = 5).

For the residual-based SEA, annual residuals were 

calculated as observed minus predicted growth from 

a baseline climate–growth model (regional chronol-

ogy ~ zP + zT) calibrated over 1917–1997. �is approach 

allowed us to evaluate whether post-drought growth sup-

pression exceeded expectations from the historical cli-

mate–growth relationship.

Composite mean anomalies at each lag were computed 

by averaging across events within each period. To quan-

tify drought legacy effects, we defined a persistence met-

ric as the mean anomaly over post-drought years t + 1 to 

t + 5 and t + 1 to t + 7, depending on data availability. To 

test whether persistence differed between pre-1994 and 

post-1994 events, we used a one-sided permutation test 
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comparing the mean persistence metric between groups, 

with the alternative hypothesis that post-1994 events 

were more negative than pre-1994 events (Good 2005). 

�is approach is robust for small event sample sizes and 

makes minimal distributional assumptions. For visuali-

zation, we also derived bootstrap confidence bands for 

the composite SEA curves by resampling events with 

replacement (Efron and Tibshirani 1993; Rao et al. 2019). 

Because the record ends in 2022, sample size decreased 

at longer positive lags for the most recent drought events.

Results
Recent hydroclimatic change in northern Andean 

Patagonia

Instrumental records from northern Andean Patago-

nia show sustained warm-season warming, a marked 

increase in the frequency of extreme summer droughts, 

and persistent multi-year moisture deficits during recent 

decades. October–March temperatures, the seasonal 

window most directly related to the growth of A. chilen-

sis, show a clear long-term warming trend. Linear trends 

for 1914–2024 indicate increases of 0.13 °C per decade in 

Bariloche and 0.07 °C per decade in Esquel (Fig. 3a), with 

the stronger warming trend recorded at the northern site.

Breakpoint analyses of October–March temperatures, 

based on multiple change-point regression models, iden-

tified three climatically distinct periods at both meteoro-

logical stations: 1914–1976, 1977–2007, and 2008–2022 

(Fig.  3a). In Bariloche, mean October–March tempera-

tures increased by 0.69 °C in 1977 and by 0.53 °C in 2008. 

Esquel showed a similar pattern, with increases of 0.37 °C 

and 0.59 °C in the same years. �e post-2007 period was 

characterized by the highest mean temperatures and the 

persistence of positive warm-season thermal anomalies 

(Fig. 3a).

Changes in precipitation reinforce this warming sig-

nal. January–March precipitation in Bariloche and 

Esquel reveals a pronounced increase in the frequency of 

extreme summer droughts during the late twentieth and 

early twenty-first centuries. Using the 10th-percentile 

threshold for each series (28.8 and 28.9 mm in Bariloche 

and Esquel, respectively), the non-parametric Pettitt test 

identified a significant breakpoint around 1997 in the 

recurrence of dry summers (Pettitt 1979). In Esquel, the 

proportion of extremely dry summers increased from 

4.9% during 1916–1997 to 23.1% during 1998–2023, 

whereas in Bariloche it rose from 4.9% to 26.9% over 

the same intervals (Fig.  3b). �ese results indicate that 

extreme summer droughts have become substantially 

more frequent across northern Andean Patagonia in 

recent decades.

�is recent drying trend is also evident in multi-

year hydroclimatic conditions. February SPEI48 shows 

predominantly negative values at all study sites in recent 

decades (Fig. 3c). Since approximately 2009, SPEI48 has 

remained persistently negative at Cuyín Manzano, Con-

fluencia Limay-Traful, and Nahuel Pan, indicating sus-

tained regional moisture deficits. �e most recent dry 

interval spans 14 consecutive years with negative SPEI48 

values, making it the longest episode of persistent multi-

year drought within the instrumental record (Fig. 3c).

Millennial tree-ring chronologies

�e new ring-width chronologies developed for A. chil-

ensis at the forest–steppe ecotone in northern Patagonia 

show adequate replication and strong internal coher-

ence. �e three records span long time intervals, reach-

ing nearly 1850  years in length, and maintain annual 

replication above 10 series from CE 1004 at CUY, CE 764 

at LIM, and CE 1244 at NAH (Table  1). Mean interser-

ies correlation is similar among sites, with values close to 

0.60, indicating a strong common signal in radial growth. 

Mean sensitivity ranges from 0.27 to 0.29, reflecting 

moderate interannual variability in growth. �e mean age 

of trees included in the chronologies differs among sites, 

with the oldest trees at LIM, intermediate ages at CUY, 

and the youngest at NAH (Table 1). Chronology robust-

ness, evaluated using the Expressed Population Signal 

(EPS), indicates that the records provide reliable esti-

mates of the common growth signal for approximately 

the last millennium, although the timing of robust signal 

strength varies among sites.

Chronologies based exclusively on living trees cover 

broadly similar periods across the three sites. Within this 

subset, mean sensitivity is also comparable among sites, 

averaging 0.28. Mean ring width (RW) is similar at CUY 

(0.63  mm) and LIM (0.62  mm), whereas NAH shows 

higher values (0.81 mm). �e standard deviation of RW 

is similar across sites, indicating comparable levels of 

absolute growth variability. For all three sites, EPS in the 

living-tree chronologies remains above 0.85 over the last 

four centuries.

