atmosphere

Article

Influence of Climate and Solar Variability on Growth Rings of
Araucaria angustifolia in Trés Barras National Forest (Brazil)

Daniela Oliveira Silva Muraja

and Cecilia Leite Lemes

check for
updates
Academic Editors: Gianni Bellocchi

and Ioannis Charalampopoulos

Received: 28 January 2025
Revised: 11 February 2025
Accepted: 24 February 2025
Published: 27 February 2025

Citation: Muraja, D.O.S.; Klausner,
V.; Prestes, A.; da Silva, A.C.; Lemes,
C.L. Influence of Climate and Solar
Variability on Growth Rings of
Araucaria angustifolia in Trés Barras
National Forest (Brazil). Atmosphere
2025, 16, 287. https://doi.org/
10.3390/atmos16030287

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Virginia Klausner *¥, Alan Prestes */, Aline Concei¢do da Silva

Laboratério de Registros Naturais, Instituto de Pesquisa e Desenvolvimento, Universidade do Vale do Paraiba,
Sédo José dos Campos 12244-390, SP, Brazil; prestes@univap.br (A.P.);
* Correspondence: virginia@univap.br

Abstract: This research applies continuous wavelet analysis and seasonal correlation anal-
ysis to tree-ring data from Trés Barras National Forest (FLONA Trés Barras), revealing
diverse influences on growth, including climate, solar activity, and external factors. The
methodology involved tree-ring collection and subsequent wavelet and seasonal analy-
ses to unveil the non-stationary characteristics of and multifaceted influences on growth.
Key findings include the subtle effects of El Nifio events on tree-ring development, the
sensitivity of Araucaria angustifolia to temperature changes, the significant influence of
precipitation during drought periods, and the intricate relationship between tree growth
and solar cycles. The El Nifio-Southern Oscillation (ENSO) emerges as a primary climatic
driver during specific intervals, with external factors (precipitation, temperature, and solar
cycle-solar irradiance) influencing tree response between 1936 and 1989. Additionally, the
seasonal correlation analysis highlighted the importance of sub-annual climate variability,
capturing specific intervals, such as a 3-month season ending in March of the previous
year, that significantly impacted tree-ring growth. The study underscores the importance
of protecting the endangered Araucaria angustifolia for climatic studies and local commu-
nities. Historically, in Brazil, Araucaria angustifolia seeds played a vital role in sustaining
indigenous populations, which in turn helped to disperse and propagate forests, creating
anthropogenic landscapes that highlight the interconnected relationship between humans
and the preservation of these forests.

Keywords: dendrochronology; Araucaria angustifolia; FLONA Trés Barras (Brazil); wavelet;
natural records; El Nifio

1. Introduction

To better understand, analyze, and predict the Earth’s climate, it is crucial to com-
prehend the following three main factors: (1) the amount of solar energy received by
the climate system; (2) how this energy is absorbed and distributed on Earth’s surface;
and (3) the interaction processes between different components of the climate system [1].
Additionally, past climate studies are essential for identifying events that are part of a
region’s climatic cycle and those that are unusual, raising awareness of global warming
and climate change [2]. Paleoclimatic information can be obtained from ice cores, corals,
and tree growth rings and can be used to analyze variations within periods spanning from
seasons to centuries. These studies also contribute to predicting future climate, improving
forecasts, and validating models [3-8].
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Dendrochronology has been widely employed to investigate the relationship be-
tween the Sun, the Earth, and climate in specific regions. Several studies have ex-
plored the response of tree species to local climate variations in southern Brazil [9-12],
contributing to the development of specialized software that enhances the reliability
and accuracy of dendrochronological analyses. These include tools for dendrochronol-
ogy (DPL—Dendrochronology Program Library, developed by Richard Holmes) and
CRUST [13]), dendroclimatology (Precon 5.1, Precon 6, developed by Hal Fritts; DENDRO-
CLIM2002 [14]; and the DendroTools R package [15]), and paleoclimatology (Treeclim [16]).

To illustrate the broader impact of global climate systems on local environments,
dendrochronological methods can be employed to decode climate signals embedded in
tree-ring data, as demonstrated by [17-19]. In this context, research by [20] has shown that
geophysical and climatic phenomena, such as El Nifio and La Nifia, influence regions far
beyond South America. In Brazil, El Nifio is typically associated with drought conditions
in northern regions and heavy rainfall in the south, whereas La Nifia tends to produce
the opposite effect, leading to droughts in the south and increased precipitation in the
north [21].

