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Abstract: Shrubs are key components of high‑Andean xeric ecosystems and provide valuable dendroclimat‑
ic information where tree records are scarce, yet their responses to extreme El Niño-Southern Oscillation 
(ENSO) anomalies remain poorly understood. We developed the first shrub‑ring chronologies of Berberis 
lutea from two Peruvian altimontane shrublands (San Pedro de Saños and Singua Chico) to evaluate cli‑
mate‑growth relationships and the effects of Super El Niño events on radial growth sensitivity, resilience, 
and wood anatomical traits. Ring‑width chronologies were analysed against temperature, precipitation, 
evapotranspiration, and Niño 3.4 sea surface temperature anomalies. Resistance, recovery, and resilience 
indices, together with wood anatomical traits and fourth‑corner analyses, were used to assess functional 
responses during the 1997/98 and 2015/16 Super El Niño events. B. lutea formed clear annual rings with 
strong common signals and high inter‑series coherence, confirming its suitability for dendroclimatic stud‑
ies. Radial growth was mainly driven by temperature, evapotranspiration, and ENSO‑related sea surface 
temperature variability, whereas precipitation showed weaker and site‑dependent effects. Notably, a neg‑
ative precipitation‑growth correlation was found at the lower‑elevation site (San Pedro de Saños), which 
we attribute to cloud‑cover limitation and transient soil waterlogging – mechanisms that are now explicitly 
discussed. Super El Niño events caused moderate reductions in radial growth followed by rapid, site‑spe‑
cific recovery, with greater resilience at San Pedro de Saños. These growth responses were accompanied by 
narrower vessel diameter and reduced vessel length, indicating conservative hydraulic adjustments under 
extreme climatic stress. Overall, B. lutea emerges as a reliable climate proxy and a strong bioindicator of 
resilience to increasing ENSO‑driven climate extremes in high‑Andean semi‑xeric ecosystems.
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Introduction
Large-scale ocean–atmosphere teleconnections 

are among the main drivers of interannual climate 
variability, linking anomalies in tropical sea surface 
temperatures with hydroclimatic responses across 
distant terrestrial ecosystems (Taschetto et al., 2020; 
Feng et al., 2021). Among these, ENSO is one of the 
most influential climate modes, altering regional 
temperature regimes, atmospheric circulation, pre‑
cipitation patterns, and evapotranspirative demand 
across tropical and subtropical mountains (Cai et 
al., 2020; Poveda et al., 2020). In the tropical Andes, 
ENSO-related anomalies can strongly modify the 
seasonal water balance, influencing cambial activity, 
xylem formation, and the long-term growth perfor‑
mance of woody species.

Historical Super El Niño events represent the 
most extreme expression of ENSO-related interan‑
nual climate variability, profoundly influencing the 
structure, functioning, and resilience of terrestrial 
ecosystems (Richter & Ise, 2005; Lyu et al., 2018). In 
tropical regions, these climate events have triggered 
severe droughts and heatwaves that markedly reduce 
radial growth and increase mortality in woody spe‑
cies (Rifai et al., 2019; Cai et al., 2020; Groenendi‑
jk et al., 2025). Although the intensity of their im‑
pacts varies across biomes, climatic contexts, and 
geographic regions, the cumulative consequences of 
Super El Niño events can significantly disrupt forest 
carbon dynamics and compromise the structural sta‑
bility of diverse ecosystems (Holmgren et al., 2006; 
Feron et al., 2024).

In response to these challenges, dendroclimatol‑
ogy has emerged as a key discipline for elucidating 
long-term ecological responses to climate variability 
and change (Fritts, 1976; Speer, 2010). Although tra‑
ditionally focused on tree species, its recent expan‑
sion to include shrubs represents a promising fron‑
tier for extending the spatial and ecological scope 
of high-resolution dendrochronological records, 
particularly in high-mountain ecosystems where 
trees are scarce or absent (Sánchez-Calderón et al., 
2022; Portal-Cahuana et al., 2023; Andreu-Hayles et 
al., 2023). Mounting evidence from high-elevation 
studies demonstrates that climate exerts a dominant 
control on plant growth and distribution in highland 
ecosystems, especially at treeline and shrubline eco‑
tones. In these environments, low temperatures act as 
the primary limiting factor for woody plant growth at 
high elevations, where thermal thresholds constrain 
cambial activity, tissue formation, and reproductive 
success (Körner, 2012, 2021; Vieira et al., 2026). 
Consequently, even small variations in growing sea‑
son temperature can induce significant changes in ra‑
dial growth, wood anatomy, and shrub establishment 
patterns. Globally, shrub-based dendrochronological 

studies in Arctic and alpine regions have revealed 
strong climatic sensitivity such as high temperature, 
snow cover, and soil moisture, all of which exert a 
critical influence on cambial activity (Dobbert et al., 
2022; Magnússon et al., 2023; Opała-Owczarek et 
al., 2024). However, in the xeric and semi-xeric An‑
des, dendroclimatic and wood anatomical evidence 
for high-mountain shrubs remains critically scarce. 
This knowledge gap limits our ability to predict how 
these species regulate xylem formation and hydrau‑
lic function under extreme climatic events, thereby 
hindering a mechanistic understanding of Andean 
ecosystem resilience (Rodríguez-Morata et al., 2022; 
Guerra et al., 2025; Carabajo-Hidalgo et al., 2025).

In this context, the Peruvian altimontane shrub‑
lands (henceforth PAS) represent a model ecosystem 
for high-elevation tropical environments subjected 
to seasonal water stress. These ecosystems play a 
critical role in hydrological regulation and soil con‑
servation, acting as natural buffers that capture and 
gradually release water. Their pronounced climatic 
variability and steep environmental gradients pro‑
vide an ideal setting for examining plant hydraulic 
strategies and climatic sensitivity in tropical moun‑
tains (Suárez et al., 2023). They are characterized by 
cold and relatively dry conditions, with annual pre‑
cipitation ranging from 250 to 1100 mm and a pro‑
nounced seasonality (Aceituno & Garreaud, 2016). 
This function becomes particularly critical in xeric 
regions of the country affected by climate change and 
extreme events such as El Niño (Poveda et al., 2020; 
Gonzáles et al., 2024).