Recent growth decline, chronology age structure 

and standardization

Figure  4 shows the mean chronologies for Cuyín Man-

zano, Confluencia Limay-Traful, and Cerro Nahuel Pan 

derived from averaging ring-width measurements from 

living trees. Mean ring width at each site fluctuated 

around 0.6 mm  yr–1 over the last 300 years. �e common 

growth signal at each site, assessed using EPS, remained 

during the last three centuries consistently above the 

conventional reliability threshold (EPS > 0.85), support-

ing the robustness of inter-site comparisons. Although 

the number of series contributing to the mean varied 

through time, particularly increasing from 1850 onward, 
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raw growth remained relatively stable (approximately 

0.4–0.8  mm  yr⁻1) between 1700 and 1960–70. �ere-

after, a pronounced decline in ring width began in the 

1970s, reducing mean growth to ≤ 0.4  mm   yr–1 and to 

even lower values during the two most recent decades 

(Fig. 4a).

Although the decline in A. chilensis radial growth 

since the mid-1970s could hypothetically reflect dif-

ferences in absolute growth rates among individuals 

or narrower rings associated with increasing tree age, 

a first standardization approach based on a horizontal 

mean line (Fig. 4b) still indicates that the recent decline 

is unprecedented within the well-replicated portion over 

the last three centuries (Fig. 4). �is result indicates that 

the recent decline remains evident after accounting for 

differences in absolute growth rates among the trees 

included in the chronologies.

In a second step, we evaluated whether the reduced 

growth observed in recent decades, after account-

ing for differences in individual growth rates, could 

instead be explained by increasing tree age over the last 

30–40  years. At Cuyín Manzano, mean tree age dur-

ing 1993–2022 varied approximately between 174 and 

212  years, implying an age-related reduction in mean 

ring width of about 0.035 mm over this interval, based on 

the expected change associated with increasing age from 

174 to 212 years (Fig. S2a). Over the same period, how-

ever, the observed decline in the CUY raw ring-width 

Fig. 4 Characteristics of the A. chilensis ring-width chronologies based on living trees at the three study sites: a raw ring-width series (RW), b 
standardized chronologies, c number of increment-core series (n), d mean age of sampled living trees and e the Expressed Population Signal (EPS), 
estimated with ARSTAN v49 (Cook and Krusic 2005)
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chronology was 0.105 mm, estimated as the difference in 

mean growth between the five-year intervals 1993–1997 

and 2018–2022 (Fig.  4a). At Confluencia Limay-Traful, 

cambial age ranged between 208 and 230  years during 

1993–2022 (Fig. S2b), corresponding to an age-related 

reduction of 0.026  mm, whereas the observed decline 

in mean raw growth was 0.120  mm. Finally, at Nahuel 

Pan, cambial age over 1989–2018 ranged from 158 to 

162  years (Fig. S2c), yielding an expected age-related 

reduction of only 0.008  mm; in contrast, the observed 

decline in raw growth between 1989–1993 and 2014–

2018 was 0.239  mm. Overall, these comparisons show 

that the decline observed in raw ring-width series during 

the last three to four decades was approximately three to 

six times greater than expected from increasing cambial 

age alone.

Reduced recent growth and standardization

Having shown that recent radial growth decline in A. chil-

ensis is real, we then selected a standardization approach 

that minimizes variation in ring width associated with 

cambial aging (biological trend) and disturbance history, 

while preserving medium- to low-frequency variability 

relevant to the recent decline.

Figure  5 compares the Cuyín Manzano chronology 

developed using four alternative standardization meth-

ods. Overall, RCS and GNEC preserved the negative 

growth trend in recent decades more effectively than the 

other approaches. However, relative to the alternative 

methods, RCS amplified the interval of high growth dur-

ing the mid-twentieth century and markedly depressed 

growth during the eighteenth century (Fig. 5), indicating 

a stronger reshaping of low-frequency variability. Com-

parable patterns were observed when the LIM and NAH 

records were standardized using the same detrending 

approaches (Figs. S3 and S4). Based on these compari-

sons, we selected the GNEC chronology for subsequent 

analyses.

Recent low growth is exceptional in the 1800-year record

�e millennial-length chronologies developed from 

the combination of samples from living trees and dead/

subfossil wood at Cuyín Manzano, Confluencia Limay-

Traful, and Cerro Nahuel Pan (Fig.  6) span CE 178–

2022, CE 279–2022, and CE 1070–2018, respectively. 

Fig. 5 Standardized chronologies for Cuyín Manzano (CUY) derived from four detrending methods applied to the original A. chilensis ring-width 
series. Methods include the horizontal transformation based on the mean ring width of each series, the Generalized Negative Exponential Curve, 
the Age-Dependent Spline, and Regional Curve Standardization, as implemented in ARSTAN v49 (Cook and Krusic 2005)
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According to the Expressed Population Signal (EPS), 

the records reach adequate levels of population signal 

(EPS ≥ 0.85) from approximately CE 700 at Cuyín Man-

zano, CE 900 at Confluencia Limay-Traful, and CE 1200 

at Cerro Nahuel Pan. Detailed dendrochronological sta-

tistics for each site are presented in Table 1. �e compos-

ite regional chronology, constructed by integrating the 

three site chronologies, reaches the EPS ≥ 0.85 thresh-

old back to approximately CE 520, thereby extending 

the analysis with robust signal over a broader temporal 

interval.