Research by [9-11,22-31] has demonstrated significant correlations between tree
growth and solar cycles, including the Schwabe (~11-year period), Hale (~22-year period),
Gleissberg (~80-year period), and Suess (~200-year period) cycles. These solar cycles,
which are magnetic in nature, arise from complex processes within the Sun and are gov-
erned by the solar dynamo (for further details, see [32] and references therein). A typical
solar cycle spans approximately 11 years and is characterized by fluctuations in solar
activity. During periods of solar maximum, heightened solar activity results in increased
ultraviolet and X-ray emissions, which, in turn, affect the Earth’s upper atmosphere by
raising both temperature and density.

The interaction of cosmic rays with Earth’s stratosphere, where 14N and 100 are
present, leads to the production of radioisotopes such as *C and °Be. As *C oxidizes
to form CO,, trees incorporate this carbon into their annual growth rings. Consequently,
variations in the solar cycle influence the amount of C isotope fixed by trees, directly
affecting the characteristics of each tree ring [33]. Additionally, indirect changes in regional
temperature—modulated by Earth’s relative position to the Sun—can further impact tree
growth. However, as studies on solar variability remain predominantly observational,
there are still limitations in fully understanding the Sun’s direct and indirect effects on
climate, long-term climate predictions, and tree growth.

Although solar variation is not the sole driver of climate change, it is important to
study and comprehend its relationship with climatic and geophysical phenomena and
integrate this information with other mechanisms that influence climate. This approach is
necessary to distinguish between climatic changes caused by humans, such as greenhouse
gas emissions, and those driven by natural cycles [18,34]. In this context, dendrochronology
serves as a valuable tool for studying the connection between climate and tree growth.
However, not all species are suitable for dendrochronological research, particularly in
tropical regions like Brazil, where species diversity is vast [35]. For a tree to be useful in
such studies, the following specific criteria must be met: the tree must form visible annual
rings that respond to climatic variations, and there must be availability of centenarian trees,
specifically for paleoclimatic research.

The Araucaria angustifolia (Bertol.) Kuntze species is a subtropical and tropical conifer
native to South America, which is influenced by climatic parameters and has been exten-
sively studied by dendrochronologists [18,36—40]. This species is dioecious, with male and
female trees exhibiting distinct reproductive structures. Female trees produce abundant
fruit periodically, which may inhibit cambial activity during high-fruiting years. Early-
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wood and latewood formation occur seasonally, with earlywood typically developing in the
spring and latewood in the summer, driven by temperature and precipitation conditions.

Araucaria individuals can reach diameters exceeding 2 m and are commonly found
in the Atlantic Forest biome, primarily in the southern and southeastern regions of Brazil,
as well as in smaller areas of Argentina and Paraguay [41,42]. This species has become a
symbol of local history and culture, particularly in the state of Parana, due to its grandeur
and dominance [43,44]. However, it is now threatened with extinction as a result of
extensive logging in Brazil over recent decades [45]. Recent studies have reported spatial
and temporal variations in its climate-growth response, likely influenced by climate change,
which could hinder its application in dendrochronological studies aimed at reconstructing
past climates [18,40,46,47].

Beyond its scientific value, Araucaria angustifolia holds significant cultural, economic,
and ecological importance. For many local communities, it provides essential resources,
including edible seeds (“pinhdo”) [48] and timber [49], while also playing a crucial role in
maintaining biodiversity within its native forest ecosystems. Today, A. angustifolia occupies
only a fraction of its original range, with just 23.5% of plots in the Araucaria Forest region
containing the species and a mere 0.5% of the canopy dominated by it [50]. This drastic
decline reflects severe habitat loss due to agricultural expansion and deforestation [49].
Historically, Araucaria seeds were vital for sustaining indigenous populations, who played a
key role in its dispersal and propagation, shaping anthropogenic landscapes that exemplify
the deep connection between human activity and forest conservation [51].

Despite the challenges of habitat loss and population decline, the cambial activity
of individual Araucaria angustifolia trees in southeastern South America remains active
from October to April, enabling researchers to detect climate signals in their tree rings.
Recent studies have applied wavelet techniques to identify time-dependent cause—effect
relationships, revealing a significant influence of precipitation and temperature on tree-
ring development.

The growth rings of Araucaria angustifolin have been shown to reflect signals of
short solar cycles in relation to El Nifio and La Nifia events, as demonstrated by several
studies [17,18,23,27,28,52]. These findings underscore the species’ potential for dendrochrono-
logical research in southeastern Brazil, particularly in studies investigating solar activity
and climatological phenomena. Therefore, this study aims to investigate the influence of
climatic variability, El Nifio and La Nifia events, and solar activity on the growth rings of
Araucaria angustifolia sampled from the Trés Barras National Forest (FLONA Trés Barras) in
southern Brazil.