Among the emblematic taxa of the PAS, the genus 
Berberis L. (Berberidaceae) includes several relict en‑
demic species of the high Andean zones of Peru and 
Ecuador, often restricted to specific edaphoclimatic 
conditions (Ulloa et al., 2006, 2025). Multiple Berb-
eris species are currently categorized as vulnerable or 
endangered due to their isolated distribution, habi‑
tat fragmentation, and ongoing threats, emphasizing 
the need for targeted conservation actions (Sarikaya 
& Uzun, 2024). Within this genus, B. lutea Ruiz & 
Pav. offers a compelling model for dendroclimat‑
ic and eco-anatomical research. Anatomically, this 
multi-stemmed shrub produces well-defined annual 
growth rings delimited by bands of thick-walled fib‑
ers and marginal parenchyma, features that facilitate 
reliable cross-dating (Carlquist, 1995). Physiolog‑
ically, its xylem is characterized by small-diameter 
vessels and high vessel density, a hydraulic architec‑
ture associated with drought tolerance and cavitation 
resistance. These wood anatomical traits, combined 
with its xeromorphic leaves that terminate in thorns, 
enable B. lutea to maintain cambial activity under the 
cold, semi-xeric conditions of the high Andes. To‑
gether, these characteristics make it a highly suitable 
indicator species for reconstructing hydroclimatic 
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variability and assessing the anatomical imprint of 
extreme climatic events.

Despite the ecological significance of Andean 
shrublands and the recognized sensitivity of Berberis 
species to environmental gradients, integrative stud‑
ies combining dendrochronology, wood anatomical 
traits, and physiological responses to Super El Niño 
events are virtually absent. This gap is particularly 
significant given the increasing frequency and in‑
tensity of Super El Niño events and their profound 
impacts on Andean ecosystems. Understanding how 
xerophytic woody species respond to such extreme 
climatic pulses is essential for predicting ecosys‑
tem stability under future climate change scenarios 
(Groenendijk et al., 2025; Guerra et al., 2025). Ac‑
cordingly, the objectives of this study were to: (1) 
assess the response of B. lutea shrub-ring growth to 
evapotranspiration, monthly precipitation, and vari‑
ations in mean maximum temperature; (2) analyze 
the spatial influence of temperature, sea surface tem‑
perature, and precipitation; (3) determine the resist‑
ance, recovery, resilience, decline phase, and recov‑
ery phase of shrub-ring growth under the influence 
of Super El Niño events; and (4) evaluate the effects 
of these events on wood anatomical traits across 
study sites. We hypothesize that B. lutea will exhibit 
reduced radial growth and narrower conductive tis‑
sues during Super El Niño years due to intensified 
drought stress and higher evaporative demand (Me‑
deiros et al., 2025). Specifically, we expect smaller 
vessel areas but higher vessel frequency, indicating 
a shift toward hydraulic safety mechanisms. Follow‑
ing these events, we expect compensatory growth 
recovery and enhanced resilience, reflecting adaptive 
strategies that maintain functional stability under re‑
current climatic extremes.

Methods
Study site

This study was carried out in two PAS dominated 
by B. lutea: San Pedro de Saños (Department of Junín, 
11°56'47"S, 75°13'54.6"W; 3,786 m a.s.l.) and Singua 
Chico (Department of Lima, 12°08'11"S, 75°44'05"W; 
4,574 m a.s.l.; Fig. 1a). These sites were selected to 
capture contrasting microclimatic conditions along 
an altitudinal gradient, providing a suitable model 
for assessing the consistency of climate–growth re‑
lationships across different elevations. Both sites ex‑
perience temperate subalpine to cold xeric climates 
(Cwc, BWk; Peel et al., 2007), with high daily tem‑
perature oscillation, a cool dry season (late May to 
early August), and a wet cool season (early Septem‑
ber to late April; Fig. 1b). Mean annual temperature 
ranges from 10.3 to 11.3 °C and annual precipitation 

from 942 to 960 mm. Soils are predominantly Lepto‑
sol eutrophic–Cambisol eutrophic (LPe-CMe).

The vegetation in these zones is dominated by 
high Andean shrub thickets (e.g., Berberis spp., Bac-
charis spp., Chuquiraga spinosa Less., Minthostachys mol-
lis Griseb., Senecio pyrenophilus Cuatrec., and Colletia 
spinosissima J.F. Gmel.), and Andean grasses such as 
Calamagrostis macrophylla (Pilg.) Pilg., Stipa sp., Poa 
sp., Festuca sp., and Parastrephia sp. (Suárez et al., 
2023; Coaguila et al., 2025). The San Pedro de Saños 
shrubland is subject to moderate anthropogenic in‑
fluence (logging, grazing, and afforestation with Eu-
calyptus globulus Labill.) in its lower periphery. How‑
ever, these disturbances primarily affect herbaceous 
vegetation and shrub species other than B. lutea, and 
all sampled individuals were located in undisturbed 
patches away from direct human intervention. 

Study species

B. lutea (traditional named Ccarhuascassa) is an ev‑
ergreen Andean shrub well adapted to the semi-xeric 
conditions of the PAS. It is a multi-stemmed species, 
typically reaching 0.75 to 3 m in height (Fig. 1c). Its 
leaves terminate in thorns, a xeromorphic trait that 
reduces water loss and enables survival under the 
harsh climatic conditions characteristic of high-ele‑
vation environments. These physiological and ana‑
tomical adaptations, combined with its well-defined 
annual growth rings and marked responsiveness to 
climatic variability, make B. lutea a suitable indicator 
species for dendroclimatological studies in tropical 
alpine ecosystems.

Sample collection and chronology 
development

Dendrochronological samples were collected in 
two PAS dominated by B. lutea: 21 individuals from 
San Pedro de Saños, and 27 from Singua Chico. Two 
basal stem cross-sections were extracted from each 
shrub using a hand saw (Total®), approximately 
2–5 cm above ground level, considering the mul‑
ti-stemmed growth habit characteristic of the species 
(Oladi et al., 2017). In total, 42 and 54 cross-sections 
were obtained from San Pedro de Saños and Singua 
Chico, respectively. Individuals showing phytosani‑
tary damage or evident physical alterations associat‑
ed with fire, grazing, or logging were excluded. 

Cross-sections were air-dried at room tempera‑
ture for approximately one week and subsequently 
sanded with a progressive sequence of coarse grit 
sandpapers (120, 180, 220, 240, 320, 420, 600 and 
800 grit) until a polished surface allowed clear vis‑
ualization of annual growth rings (Fig.  1d1, 2; Or‑
vis & Grissino-Mayer, 2002). Shrub-ring dating was 
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Fig. 1. Study area and general characteristics of B. lutea. (a) Location map of the two study sites (San Pedro de Saños and 
Singua Chico) with annual mean temperature scale. (b) Climograms for (b1) San Pedro de Saños and (b2) Singua 
Chico. (c) B. lutea individuals in their natural habitat: (c1) San Pedro de Saños and (c2) Singua Chico; fruits and 
flowers are visible. (d) Growth rings: (d1) San Pedro de Saños and (d2) Singua Chico; (d3–d5) transverse anatomical 
sections at increasing magnifications: 40× (d3), 100× (d4), and 400× (d5)
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performed by assigning calendar years according 
to Schulman (1956) convention for the Southern 
Hemisphere. The ring widths were measured under 
a stereomicroscope (OMAX®) using MeasureJ2X 
software and a Velmex Measuring System (Velmex 
Inc., Bloomfield, NY, USA) with a precision of 0.001 
mm. Verification of false or missing rings, as well as 
cross-dating among individual series, was conduct‑
ed with the COFECHA software (Grissino-Mayer, 
2001), which calculates Pearson correlation coeffi‑
cients (r) in 30-year segments with a 15-year overlap 
and a 99% significance level (Holmes, 1983).