At interannual to multidecadal timescales, the three 

chronologies show partially synchronous patterns of var-

iability during their statistically reliable common period 

(EPS ≥ 0.85). In all cases, the standardized indices show a 

marked decline in recent decades relative to most of the 

interval covered by records with adequate population sig-

nal (Fig. 6). �is recent reduction is evident in each of the 

three site chronologies and is therefore also expressed in 

the composite regional chronology.

Analyses of decadal mean growth reveal that the recent 

decline is not only severe, but historically exceptional in 

magnitude and persistence across the study sites. Several 

of the lowest-growth decades of the entire record occur 

during the late twentieth and early twenty-first centuries 

(Table S1). �roughout this section, results are presented 

separately for overlapping decadal windows (10-year 

windows lagged by 1 year) and non-overlapping decades, 

which provide complementary perspectives on the mag-

nitude and persistence of recent low-growth conditions 

(Fig.  7). Although the distributions are generally uni-

modal, they depart from normality and show asymmetric 

tails.

At Cuyín Manzano (Fig.  7a), post-2000 overlapping 

decadal windows fall within the extreme lower tail of 

the distribution, and the most recent intervals reach the 

absolute minimum in the moving-window analysis. �e 

non-overlapping decades ending in 2022 lead to the same 

inference, with the most recent decade representing the 

lowest value in that independent decadal sequence. No 

other interval in the 1300-year chronology shows compa-

rably low growth. �ese extreme values are also unusually 

persistent, forming extended runs of consecutive dec-

adal windows below the 5th (P5) and 1st (P1) percentile 

thresholds defined from CE 700 onward. In particular, 

the 1998–2018 interval appears as a pronounced and 

nearly continuous run below the 5th percentile in the 

overlapping-window analysis. �is sustained concentra-

tion of values in the lower tail has no clear counterpart 

elsewhere in the record, or only comparable values over 

much shorter periods.

At Confluencia Limay-Traful, the distribution of dec-

adal means is also unimodal and somewhat more sym-

metric than at Cuyín Manzano, although it still departs 

from normality and shows a slight positive skew (skew-

ness = + 0.103). As at Cuyín Manzano, the most recent 

overlapping decadal windows show an exceptionally 

strong decline. �e last 10–15 moving decadal windows 

fall within approximately the lowest 0.4% of the statisti-

cally reliable record since CE 700, indicating decadal 

growth conditions without precedent over this interval. 

In contrast to Cuyín Manzano, however, a marked shift 

is evident between the late 1990s–early 2000s and the 

post-2010 period. Decadal windows ending in 1998–2007 

still show mean values around 0.84–0.80, well within the 

main body of the distribution, but are followed by a tran-

sition toward markedly lower values, culminating in the 

extreme minima of the 2010s and early 2020s.

At Nahuel Pan, the overlapping decadal window 

2008–2017 constitutes the absolute minimum of the 

last 800  years (mean = 0.445; percentile ≈ 0.12%; p_low 

≈ 0.001), marking the lowest decadal growth level for 

the 1200–2018 interval. As in the northern A. chilen-

sis sites, the defining feature of the recent decline is its 

persistence: several consecutive post-1997 decadal win-

dows fall within extreme percentiles (p < 0.001). Although 

overlapping decadal windows are not statistically inde-

pendent, the analysis based on non-overlapping decades 

leads to the same conclusion: the decade 2009–2018 

(mean = 0.493 mm) is the lowest among all non-overlap-

ping decades.

�e regional chronology confirms these site-level pat-

terns and reveals an exceptionally persistent modern 

low-growth regime. In the overlapping decadal series, 

all 25 decadal windows ending in 1998–2022 fall at or 

below the 5th percentile (P5) threshold, and the segment 

minimum reaches 0.405  mm, placing this recent inter-

val in the extreme lower tail of the historical distribution 

Fig. 6 Millennial-length A. chilensis ring-width chronologies developed at the forest–steppe ecotone of northern Patagonia, on the eastern 
side of the Andes. The records combine samples from living trees and dead/subfossil wood from a Cuyín Manzano, b Confluencia Limay-Traful, 
and c Cerro Nahuel Pan; these site chronologies were subsequently combined into a d regional chronology. Each panel shows the standardized 
ring-width index obtained after detrending individual series with a Generalized Negative Exponential Curve (GNEC) (thin line), along with a 32-year 
cubic smoothing spline (thick line). Interannual variations in EPS, calculated in 50-year moving windows with a 1-year lag, are shown below each 
chronology

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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(Fig. 8). Across the full record, the maximum run length 

of consecutive decadal windows ≤ P5 is 27 decadal win-

dows (1996–2022), underscoring the exceptional per-

sistence of the modern downturn. �e non-overlapping 

decade analysis supports the same inference: the most 

recent decade (2013–2022) is the lowest among all 150 

non-overlapping decades, and the three most recent 

non-overlapping decades (1993–2002, 2003–2012, 

Fig. 7 Distributions of right-aligned 10-year mean tree-ring indices for the Cuyín Manzano, Confluencia Limay-Traful, and Cerro Nahuel Pan 
chronologies over the interval with EPS > 0.85 (Table 1). Blue histograms show the empirical distribution of all decadal means, where the value 
for year t represents the mean for years t − 9 to t. Red curves show the fitted normal distributions based on the sample mean and standard deviation 
of the respective decadal means. Vertical lines indicate the most recent decadal windows ending between 1998 and 2022
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2013–2022) form a continuous three-decade run below 

the non-overlapping P5 threshold (P5 = 0.770; Fig. 8).