To obtain standard B. lutea Ring-Width Index 
(RWI) that preserves the high-frequency signal 
(Speer, 2010). We standardized the raw ring-width 
data by fitting an exponential curve for each individ‑
ual RWI series to remove autocorrelation and ontog‑
eny effects using the software R with the dplR pack‑
age (Bunn, 2008). The quality of the chronology was 
assessed using the expressed population signal (EPS 
>0.85; Briffa, 1990) as a measure of the total signal 
present in the chronology and the mean correlation 
coefficient (Rbar) among the RWIs (Wigley et al., 
1984).

Identification and delimitation of 
Super El Niño events in shrub-rings

Considering wood quality, series length, mean 
sensitivity (MS > 0.2; Speer, 2010), and correlation 
with the master chronology, we selected five trans‑
verse sections from each study site for quantitative 
wood anatomical analyses of B. lutea. From these dat‑
ed samples, we focused on the four years associated 
with Super El Niño events (1997/98 and 2015/16; 
Richter & Ise, 2005; Lyu et al., 2018), together with 
the two years preceding (1995/96 and 2013/14) and 
the two years following each event (1999/2000 and 
2017/18). This design provided six annual rings per 
event window for each sample, resulting in a total 
of 60 shrub rings per study site. The sample size is 
consistent with recent studies investigating shrub 
anatomical traits and plant water potential during 
extreme climatic events (five samples; Ganthaler & 
Mayr, 2021; Guerra et al., 2024).

Rather than capturing a single image represent‑
ing an entire section, the annual rings corresponding 
to each target year were individually digitized from 
the transverse sections using a Leica® microscope 
(DM1000) equipped with a Leica® camera (ICC50 
W) (Fig.  1d3-5). Although multiple annual rings 
were present within the same transverse section, 
each target ring was imaged separately to standard‑
ize the quantification of vessel and ray traits at the 
annual scale and to avoid anatomical variation that 
could confound comparisons among adjacent years. 

Each ring image encompassed approximately six 
wood rays, averaging 0.42 mm in width and 0.95 mm 
in length. The acquired images were stored in TIFF 
format at a resolution of 1.3 μm per pixel.

Climate-growth correlations

To identify the climate signal on B. lutea shrub-
rings, we assessed the influence of the monthly 
evapotranspiration, precipitation, and temperature 
(maximum, minimum and average) data for a com‑
mon period (1986-2022) obtained from the CHELSA 
database (http://chelsa-climate.org/; Karger et al., 
2021), the layer resolution was c. 1 km2; and SST 
3.4 (1986–2022) from the nearest Climatic Research 
Unit grid cell (CRU TS 4.0.6; https://climexp.knmi.
nl/). We analyzed the relationships between the B. 
lutea RWI and climatic variables using Pearson’s cor‑
relation coefficient (r) with the corrplot R package 
(Wei & Simko, 2010). To determine whether growth 
is influenced by specific climatic variations, the rela‑
tionships between climate and growth were exam‑
ined over a 24-month period, spanning from May to 
August (dry season) and from September to April 
(rainfall season), which may influence ring growth 
(Fritts, 1976). 

Spatial correlations of shrub growth 
variations

To assess the spatial correlations between the B. 
lutea shrub-ring time series and several climate var‑
iables (e.g., maximum and minimum temperature, 
precipitation, sea surface temperature, and vapour 
pressure), we used the KNMI Climate Explorer based 
on the CRU TS 4.06 dataset (spatial resolution: 0.5°; 
Trouet & Van, 2013). The climate data were extract‑
ed separately for each study area. Monthly windows 
were selected according to the local precipitation 
seasonality and the period of active shrub growth to 
better capture the effects of regional climatic oscilla‑
tions on shrub-ring variability.

Sensitivity of ring width to 
Super El Niño events

To determine the effects of Super El Niño events 
on the RWIs in each study area, we calculated three 
sensitivity indicators for each RWI: resistance (Rt; 
Eq. 1), recovery (Rc; Eq. 2), and resilience (Rs; Eq. 
3). Additionally, we assessed two phases of past 
shrub growth depression (SGD): decline phase 
(DecU; Eq. 4) and recovery phase (RecU; Eq. 5) (Mu 
et al., 2022), defined as follows:
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where Ring widtht is the annual ring width of B. lutea 
in year t, Ring widtht-2  and Ring widtht+2 correspond 
to the mean ring width of the two years preceding 
and following year t, respectively. Pre5 and Post5 
were calculated by averaged RWIs of five years be‑
fore and after a SGD, respectively, representing 
pre- and post-stress growth conditions. Min is the 
minimum RWI during a SGD; whereas Dt and Rt are 
the number of years covered by decline and recov‑
ery phases of a SGD (Mu et al., 2022). We calculated 
individual shrub-level indices and rate for selected 
years during the period 1995–2000 and 2013–2018. 
The differences in ring width among Super El Niño 
events and study areas were tested using two-way 
repeated-measures ANOVA with pairwise post-hoc 
comparisons. Statistical analyses were performed in 
R using the vegan package (Oksanen et al., 2019), 
whereas data visualization was conducted with gg‑
plot2 (Wickham et al., 2021).

Wood anatomical traits

Wood Anatomical: Four wood anatomical traits 
were analyzed from a sample of five B. lutea individ‑
uals, previously described for the identification and 
delimitation of Super El Niño events: (1) hydraulic 
diameter (DH), (2) vessel length (VL), (3) fiber lumen 
diameter (FLT), and (4) fiber total diameter (FWW) 
(Table 1; Fonti et al., 2025).

The selected rings were immediately fixed in a 
solution of formalin, acetic acid and ethanol (10:5:85) 

(McCracken & Johansen, 1940). Subsequently, they 
were washed with tape water and stored in a solution 
of glycerin and water (1:1) for 15 days for softening 
and subsequent preparation of cross-sections. Like‑
wise, duplicate samples of the selected rings were 
prepared by maceration through wood chips, to quan‑
tify the traits of the vessels and fibers. Cross-sections 
were obtained with a Leica® SM2010R microtome 
and rinsed in 20% NaClO solution. For dehydration, 
sections were immersed in a progressive series of 
ethanol solutions (20%, 50%, 70%, and 100%), with 
immersion lasting 5 minutes at each concentration. 
Staining was performed with 1% hydroalcoholic sa‑
franin for 5 minutes. Finally, sections were fixed in 
a 1:1 alcohol:acetate ratio for 5 minutes and perma‑
nently mounted on histological slides using synthet‑
ic resin.