Circular block bootstrap simulations further show that 

this pattern is highly unlikely under a stationary, auto-

correlated null model. �e probability of reproducing 

a segment with 25 of 25 decadal windows ≤ P5 remains 

extremely low across block lengths (p < 0.0005 for L = 10; 

0.0005 for L = 20; 0.001 for L = 30; 0.011 for L = 50). Like-

wise, the probability of obtaining a segment minimum as 

low as that observed is also very small (p = 0.0010, 0.0075, 

0.0110, and 0.0165 for L = 10, 20, 30, and 50, respectively). 

Taken together, these independent diagnostics converge 

on the same conclusion: the 1998–2022 interval repre-

sents an exceptionally persistent and statistically extreme 

low-growth regime relative to the background variability 

of the last 1500 years.

Climate–growth relationships

Previous studies have consistently shown that radial 

growth of Austrocedrus chilensis is primarily controlled 

by hydroclimatic variability, particularly spring–sum-

mer temperature and moisture conditions in northern 

Patagonia (Villalba et  al. 1998; Marcotti et  al. 2025). To 

assess whether recent growth reductions remain consist-

ent with this historical sensitivity, we evaluated the extent 

to which interannual growth variability can be accounted 

for by the main temperature and moisture controls iden-

tified during the instrumental period (Fig. 9).

All regression models were fitted over the common 

1917–2022 period (n = 106). Among the individual pre-

dictors, October–March temperature emerged as the 

strongest climatic control on long-term regional growth 

of A. chilensis. Its negative effect explained a substantial 

and highly significant fraction of interannual growth var-

iability (Adj. r2 = 0.359; Table  S2), clearly outperforming 

annual precipitation accumulated from the previous May 

to the current April, which showed a weaker, although 

still significant, positive relationship (Adj. r2 = 0.213). 

�is contrast was also reflected in model accuracy, with 

lower prediction errors for temperature (RMSE = 0.225) 

than for precipitation alone (RMSE = 0.249). Combining 

temperature and precipitation substantially improved 

model performance (Adj. r2 = 0.420; RMSE = 0.213), indi-

cating that both variables provide complementary infor-

mation on interannual growth variability. Model skill 

increased further when a medium-term water-balance 

metric (SPEI-48) was added, yielding the best overall 

performance among all tested models (Adj. r2 = 0.458; 

RMSE = 0.205; MAE = 0.163). Information criteria (AIC/

BIC) consistently favored this three-predictor model, 

supporting the inclusion of accumulated hydroclimatic 

stress as an important additional constraint on regional 

growth variability (Table S2).

Fig. 8 Highly persistent and extreme recent low-growth regimes in the regional chronology. a In the overlapping decadal-window series, 
all 27 windows ending in 2022 lie at or below the 5th percentile threshold (P5; run length = 27), and the minimum value reaches 0.405 mm 
in the 2009–2018 window, placing the recent interval in the extreme lower tail of the historical distribution. Across the full record, the maximum 
run length of consecutive windows ≤ P5 is also 27 (1996–2022), highlighting the exceptional persistence of the modern downturn. b The 
non-overlapping decade analysis leads to the same qualitative conclusion: the most recent decade (2013–2022) is the lowest among all 150 
non-overlapping decades, and the three most recent decades (1993–2002, 2003–2012, and 2013–2022) form a consecutive three-decade run 
below the non-overlapping P5 threshold (P5 = 0.769)
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Despite the improved fit obtained by incorporating a 

predictor with multi-year memory, residual diagnostics 

still revealed significant positive autocorrelation in all 

models (Durbin-Watson < 2; Ljung-Box p < 0.001 up to 

lag 10). �is indicates that an important component of 

temporal persistence in growth remains unexplained 

by these linear regressions, even when SPEI-48 is 

included. Together, these results point to strong tempo-

ral dependence in A. chilensis growth and suggest that 

memory or carry-over processes are intrinsic compo-

nents of the climate–growth relationship.

Fig. 9 Regional growth chronology of A. chilensis in the forest–steppe ecotone and its relationships with hydroclimatic variability over the last 
century. Observed and predicted regional growth variations are shown for regression models relating tree-ring indices to: a mean October–March 
temperature anomaly; b annual precipitation anomaly (May–April); c October–March temperature and annual precipitation; and d October–March 
temperature, annual precipitation, and SPEI-48 calculated for February of the growing season. Adjusted r2 values are given for the full 1917–2020 
period. The yellow-shaded interval highlights the climate–growth decoupling since the mid-1990s, during which observed growth remained 
consistently lower than predicted from hydroclimatic conditions
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Recent climate–growth expectations

Although model performance improved progressively 

with the inclusion of additional climatic predictors, this 

gain did not eliminate the divergence between observed 

and predicted growth in recent decades (Fig. S5). Across 

all models, comparisons between observed and predicted 

values reveal a sustained increase in residuals beginning 

in the mid-1990s, followed by a sharp intensification 

of the divergence after 2012. �e increasingly negative 

residuals indicate that growth in recent decades was sys-

tematically lower than expected from hydroclimatic con-

ditions alone. �is pattern is evident in models calibrated 

over the full 1917–2022 period (Fig. S5) but becomes 

even clearer when models are calibrated only over 1917–

1997, before the onset of the strong residual divergence 

(Fig. 10). Systematic negative residual departures become 

apparent from approximately 1994 onward. However, we 

selected 1997 as the end of the calibration period because 

it marks the beginning of a significant increase in the 

frequency of extreme summer droughts in the region 

(Fig. 3).

A reference climate model calibrated over 1917–1997 

using standardized October–March temperature (zT) 

and May–April annual precipitation (zP) reproduced 

regional chronology variability reasonably well during 

the calibration interval (r2 ≈ 0.31), but its performance 

declined markedly when extrapolated to 1994–2022. 

�e fitted coefficients had the expected signs, with 

growth increasing under wetter conditions (positive zP) 

and decreasing under warmer conditions (negative zT). 

When applied beyond the calibration period, however, 

residuals shifted abruptly toward negative values begin-

ning in the mid-1990s (Fig. 10). �roughout 1994–2022, 

residuals remained predominantly below zero, indicat-

ing that the contemporaneous-climate model systemati-

cally overestimated observed growth; that is, growth was 

consistently lower than expected from temperature and 

precipitation alone (Fig. 10a). �e mean residual during 

1994–2022 was approximately −  0.31, compared with 0 

by construction during calibration, and the bias became 

stronger toward the end of the record.

To evaluate whether this unexplained component 

of growth was related to antecedent hydroclimatic 

stress, we linked annual residuals from the tempera-

ture–precipitation model to SDI_prev5, an index of 

compounded stress over the previous five years. Resid-

uals showed a significant negative association with 

SDI_prev5, such that years preceded by greater accu-

mulated stress tended to exhibit more negative residu-

als and therefore lower growth than expected under 

current-year climate conditions (Fig.  10a, b). Using 

the P80 threshold of SDI_prev5 during 1917–1997, 

the high antecedent-stress regime showed significantly 

more negative mean residuals than the low-stress 

regime under HAC(1)-based inference, consistent with 

a regime shift associated with drought legacy effects 

(Fig. 10d).

A HAC(1)-robust regression of residuals on anteced-

ent stress for 1994–2022 yielded a negative slope (≈ 

− 0.074), consistent with the expectation that stronger 

prior stress leads to lower-than-expected growth. 

However, the effect was only marginal at conventional 

significance levels (p(HAC) ≈ 0.083; n = 29), suggest-

ing that the relationship may be nonlinear and/or 

threshold-dependent. �reshold analysis identified an 

optimal cutoff at τ ≈ − 0.185 in SDI_prev5. Years with 

SDI_prev5 ≥ τ (n = 23) showed a much more negative 

mean residual (−  0.344) than years with SDI_prev5 < τ 

(n = 6; mean residual = −  0.173; Fig.  12d). �e regime 

difference (high minus low) was − 0.172 and remained 

strongly significant under HAC(1) inference (p ≈ 

9.33 × 10⁻5). �is pattern indicates an abrupt increase 

in model overestimation once antecedent conditions 

cross a critical threshold, consistent with legacy-driven 

decoupling.

�e quintile step-response analysis reinforced this 

interpretation. Mean residuals became progressively 

more negative with increasing SDI_prev5 from Q1 

to Q4, with the strongest departure in Q4 (mean ≈ 

−  0.465 ± 0.032 SE). �is stepwise shift supports the 

hypothesis that repeated warm droughts progressively 

push trees outside the climate–growth relationship 

established during the reference period (1917–1997). 

�e non-monotonic behavior in Q5 may reflect satu-

ration effects, limited sample size, or a shift in limiting 

factors under the most extreme antecedent stress.

Fig. 10 Emergence of climate–growth decoupling and antecedent composite stress during 1994–2022. a Annual residuals calculated as observed 
minus predicted growth from a baseline climate–growth model (regional chronology ~ zP + zT) calibrated over 1917–1997. b Antecedent stress 
summarized by SDI_prev5, defined as the mean SDI over the previous five years (t–1 to t–5). c Relationship between residuals and SDI_prev5, 
with the dashed line indicating the threshold (τ) identified by grid search. d Mean residuals for the low- and high-stress regimes defined by τ. e 
Residual distributions for years with SDI_prev5 below and above τ. f Mean residuals across SDI_prev5 quintiles; error bars indicate ± 1 standard error. 
Increasingly negative residuals with higher antecedent stress indicate persistent growth suppression beyond that predicted by contemporaneous 
temperature and precipitation alone, consistent with drought legacy effects

(See figure on next page.)
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Fig. 10 (See legend on previous page.)
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Drought legacy e�ects

�e association between increasingly negative residuals 

and antecedent hydroclimatic stress suggests that recent 

climate–growth divergence may reflect not only a weak-

ening of the contemporaneous climate signal, but also the 

emergence of persistent post-drought effects. To evaluate 

this possibility, we compared the temporal persistence 

of growth anomalies before and after 1994 using event-

based analyses.