For the preparation of the macerates, wood chips 
were placed in a 1:1 mixture of glacial acetic acid 
and hydrogen peroxide at 70 °C for 48 h (Franklin, 
1945). Subsequently, the chips were washed with 
distilled water. Finally, the chips were stained with 
1% hydroalcoholic safranin and semi-permanently 
mounted on histological slides using 50% glycerinat‑
ed water.

For the analysis of wood anatomical characteris‑
tics, high‑resolution images (1.3 μm per pixel) were 
obtained following the recommendations of the In‑
ternational Association of Wood Anatomists (IAWA 
Committee, 1989). A Leica® DM1000 optical mi‑
croscope coupled to a Leica® ICC50 W camera was 
used for image acquisition. Image processing and 
quantification of vessel and fiber characteristics were 
performed using ImageJ software (Media Cybernet‑
ics, Silver Spring, MD, USA).

Statistical differences in quantitative wood ana‑
tomical traits were assessed using a one‑way analysis 
of variance (ANOVA) followed by Tukey’s post‑hoc 
test, implemented in the R environment. Statistical 
analyses were carried out using base R functions 
and the vegan package (Oksanen et al., 2019), while 
graphical representations were generated with gg‑
plot2 (Wickham et al., 2021).

Table 1. Overview of functional traits, their acronyms, variable units, and ecophysiological function

Trait type Functional traits Acronym Variable unit Ecophysiological function
Wood anatomical Hydraulic diameter DH μm Optimizing water transport efficiency and ensuring hydraulic 

safety in plants (Fonti et al., 2025).
Vessel length VL μm Associated with acclimatization and optimizing xylem function‑

ality to survive in adverse conditions (Fonti et al., 2025).
Fiber lumen diameter FLT μm It balances water conduction and the mechanical strength of the 

wood (Fonti et al., 2025).
Fiber total diameter FWW μm It is associated with the mechanical strength and flexibility of 

wood (Fonti et al., 2025).
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Effect of climate on wood anatomical 
traits

A model-based fourth-corner analysis was em‑
ployed to examine correlations between wood ana‑
tomical traits and climatic conditions during Super 
El Niño and non-Super El Niño years. This approach 
addresses the fourth-corner problem by analyzing re‑
lationships among three matrices: (1) species occur‑
rence across geographical sites, (2) species × traits, 
and (3) sites classified by Super El Niño and non- 
Super El Niño years, to estimate trait–hydric stress 
associations (Borcard et al., 2011). We followed the 
framework of Warton et al. (2015), implemented in 
the R package mvabund (Wang et al., 2012). This 
method involves fitting a Generalized Linear Model 

(GLM) with climatic variables as predictors and their 
interactions with functional traits. To improve model 
fit, we used a Poisson distribution for errors and ap‑
plied LASSO penalization using the mvabund pack‑
age (Wang et al., 2012). The model was evaluated 
using diagnostic plots to assess its accuracy. All anal‑
yses were conducted using the fourth-corner func‑
tion in the R package ade4 (Dray & Dufour, 2007).

Results
Shrub-ring width chronology

This study demonstrates the first ring-width 
chronologies of Berberis lutea from the PAS of San 

Fig. 2. Shrub-ring width chronologies of B. lutea for: San Pedro de Saños (a) and Singua Chico (b). Arrows represent spe‑
cific Super El Niño events (1997–1998 and 2015–2016)
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Pedro de Saños and Singua Chico, covering 37 years 
(1986–2022) and 52 years (1971–2022), respec‑
tively. B. lutea exhibited distinctive annual growth 
rings, characterized by vessel elements arranged in a 
semi-ring-porous pattern, delimited by a line of large 
vessels at the beginning of early wood, and with ax‑
ial and radial parenchyma distributed in bands sur‑
rounding the vessels (Fig. 1d).

Standard dendrochronological statistics con‑
firmed the reliability of the shrub-ring chronology 
analysis (Fig.  2; Table  2). Interseries correlations 
were consistently high in both sites, with values ≥ 
0.64 (Table 2). The mean sensitivity (MS) revealed 
a pronounced year-to-year variability (MS ≥ 0.43; 
Table 2). The expressed population signal (EPS) ex‑
ceeded the commonly accepted threshold of 0.85 in 
both chronologies (EPS ≥ 0.88; Table  2). Likewise, 
the mean interseries correlation (Rbar) was high‑
er than 0.50 (Table 2), indicating strong coherence 
among individuals and a robust common signal with‑
in the chronology.

Climatic correlations on shrub-ring 
width

Pearson’s correlation analysis between the RWI 
of B. lutea and local climatic variables for the peri‑
od 1986–2022 revealed significant contrasts between 
the two study sites, with distinct responses to cli‑
matic drivers across previous and current growth 
years (Fig. 3).

In San Pedro de Saños, maximum temperature 
(Tmax) was positively correlated with radial growth 
during both the previous rainfall season (Novem‑
ber–December; r  =  0.431–0.417) and the current 
growing year (November–December; r  =  0.434–
0.407), with an additional positive association in 

February (r  =  0.372). Similarly, in Singua Chico, 
Tmax showed consistent positive correlations with 
growth during the previous growth cycle, particularly 
in June (r = 0.372), September (r = 0.347), January 
(r = 0.441), and April (r = 0.326) (Fig. 3a).

Regarding minimum temperature (Tmin), San 
Pedro de Saños exhibited a significant negative 
correlation during October of the previous year 
(r  =  −0.335), which became even stronger in Oc‑
tober of the current year (r = −0.443). In contrast, 
Singua Chico showed positive Tmin growth relation‑
ships mainly during the previous dry season (June; 
r = 0.373) and the preceding rainfall season, particu‑
larly in September–October (r = 0.355–0.415), with 
another positive signal in April (r = 0.325) (Fig. 3b).

For precipitation, San Pedro de Saños showed 
a significant positive correlation during the previ‑
ous rainfall season, specifically in April (r = 0.326). 
However, negative correlations dominated the cur‑
rent growth period, especially during the dry season 
(June: r = −0.455; August: r = −0.345) and again in 
the rainfall season (November: r = −0.451). In Sin‑
gua Chico, positive precipitation growth correlations 
were detected during both the previous dry season 
(July: r  =  0.372) and the previous rainfall season 
(October: r = 0.356). A similar pattern was observed 
during the current growth year, with significant pos‑
itive correlations in July (r  =  0.327) and October 
(r = 0.349) (Fig. 3c).

Evapotranspiration (EvT) in San Pedro de Saños 
was positively associated with growth across most 
months of both the previous and current growth pe‑
riods. During the previous dry season, positive corre‑
lations extended from August to October (r = 0.386–
0.495), while during the previous rainfall season they 
intensified from November to February (r = 0.506–
0.643). A comparable trend was observed during the 
current year, with positive correlations during the 
dry season (July–September; r  =  0.337–0.424) and 
the rainfall season (October–February; r  =  0.539–
0.628). By contrast, Singua Chico displayed negative 
EvT growth correlations during the previous rainfall 
season (February: r = −0.347) and the current rain‑
fall season (April: r = −0.461) (Fig. 3d).