Event-based analyses further showed that drought 

impacts became more persistent in the modern period. 

In the SEA of regional growth (Fig.  11a), post-1994 

drought events exhibited lower composite growth anom-

alies than pre-1994 events from the event year onward, 

with the strongest contrast during years t = + 4 and t = 

+ 5. At t = 0, mean growth anomaly was −  1.28 for pre-

1994 events and − 2.55 for post-1994 events; for t = + 4 

and t = + 5, post-1994 anomalies remained strongly nega-

tive (−  2.48 and –  2.37), whereas pre-1994 values were 

much closer to zero (− 0.25 and – 0.03).

In the SEA of model residuals (Fig.  11b), pre-1994 

events showed relatively modest negative anomalies at 

t = 0 (–  0.76) and t = + 1 (−  0.68), followed by recovery 

toward near-zero or positive values from approximately 

t = + 2 (0.33) and t = + 3 (0.55). In contrast, post-1994 

events maintained negative residual anomalies from 

t = 0 (−  2.09) through at least t = + 7, indicating pro-

longed growth suppression beyond that predicted by 

climate alone; this contrast was especially marked dur-

ing years t = + 4 and t = + 5, when post-1994 residual 

anomalies remained strongly negative (− 1.83 and − 2.52, 

respectively).

To quantify this difference, we computed an event-level 

persistence metric (Good 2005) as the mean residual 

anomaly over post-drought years (t = + 1 to + 7) and com-

pared pre-1994 and post-1994 groups using a one-sided 

permutation test. �e observed group difference was 

−  1.852 (post-1994 minus pre-1994), with a one-sided 

permutation p = 0.0079, indicating significantly stronger 

persistence of negative growth anomalies after 1994.

Fig. 11 Superposed epoch analysis (SEA) of drought-related growth persistence in the regional A. chilensis chronology. a SEA of regional tree 
growth aligned to drought-event years (t = 0; vertical dashed line), comparing pre-1994 events (1958, 1962, 1979, and 1989; n = 4) with post-1994 
events (1999, 2004, 2008, 2015, and 2019; n = 5). b SEA of growth residuals (observed minus climate-predicted growth) aligned to drought-event 
years (t = 0), comparing the same pre-1994 and post-1994 event groups. Shaded bands indicate bootstrap 95% confidence intervals based 
on event resampling with replacement. Post-1994 events show lower growth trajectories and more persistent negative residual anomalies 
than pre-1994 events. The sustained post-drought reduction in growth (a), together with persistently negative residuals after t = 0 (b), indicates 
growth suppression that exceeds expectations from the historical climate–growth relationship, consistent with stronger drought legacy effects 
in the modern period
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Discussion
An unprecedented recent decline in tree growth

�e recent decline in A. chilensis growth at the Patagon-

ian forest–steppe ecotone cannot be interpreted simply 

as another expression of interannual drought sensitivity 

within the range of past tree-growth variability. Instead, 

our results indicate the emergence of a persistent low-

growth regime that is exceptional in the context of the 

last 1800  years. Independent evidence from nearby A. 

chilensis records provides additional regional context for 

this interpretation. A well-replicated ring-width chronol-

ogy, including successfully cross-dated remnant wood, 

was recently developed northeast of El Bolsón (Amoroso 

et al. 2018). Situated between Cuyín Manzano and Cerro 

Nahuel Pan, the Condor Ridge chronology (41°56′S, 

71°22′W) shows persistently below-average growth 

from 2008 to 2015, following a long-term decline from 

a period of maximum growth that ended in 1977. �is 

recent episode of markedly suppressed growth appears 

to be unprecedented in the Condor Ridge record extend-

ing back to 1629 and is consistent with the extensive tree 

mortality observed across the site (Amoroso et al. 2018). 

In addition, a network of 28 A. chilensis chronologies 

from the northern Patagonian Andes shows a persistent 

reduction in growth from 1977 to the end of the record in 

2014, with values consistently below the long-term mean. 

�is sustained decline is unprecedented over at least the 

last 300 years (Marcotti et al. 2025). Although these com-

parisons do not constitute a formal spatial consistency 

test, the agreement between these independent records 

and the decline documented across our three study sites 

and in the regional chronology supports the interpreta-

tion that recent growth reductions in A. chilensis reflect a 

regional rather than purely local pattern.

Our results indicate that the semiarid ecotonal A. chil-

ensis forests in northern Patagonia may be experiencing 

growth conditions outside the envelope of natural vari-

ability that characterized most of the late Holocene. �is 

millennial perspective provides the foundation for inter-

preting the recent decline as a response to a changing 

hydroclimatic regime rather than as a short-lived fluctua-

tion within the natural range of past variability.

Recent warming and intensi�ed droughts

�e hydroclimatic analyses further show that this recent 

shift toward lower growth occurred under a marked 

transition to warmer and drier conditions in north-

ern Andean Patagonia (Garreaud 2018; Masiokas et  al. 

2019). Instrumental data show sustained warm-season 

warming, an increase in the frequency of extreme sum-

mer droughts, and persistent multi-year moisture defi-

cits during recent decades. �e warming trend identified 

in October–March temperatures at both Bariloche and 

Esquel is consistent with previous evidence of regional 

warming across the northern Patagonian Andes (Villalba 

et al. 2003; Masiokas et al. 2008; Rusticucci et al. 2016). 

In addition, the thermal breakpoints detected in both 

records may reflect broader reorganizations in Pacific 

and Southern Hemisphere climate variability, including 

the mid-1970s shift in atmospheric circulation described 

in previous studies (Mantua et  al. 1997; Villalba et  al. 

2003; Vuille et al. 2018).

Our climate–growth analyses demonstrate the nega-

tive association between warm-season temperature and 

regional growth, and the positive association between 

precipitation and regional growth, confirming that both 

evaporative demand and moisture availability constrain 

growth variability (Fig.  9). �e explanatory regres-

sion models of A. chilensis growth show that including 

long-memory hydroclimatic metrics such as SPEI48, 

in addition to temperature and precipitation, modestly 

improved the explained variance, especially by reduc-

ing regression residuals during the last decade (Fig. S5). 

�is supports the idea that cumulative water deficits are 

ecologically relevant for A. chilensis at the ecotone. �ese 

results fit well with the view that drought stress in this 

environment is not only the consequence of a single dry 

growing season but can also build over multiple years 

through sustained moisture limitation.

�e ecotonal setting of the studied A. chilensis popu-

lations is critical for interpreting our climate–growth 

relationships. Semiarid forest–steppe boundaries are 

typically characterized by strong moisture limitation, so 

even moderate warming can intensify growth constraints 

by increasing evaporative demand and reducing effective 

water availability (Kitzberger 2012). Under such condi-

tions, persistent warm droughts are likely to exert dis-

proportionate effects on radial growth, especially when 

they recur over short intervals. Our findings therefore 

demonstrate that the recent decline is closely linked to 

a regional intensification of hydroclimatic stress rather 

than to isolated drought years alone.

Climate–growth relationships under recent warm-dry 

conditions

�e regression and residual analyses indicate that, 

although temperature and moisture availability explain 

a substantial fraction of historical growth variability, 

the increasing overestimation of observed growth after 

the mid-1990s points to a progressive weakening of the 

historical climate–growth relationship. �e recent low-

growth pattern therefore cannot be interpreted simply 

as the continuation of the same climate–growth rela-

tionship operating under more extreme climatic forc-

ing. Instead, the data suggest that trees have tended to 
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perform worse under the modern warm-dry regime than 

would be expected from the twentieth-century model. In 

other words, climate still matters, but contemporaneous 

climate variables alone are no longer sufficient to account 

for the observed magnitude of growth reduction. �is 

interpretation is supported by the increasingly negative 

residuals in recent decades, which indicate systematic 

underperformance relative to expectations derived from 

the historical model (Fig. 10).

At the same time, our results do not demonstrate a 

complete breakdown of climate control, nor do they by 

themselves establish a fully non-stationary climate–

growth relationship (Peltier and Ogle 2020; Peltier et al. 

2022). Rather, they indicate that recent growth suppres-

sion is only partly explained by the climatic predictors 

that described tree growth during the reference period. 

�e inclusion of long-memory predictors such as SPEI48 

improved model performance only modestly and did not 

eliminate the recent increase in residual values between 

predicted and observed growth (González de Andrés 

et al. 2025). �is suggests that the modern reduction in 

growth cannot be fully captured by yearly climate alone, 

even when cumulative moisture deficits are considered. 

In that sense, the mismatch between observed and pre-

dicted growth is more consistent with the increasing 

influence of antecedent stress and post-drought carry-

over effects than with a simple intensification of the his-

torical climate–growth response (Peltier and Ogle 2020; 

Peltier et al. 2022).

Drought legacy e�ects

�e association between increasingly negative residu-

als, higher antecedent hydroclimatic stress, and pro-

longed post-drought suppression suggests that recent 

growth decline is being shaped not only by current-year 

climate, but also by drought legacy effects. �e event-

based analyses, which exclude consecutive drought years 

as independent events, provide complementary evidence 

for this interpretation by showing more persistent post-

drought suppression in the recent period. Post-1994 

drought events were associated with lower growth tra-

jectories and more persistent negative residual anoma-

lies than pre-1994 events (Fig.  11). Residuals remained 

negative for several years after recent droughts, whereas 

earlier events showed more limited departures and faster 

recovery toward expected growth levels. Because residual 

anomalies represent variation not explained by the base-

line climate model, their persistence after drought years 

is consistent with the interpretation of drought legacy 

effects (Gazol et  al. 2017). Taken together, these results 

suggest that the post-1994 decoupling reflects not only 

lower-than-expected growth under recent hydroclimatic 

conditions, but also stronger post-drought persistence. 

Because residual departures are greatest under high ante-

cedent stress and remain negative for several years after 

drought events, the recent low-growth regime appears 

to reflect a combination of intensified warm-dry con-

ditions, reduced predictability from the historical cli-

mate–growth relationship, and enhanced drought legacy 

effects.