Finally, in San Pedro de Saños, sea surface tem‑
perature anomalies in the Niño 3.4 region (SST 3.4) 
were positively related to growth during the previous 
year only in May (r = 0.479). In the current growth 
period, however, positive correlations were observed 
across most months, spanning from the dry season 
(June–July; r = 0.462–0.405) through the rainfall sea‑
son (November–May; r = 0.331–0.329). In contrast, 
Singua Chico showed strong and persistent positive 
correlations throughout all months of the previous 
growth cycle (June to May), with coefficients ranging 
from r = 0.331 to 0.530 (Fig. 3e).

Table 2. Statistical analysis of the reference chronologies of 
Berberis lutea in peruvian altimontane shrublands

Statistics San Pedro 
de Saños Singua Chico

Number of individuals 
analyzed (series)a

21 (42) 27 (54)

Time span (years)a 1986–2022 (37) 1971–2022 (52)
Mean ring width
(mm/year)b

0.52 0.54

Mean series 
intercorrelation coefficienta

0.73 0.64

Average mean sensitivitya 0.45 0.43
Mean EPSb 0.88* 0.93*
Mean Rbar

b 0.56 0.51

a Values obtained using the COFECHA program (Holmes 1983)
b Values obtained from the standard chronology with the R-studio 

program using the dplR package (Bunn 2008).
* The EPS (expressed population signal) must present a value 

≥0.85, which is an appropriate cutoff point; in this case, it is 
above the value.
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Spatial correlations on shrub growth

The spatial correlations with different climatic 
parameters (i.e., maximum and minimum temper‑
ature, precipitation, sea surface temperature, and 
vapour pressure) exhibited that the strongest posi‑
tive and negative correlations were related to maxi‑
mum and minimum temperature, precipitation, sea 
surface temperature, and vapour pressure between 
study sites (Fig.  4). Positive correlations exhibited 
gradual changes throughout the chronologies. The 

spatial field correlation between Tmax and Singua 
Chico chronology (from January to April) covered 
a larger area in Singua Chico chronology stretching 
to central Peru (r = 0.4, p < 0.05; Fig. 4a), whereas 
the San Pedro de Saños chronology (from October to 
November) covered a smaller area (r = 0.2, p < 0.05; 
Fig. 4b). Likewise, Singua Chico chronology showed 
a strong correlation (r = 0.5, p < 0.05; Fig. 4c) with 
Tmin; but differing in San Pedro de Saños chronol‑
ogy exhibiting a negative correlation (r  =  −0.2, 
p < 0.05) from June to July; Fig. 4d). Notably, both 

Fig. 3. Pearson correlation coefficients (r) between B. lutea ring-width index (RWI) chronologies and climatic variables, 
including mean maximum temperature (a), mean minimum temperature (b), monthly precipitation (c), evapotranspi‑
ration (d), and Niño 3.4 sea surface temperature (SST) (e), over the common period 1986–2022 (n = 37; two-tailed 
critical r = 0.325) for each study site. Horizontal dashed lines denote the significance level (p < 0.05)
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site chronologies were positively associated with 
SST variability. In Singua Chico, the relationship was 
significant in January (r = 0.500, p < 0.05; Fig. 4e), 
whereas in San Pedro de Saños significant positive 
correlations extended from June to July (r = 0.500, 
p < 0.05; Fig. 4f). Although the two species showed 
significant negative correlations with Prec (r = −0.2, 
p < 0.05; Fig. 4g, h), Singua Chico chronology was 
linked from February to March, whereas San Pedro 
de Saños chronology was related from June to July. 
Last, Singua Chico chronology showed a positive cor‑
relation with vapour pressure from January to April 
(r = 0.5; p < 0.05; Fig. 4i) and negative correlation 
in December for San Pedro de Saños chronology 
(r = −0.3; p < 0.05; Fig. 4j).

Ring-width sensitivity to Super El Niño 
events

The Super El Niño event had a clear impact on 
the radial growth sensitivity of B. lutea at both study 
sites. The high values of resistance, recovery, and re‑
silience, together with positive decline phase and var‑
iable recovery phase values, indicate that the species 
exhibits a strong capacity to tolerate severe drought 
conditions and to re-establish growth following dis‑
turbance (Fig. 5).

In San Pedro de Saños, resistance (Rt) values 
ranged from 0.239 to 2.702 (1.054 ± 0.600; mean ± 
SD), whereas in Singua Chico, they varied from 0.262 
to 2.812 (mean = 0.953 ± 0.569). These results re‑
flect a notable stability of radial growth during the 
stress period, particularly in populations located at 
intermediate elevations (Fig. 5a). Recovery (Rc) also 
showed distinct patterns between PAS. In San Pe‑
dro de Saños, mean Rc values (1.270 ± 0.763) were 
higher than those observed in Singua Chico (0.833 
± 0.398), suggesting a more efficient compensato‑
ry response following the initial growth reduction 
(Fig. 5b). Similarly, resilience (Rs) was high at both 
sites (San Pedro de Saños = 1.205 ± 0.842; Singua 
Chico = 0.767 ± 0.625), indicating that individuals 
were able to restore or even exceed their pre-event 
growth rates (Fig. 5c).

The decline phase in growth (DecU) exhibited 
low but positive values in both sites (San Pedro de 
Saños  =  0.110 ± 0.132; Singua Chico  =  0.160 ± 
0.133), suggesting a moderate reduction in growth 
immediately after the climatic anomaly, followed by 
gradual recovery (Fig.  5d). In contrast, the recov‑
ery phase (RecU) displayed variation: in San Pedro 
de Saños, mean values were negative (−0.0003 ± 
0.050), reflecting greater resilience and potential 
ecological memory to stress; whereas in Singua 
Chico, positive values (0.035 ± 0.077) indicated a 
slower recovery after disturbance (Fig. 5e).

Fig. 4. Significant spatial correlation (p < 0.05) between 
B. lutea RWI chronologies and climatic variables: sig‑
nificant relationships were found for maximum tem‑
perature in January-April (Singua Chico; a) and Octo‑
ber-November (San Pedro de Saños; b); for minimum 
temperature in January-April (Singua Chico; c) and 
June-July (San Pedro de Saños; d); for sea surface 
temperature (SST) in January (Singua Chico; e) and 
June-July (San Pedro de Saños; f); for precipitation in 
February-March (Singua Chico; g) and June-July (San 
Pedro de Saños; h); for vapor pressure in January-April 
(Singua Chico; i) and December (San Pedro de Saños; 
j). Climate data were extracted from KNMI Climate Ex‑
plorer (CRU TS 4.06 dataset, spatial resolution in 0.5° 
bins; https://climexp.knmi.nl/; Trouet & Van, 2013)
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Wood anatomical traits variation

When related specific wood anatomical (DH and 
VL) values for Non-Super El Niño events were signif‑
icantgly higher (DH, from14 to 23 μm; and VL, from 
200 to 400 μm) in both study forests (Fig.  6a, b), 
whereas during Super El Niños events, the DH and VL 
displayed narrow values (DH, from ≈ 5 to 7 μm; and 
VL, from 150 to 300 μm respectively) (Fig.  6a, b). 
Notwitstanding, during Non-Super El Niño events, 
the fiber total diameter (FWW) exhibited significant 

differences between study sites, San Pedro de Saños 
showed high FWW values (from ≈21 to 27 μm), where‑
as Singua Chico demonstrated narrower FWW values 
(from ≈15 to 18 μm; Fig. 6c), whereas during Super 
El Niño events, the FWW showed high values in both 
study sites (from 28 to 35 μm; Fig. 6c). Finally, no 
clear trait variations were observed regarding fib‑
er lumen diameter (FLT) during Non-Super El Niño 
events, and Super El Niño events between study sites 
(Fig. 6d).

Fig. 5. Jitter-plots overlapping box-plots showing the rang‑
es of variation of the RWI: for the resistance index (Rt; 
a), recovery index (Rc; b), resilience index (Rs; c), de‑
cline phase (DecU; d), and recovery phase (RecU; e) 
for each study site. Box-plots with different letters are 
significantly different, as demonstrated with a post-hoc 
Tukey test (p < 0.05)
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Effect of climate on wood anatomical 
traits

For the fourth-corner analyses utilizing the cli‑
matic factors, 689 correlations significantly differed 

from zero, with an inertia of the overall model of 
9567 (p  <  0.001). In San Pedro de Saños most B. 
lutea wood traits and Super El Niño years were signif‑
icantly correlated with at least one other trait; DH, VL 
and FWW were negatively correlated during Super El 
Niño years (i.e., 1997, 1998, 2015 and 2016), where‑
as during Non-Super El Niño years (i.e., 1995, 1996, 
1999, 2000, 2013, 2014, 2017, and 2018) both posi‑
tive and negative but low correlations were observed 
(Fig. 7a).

Notwithstanding, Singua Chico displayed high 
negative correlation during Super El Niño years 
among wood traits (DH, VL, FLT and FWW) (−0.05, 
Fig. 7b). Nonetheless, FLT demonstrated positive cor‑
relation during a Non-Super El Niño year (1995).

Fig. 7. Results of the fourth‑corner analysis. Significant cor‑
relations between wood anatomical traits and (a) San 
Pedro de Saños and (b) Singua Chico during Super El 
Niño and Non‑Super El Niño years. Coloured squares 
indicate significant correlations (p < 0.05). Darker col‑
ours represent stronger correlations (positive in red, 
negative in blue). Wood anatomical traits: hydraulic 
diameter (DH), vessel length (VL), fiber lumen diameter 
(FLT) fiber total diameter (FWW)

Fig. 6. Jitter-plots overlapping box-plots showing the ranges of wood anatomical trait variation for each study site among 
Non-Super El Niño events and Super El Niño events. Hydraulic diameter (DH; a), vessel length (VL; b); fiber total 
diameter (FWW; c) and fiber lumen diameter (FLT; d). Box-plots with different letters are significantly different, as 
demonstrated with a post-hoc Tukey test (p < 0.05)
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Discussion
Shrub-ring width chronology

Berberis lutea exhibited well-defined annual growth 
rings characterized by vessel elements arranged in a 
semi-ring-porous pattern. These anatomical traits 
are consistent with those reported for other Berberis 
species, including B. lyceum Royle (Sahney & Tripathi, 
2020), B. moranensis Schult. & Schult. f. (Ruiz-Valen‑
cia et al., 2022), and Berberis spp. (Carlquist, 1995), 
highlighting the structural uniformity and ecological 
adaptability of the genus.

Standard dendrochronological statistics indicate 
that the B. lutea chronologies are robust and ecolog‑
ically meaningful, suggesting that radial growth is 
primarily modulated by interannual climatic varia‑
bility. High mean sensitivity, together with elevated 
expressed population signal (EPS > 0.85) and mean 
inter-series correlation (Rbar), points to a coherent 
population-level response and a well-resolved com‑
mon signal, while reducing the influence of individ‑
ual growth variability. Comparable levels of signal 
strength have been reported for other high-elevation 
Andean shrub species, supporting the potential of 
woody shrubs as climate proxies in mountain envi‑
ronments (Hadad et al., 2022; Rodríguez-Morata et 
al., 2022; Melián et al., 2024; Guerra et al., 2025). 
Overall, these findings suggest that shrub-based 
chronologies can contribute meaningfully to assess‑
ments of climate–growth relationships in climatically 
sensitive ecosystems.

Climatic signal on shrub-rings

Radial growth of Berberis lutea showed clear 
site-specific climatic sensitivity, reinforcing the 
idea that shrub-ring formation in the tropical An‑
des is controlled by local thermal thresholds, mois‑
ture balance, and lagged physiological responses 
(Rodríguez-Morata et al., 2022; Portal-Cahuana et 
al., 2023; Guerra et al., 2025). The contrasting sig‑
nals between San Pedro de Saños and Singua Chico 
likely reflect differences in microsite water availabili‑
ty, topographic exposure, cloud cover, and the degree 
of thermal limitation.

At San Pedro de Saños, the positive relationship 
between Tmax and growth during the previous and 
current rainfall seasons suggests that temperature 
acts as a growth-limiting factor, particularly when 
soil moisture is adequate (Ganthaler & Mayr, 2021; 
Rodriguez-Caton et al., 2021). Under these condi‑
tions, warmer temperatures may enhance cambial 
activity, carbon assimilation, and cell maturation, 
supporting the temperature-threshold hypothesis 
widely reported for high-elevation Andean vegetation 
(Macek et al., 2009; García-Plazaola et al., 2015). In 

Singua Chico, the positive Tmax signal during the 
previous growth cycle points to a carry-over effect, 
where warmer conditions may increase non-struc‑
tural carbohydrate storage that later supports ring 
formation (Opała-Owczarek et al., 2024; Caraba‑
jo-Hidalgo et al., 2025). The Tmin response further 
supports this mechanism. Negative correlations in 
October at San Pedro de Saños likely indicate that 
abrupt nocturnal cooling during the dry-to-rainfall 
transition constrains cambial reactivation cambium 
(Hoch & Körner, 2005; Azócar et al., 2007; Cara‑
bajo-Hidalgo et al., 2025). By contrast, the broadly 
positive Tmin signal in Singua Chico suggests that 
warmer nights reduce cold limitation and favor xy‑
lem differentiation and sustained metabolic activity, 
which are highly temperature-sensitive processes 
in high-Andean woody plants (Jandova & Dolezal, 
2025; Dusenge et al., 2025).