�ese legacy effects likely reflect carry-over processes 

that reduce growth capacity beyond the event year, such 

as incomplete hydraulic recovery, depletion of carbon 

reserves, canopy damage, or sustained reductions in 

cambial activity (Anderegg et al. 2015). Our data do not 

allow direct identification of the underlying physiologi-

cal mechanism, so this interpretation should remain cau-

tious. Nevertheless, the combination of threshold-like 

residual behaviour, stronger post-drought persistence in 

recent decades, and declining agreement with the histori-

cal model, suggests that growth resilience has weakened 

under recent repeated warm-drought conditions. In this 

sense, the recent growth decline appears to reflect not 

only a more severe effect of climatic forcing, but also a 

reduced capacity of ecotonal forests to recover growth 

rates between successive drought events. �is interpre-

tation is especially relevant to explain the persistence of 

recent low-growth conditions.

If repeated droughts leave lasting effects on hydraulic 

function, carbon balance, crown condition, or cambial 

activity, then each new event may act on trees that have 

not fully recovered from previous stress. Under this sce-

nario, radial growth may become increasingly shaped 

by ecological memory and reduced recovery capacity 

(Anderegg et al. 2015; Marcotti et al. 2021; Peltier et al. 

2022). �e recent growth decline in A. chilensis may 

therefore be understood not simply as a direct response 

to recent negative hydroclimatic changes, but as the 

cumulative outcome of repeated warm-dry conditions 

and incomplete post-drought recovery.

�e broader implication of these findings is that A. 

chilensis forests at the semiarid forest–steppe eco-

tone in northern Patagonia may be entering a phase 

of heightened vulnerability under continued warming 

and recurrent drought. Moreover, our results reinforce 

the importance of incorporating antecedent stress and 

drought legacy processes into interpretations of forest 

responses to climate change. Tree growth at dry range 

margins may no longer respond solely to contemporane-

ous conditions, but increasingly to the cumulative effects 

of repeated moisture deficits and incomplete recovery.

Limitations and uncertainties

Detecting long-term growth trends in tree-ring chro-

nologies remains methodologically challenging because 

standardization choices can influence the preservation 
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or removal of low-frequency variability. In this study, 

the recent decline in A. chilensis growth was consist-

ently expressed across independent sites and alternative 

detrending approaches, supporting the robustness of 

the general pattern. However, the exact magnitude and 

long-term ranking of the decline should be interpreted 

with caution, because no single detrending method can 

fully separate age-related biological trends, disturbance-

related growth variation, and environmentally driven 

low-frequency variability.

Additional uncertainties arise from changes in sample 

composition and replication through time, particularly 

in the earlier portions of long chronologies and near the 

end of the records, where recent changes are central to 

our interpretation. Although comparisons with nearby A. 

chilensis records support a regional-scale interpretation, 

these comparisons do not constitute a formal spatial con-

sistency test. Similarly, our climate–growth and resid-

ual analyses indicate an increasing mismatch between 

observed growth and expectations from the historical cli-

mate–growth relationship, but they do not by themselves 

identify the physiological mechanisms underlying this 

pattern. Processes such as incomplete hydraulic recovery, 

carbon depletion, canopy damage, or reduced cambial 

activity remain plausible but untested mechanisms.

�erefore, our results should be interpreted as evi-

dence for a persistent and regionally coherent reduc-

tion in radial growth under recent warm-dry conditions, 

rather than as a precise quantification of the absolute 

magnitude of the decline or a definitive attribution to a 

single causal mechanism. Despite these limitations, the 

consistency of the recent growth reduction across sites, 

detrending approaches, independent regional records, 

and climate–growth residual analyses supports the con-

clusion that the recent decline is not solely an artifact of 

chronology standardization.

Our findings also underscore the importance of 

long-term monitoring in A. chilensis forests at the for-

est–steppe ecotone. Identifying the most climatically 

sensitive stands and microsites may help inform conser-

vation and adaptive management under ongoing warm-

ing and drought stress.

Conclusions
�is study demonstrates that the recent decline in Aus-

trocedrus chilensis growth at the forest–steppe ecotone 

in northern Patagonia is an exceptional event in terms 

of its magnitude and persistence when assessed in a 

long-term, millennial context. By placing recent radial-

growth reductions in the context of the last 1500 years, 

the study shows that the current low-growth pat-

tern lies outside the range of natural variability that 

characterized most of the late Holocene. �e decline 

coincides with intensified warm-season warming, more 

frequent extreme droughts, and persistent multi-year 

moisture deficits. Although methodological uncertain-

ties remain, the recent reduction in growth is consist-

ently expressed across sites and detrending approaches. 

Increasingly negative residuals, their association with 

antecedent stress, and their prolonged persistence after 

recent drought events point to an increasing mismatch 

between observed growth and expectations from his-

torical climate–growth responses. �ese findings indi-

cate that recent ecotonal forest responses in northern 

Patagonia reflect not only intensified hydroclimatic 

stress but also declining growth resilience under pre-

sent warm-drought conditions. Under continued 

warming and recurrent droughts, as projected for the 

northern Patagonian Andes during the current century 

(Pabón-Caicedo et al. 2020; Marianetti et al. 2026), the 

forest–steppe ecotonal A. chilensis populations may 

remain in a reduced-growth state and be subjected to 

negative demographic effects as long as the current 

hydroclimatic configuration persists.
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