A particularly counterintuitive result emerged 
at San Pedro de Saños, where precipitation corre‑
lated negatively with radial growth during the cur‑
rent growing season, most notably in November 
(r  =  −0.451), which marks the onset of the rainy 
season. While water availability is typically limiting 
in semi-xeric ecosystems, this negative relationship 
can be explained by site-specific microclimatic and 
vegetation characteristics. San Pedro de Saños, locat‑
ed at 3,786 m a.s.l., is influenced by a higher density 
of tree species in its lower periphery, particularly Al-
nus acuminata Kunth and Escallonia spp. These species 
are typically associated with riparian zones and are‑
as of higher soil moisture, and their presence con‑
tributes to greater local humidity and more frequent 
cloud immersion compared to the drier Singua Chico 
site. During the rainy season, increased cloud cover 
substantially reduces incoming solar radiation, lim‑
iting photosynthetic carbon gain despite abundant 
soil moisture a phenomenon widely documented in 
tropical montane cloud forests (Graham et al., 2003; 
Bruijnzeel et al., 2011; Wilson & Jetz, 2016). This 
“cloud-growth” effect is further supported by recent 
reviews demonstrating that persistent cloudiness re‑
duces both photosynthetically active radiation and 
leaf temperatures, thereby suppressing net carbon 
assimilation and cambial activity (Hughes et al., 
2024; Dusenge et al., 2025). In addition, high rainfall 
intensity during November may lead to transient soil 
waterlogging and oxygen deprivation in the rhizos‑
phere, further constraining root respiration and nu‑
trient uptake (Bruijnzeel & Veneklaas, 1998; Caraba‑
jo-Hidalgo et al., 2023). The negative precipitation 
signal observed in June and August further supports 
this interpretation, as these months coincide with 
the dry season in the Peruvian Andes; however, at 
San Pedro de Saños, the presence of cloud immersion 
sustained by local tree cover and topographic posi‑
tion may maintain high humidity and reduce solar 
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radiation even during months of low rainfall, damp‑
ening growth despite otherwise favorable tempera‑
tures. Together, these mechanisms provide a robust 
biological explanation for the seemingly paradoxical 
negative correlation between precipitation and radial 
growth at this site.

In contrast, Singua Chico displayed positive pre‑
cipitation–growth correlations during both the previ‑
ous and current growing seasons, consistent with the 
expectation that soil moisture availability is the pri‑
mary growth-limiting factor in this drier, higher-ele‑
vation site (4,574 m a.s.l.). The absence of dense tree 
cover and the lower humidity at Singua Chico reduce 
the likelihood of cloud-induced growth suppression, 
allowing precipitation to directly enhance cambial 
activity and ring formation.

EvT signals reveal a shift in climatic constraint 
between sites: from water supply to atmospheric 
demand. At San Pedro de Saños, positive EvT cor‑
relations indicate that higher EvT reflects energeti‑
cally favorable conditions, not drought stress, likely 
because soil moisture remains sufficient (Ganthaler 
& Mayr, 2021; Pumijumnong et al., 2023; Magnús‑
son et al., 2023). In contrast, negative EvT correla‑
tions at Singua Chico point to hydraulic limitation, 
where increased atmospheric demand reduces turgor 
and constrains radial growth (Dobbert et al., 2022; 
Mosquera et al., 2024; De Moura et al., 2025). This 
contrast supports that evapotranspiration‑driven hy‑
draulic stress is more locally mediated than tempera‑
ture limitation in tropical mountain shrubs.

Finally, the strong positive SST 3.4 signal, espe‑
cially the persistent response in Singua Chico, high‑
lights the importance of ENSO-driven hydroclimatic 
forcing. Warm Pacific anomalies likely modulate lo‑
cal temperature and seasonal moisture timing, pro‑
ducing lagged effects on carbohydrate accumulation, 
cambial priming, and subsequent growth (Pumijum‑
nong et al., 2023). Similar ENSO-growth linkages 
have been documented in other high-Andean woody 
species, where ocean–atmosphere variability strongly 
regulates radial increment through both thermal and 
hydraulic pathways (Crispín-DelaCruz et al., 2022; 
Morales et al., 2023; Guerra et al., 2025).

Sensitivity of ring widths to 
Super El Niño

Although the influence of El Niño oscillations on 
ring-width variability in some high-Andean species is 
well established (Crispín-DelaCruz et al., 2022; Mo‑
rales et al., 2023; Guerra et al., 2025), the anatomical 
and functional acclimation of xerophytic shrubs to 
extreme events such as Super El Niño remains in‑
completely resolved (Sánchez-Calderón et al., 2022; 
Groenendijk et al., 2025). Our results show that 

B. lutea exhibits coordinated changes in Rt, Rc, Rs, 
DecU and RecU, indicating that the impacts of Su‑
per El Niño extend beyond reduced radial growth 
and involve functional adjustments linked to stress 
tolerance and recovery. The high growth sensitivity 
of B. lutea, combined with rapid post-disturbance 
Rc, is consistent with Rt–Rc trade-offs recorded for 
woody xeric species (Venegas-González et al., 2022; 
Rodríguez-Ramírez et al., 2022, 2024), likely medi‑
ated in B. lutea by wood anatomical adjustments that 
enhance hydraulic efficiency and reduce functional 
costs under high climatic variability.

During Super El Niño events, B. lutea exhibit‑
ed reduced Rt but relatively high post-stress Rc, a 
pattern comparable to that reported for Austrocedrus 
chilensis (D. Don) Pic. Serm. & Bizzarri, Nothofagus 
macrocarpa (A. DC.) F.M. Vázquez & R.A. Rodr., Cryp-
tocarya alba (Molina) Looser, and Persea lingue (Ruiz & 
Pav.) Nees (De Andrés et al., 2025; Gipoulou-Zúñiga 
et al., 2025). This response suggests that extreme cli‑
matic stress may temporarily constrain radial growth 
while allowing compensatory mechanisms (such as 
reserve reallocation, shifts in biomass allocation, or 
wood anatomical adjustments) to promote post-dis‑
turbance Rc, with outcomes strongly conditioned by 
species-specific traits and local environmental fac‑
tors (Azócar et al., 2007; Guerra et al., 2024; Car‑
abajo-Hidalgo et al., 2025). Consistent with this 
interpretation, higher Rs at San Pedro de Saños in‑
dicates a more effective re-establishment of growth 
following Super El Niño events, whereas lower Rs 
at Singua Chico may be associated with site-specific 
growth dynamics and the cumulative effects of re‑
current ENSO-related stress (Rodriguez-Caton et al., 
2021; Guerra et al., 2025; Zuidema et al., 2025).

Decline values (DecU  =  0.110 in San Pedro de 
Saños; 0.160 in Singua Chico) indicate that B. lutea 
experiences a moderate reduction in post–Super El 
Niño radial growth, consistent with legacy physiolog‑
ical effects associated with combined thermal and hy‑
dric stress. This pattern may be linked to constraints 
on stomatal conductance, osmotic adjustment, and 
incomplete replenishment of non-structural carbo‑
hydrate reserves, ultimately delaying cambial reac‑
tivation under extreme conditions (Mu et al., 2022; 
Medeiros et al., 2025; Carabajo-Hidalgo et al., 2025). 
Comparable responses have been reported for Quer-
cus robur L., Carya palmeri W.E. Manning, and Carya 
myristiciformis (F. Michx.) Nutt. exposed to prolonged 
droughts and thermal anomalies, highlighting the 
role of ecological memory in shaping post-stress 
growth dynamics (Gagen et al., 2019; Rodríguez-
Ramírez et al., 2024). In this context, the near-null 
recovery observed in San Pedro de Saños (RecU ≈ 0) 
contrasts with the slightly positive recovery record‑
ed in Singua Chico, potentially reflecting site-specific 
differences in pre-event water status, carbon storage 
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capacity, and early xylogenesis (phloem and/or xy‑
lem reactivation) (Hoch & Körner, 2005; Azócar et 
al., 2007; Jandova & Dolezal, 2025). Such variability 
in post-disturbance recovery is consistent with ob‑
servations in other xeric woody species, where the 
timing and magnitude of growth resumption are 
tightly regulated by early-season water availability, 
cambial reactivation dynamics, and local microcli‑
matic conditions (Gagen et al., 2019; Opała-Owcza‑
rek et al., 2024; Groenendijk et al., 2025; Zuidema et 
al., 2025).

Effects of Super El Niño events on wood 
anatomical traits

The wood anatomical traits correlated with Su‑
per El Niño events were key to understanding spe‑
cies-level responses by relating trait variations dur‑
ing Non-Super El Niño and Super El Niño events. 
We found links between specific traits and climate 
oscillations that could influence cambial initial cell 
length, reproduction, and survival. Past and cur‑
rent climatic variations could explain the observed 
individual correlations (Fig.  7). Many correlations 
between traits and Non-Super El Niño and Super 
El Niño events support generally accepted patterns, 
such as specific wood anatomical traits (DH, VL, FWW, 
and FLT) demonstrating a negative correlation with 
Super El Niño events. 

These anatomical adjustments are mechanistical‑
ly linked to the resilience indices calculated for B. lu-
tea. Specifically, the reduction in vessel diameter (DH) 
and vessel length (VL) during Super El Niño events 
enhances hydraulic safety by minimizing the risk of 
cavitation under drought stress, which in turn sup‑
ports higher resistance (Rt) by preventing complete 
hydraulic failure. The observed negative correlation 
of fiber wall width (FWW) further indicates a shift 
toward stronger, more stress‑tolerant xylem. After 
the extreme event ends, the ability to recover (Rc) 
is facilitated by the same anatomical traits: smaller 
vessels allow faster re‑establishment of hydraulic 
conductivity with less carbon investment, which is 
consistent with the high Rc values recorded at both 
sites. Likewise, the moderate decline (DecU) and 
positive recovery (RecU) are directly explained by 
the plasticity of these wood anatomical traits, which 
enable B. lutea to balance hydraulic efficiency and 
safety under recurrent El Niño conditions. Thus, the 
resilience indices do not merely reflect radial growth 
dynamics; they are underpinned by quantifiable an‑
atomical shifts that confer ecological memory and 
stress tolerance.

The study by Guerra et al. (2024) establishes a 
clear reference point for identifying climatic factors 
related to wood anatomical traits in Andean puna 

species. Their findings demonstrate significant cor‑
relations between traits such as vessel diameter (DH) 
and vessel length (VL) with climatic variables, par‑
ticularly mean maximum temperature. This linkage 
supports using these wood anatomical traits as pre‑
dictive markers for species’ preferred habitats and 
potential responses to climate change. The strong 
trait-climate correlations highlight how slight cli‑
matic shifts could influence the ecological distribu‑
tion and survival of these species in their high-alti‑
tude environments (Gipoulou-Zúñiga et al., 2025; 
Medeiros et al., 2025; Vieira et al., 2026).

The different ecological behaviors of wood an‑
atomical traits are essential for ecological mode‑
ling. To better understand PAS, we need to develop 
broadly applicable methodologies that consider den‑
drometric, dendro-xylogenesis, and leaf vein traits. 
Some shrub species may develop enhanced resprout‑
ing abilities or clonal growth strategies to cope with 
more frequent disturbances, such as wildfires or 
droughts (Pratt et al., 2014; Gonzáles et al., 2024).

Revealing the relationships between traits and 
Super El Niño events in Berberis species will enhance 
our ability to predict the consequences of climate 
change. It is also important to consider that the spec‑
ificity of shrub species in PAS, or conversely their re‑
silience to extreme climatic events, serves as an eco‑
logical proxy for the probability of local extinction in 
these ecosystems (Sarikaya & Uzun, 2024; Ulloa et 
al., 2025; Vieira et al., 2026). Under- standing these 
relationships will also help us refine our predictions 
of the effects of ENSO events in xeric landscapes.

Conclusions

This study provides the first shrub‑ring chronol‑
ogies of B. lutea in the Peruvian altimontane shrub‑
lands, confirming its value as a reliable dendroeco‑
logical proxy for high‑elevation ecosystems with 
limited tree cover. Radial growth was mainly driven 
by temperature, evapotranspiration, and ENSO‑re‑
lated SST 3.4 variability, while precipitation played a 
more site‑specific and seasonally restricted role. The 
contrasting responses between San Pedro de Saños 
and Singua Chico highlight the importance of local 
thermal and moisture conditions, as well as lagged 
climatic effects, in shaping shrub growth dynamics. 
The complexity of the precipitation–growth relation‑
ship in these altimontane ecosystems is reflected in 
the fact that, even in xeric sites, moisture is not al‑
ways the primary driver, as evidenced by the nega‑
tive correlation found at San Pedro de Saños. Despite 
the strong anomalies associated with Super El Niño 
events, B. lutea showed moderate resistance and rap‑
id recovery, supported by reductions in vessel diam‑
eter that reflect a hydraulically safer strategy under 
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extreme stress. This anatomical plasticity may confer 
a survival advantage in a future with more frequent 
and intense Super El Niño events; however, scenarios 
of recurrent stress could exceed its recovery capacity. 
Overall, these findings position B. lutea as a sensi‑
tive climate archive and as a useful bioindicator for 
long‑term monitoring of Andean ecosystem stability 
under global climate change, especially in the face of 
increasing extreme ENSO variability in high‑eleva‑
tion xeric ecosystems.
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