2. Materials and Methods

Araucaria angustifolia samples (Figure 1) were collected at FLONA Trés Barras (26°11' S,
50°20" W; Alt: 772 m), located on the boundary between the cities of Trés Barras and
Canoinhas, within the Atlantic Forest biome in the state of Santa Catarina, Brazil (Figure 2).
This species is native to Brazil and is widely distributed, particularly in the South and
Southeast, exhibiting a distinct gene pool among local breeds and ecotypes [53,54].

Belonging to the Araucariaceae family and the order Coniferae, Araucaria angustifolia
is one of the most ancient conifer groups still in existence [55]. It has strong dendrochrono-
logical potential due to its well-defined growth rings (Figure 3), which feature clearly
distinguishable earlywood and latewood [56,57]. However, locating old and healthy indi-
viduals is increasingly difficult, as this species is classified as endangered due to extensive
logging and habitat loss [49,58].
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Figure 1. Individuals of the Araucaria angustifolia species. Source: Natural Records Laboratory (LRN).
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Figure 2. Location of the National Forest of Trés Barras (yellow color) and the boundary cities
where occurred the collections (blue color): Trés Barras (sample collection location in 2005) and
Canoinhas (sample collection location in 2011). Additionally, the climatic parameters (precipitation
and temperature) were obtained from the cities of Ivaf and Irati, which are highlighted in black.

Figure 3. Growth rings of Araucaria angustifolia: (a) growth ring characterized by earlywood and
latewood; (b) earlywood (clear cell layer); (c) latewood (dark cell layer). Source: Natural Records
Laboratory (LRN).

FLONA Trés Barras, a National Forest governed by a Forest Management Plan [59], has
a minimum altitude of 725 m above sea level (a.s.]) and spans a total area of 43.85 km?. The
forest exhibits diverse physiognomies, including mixed ombrophilous forest, commonly
known as “Araucaria Forest” [60]. The site consists of 29.77% wilding pines, 17.23% Arau-
caria angustifolia, 18.41% floodplain, 14.23% reforested Araucaria angustifolia, and 14.23% cil-
iary forest. The remaining areas comprise non-forest zones, including infrastructure such
as buildings, recreational spaces, roads, and firebreaks, contributing to vegetation fragmen-
tation [61].
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Geologically, the area is composed of Quaternary sediments, which have led to the
formation of various hydromorphic and alluvial soil types, including Gleisols, Organosols,
Alluvial Neosols, Oxisols, Cambisols, Argisols, and Litholic Neosols [61].

A comparable study was conducted by [17], which analyzed 13 chronologies
(1876-1991) derived from Araucaria angustifolia samples collected in Concoérdia, Brazil
(27°11' S, 51°59' W, Alt: 640 m). Their methodology involved processing digitized images
of tree-ring slices processed using the Interactive Treatment of Tree-Ring Images method.
In contrast, our study investigates 14 chronologies from Araucaria angustifolia samples col-
lected at FLONA Trés Barras, employing a different data acquisition approach, as detailed
in a subsequent section. Although the sites are geographically close, less than 200 km apart,
they encompass distinct local ecotypes and environmental conditions, each characterized
by unique gene pools and specific adaptations [62,63]. Such genetic diversity and ecological
variability may influence growth responses to climatic factors.

2.1. Regional Climate

FLONA Trés Barras has a subtropical highland climate (Cfb) according to the Képpen
classification; it is characterized by constant humidity, no dry season, cool summers, and
frequent frosts. The mean temperature in the coldest month (July) falls below 11 °C, while
the warmest month (January) reaches 22 °C. Rainfall is well-distributed throughout the
year, with an annual average of 1588.5 mm. October is the wettest month (197.5 mm),
while April is the driest (90.1 mm) [61]. Although the region lacks a defined periodic
cycle, it is susceptible to both floods and droughts [59]. The average annual insolation
is 1698.4 h, and the relative humidity averages 79.66%. Additionally, due to the climatic
characteristics of the North Plateau, the area is prone to wildfires, particularly between
August and September [61].

The FLONA Trés Barras region is influenced by both the Atlantic and Pacific Oceans.
The South Atlantic Ocean indirectly affects the region’s climate through the South Atlantic
Anticyclone (SAA), which gives rise to the Tropical Maritime Air Mass from the Atlantic
Ocean and the Polar Maritime Air Mass from Antarctica. These air masses transport
moisture into the continent, causing abundant precipitation during spring and summer [64].
Meanwhile, interactions between the Pacific Ocean and the lower atmosphere drive the El
Nifio—Southern Oscillation (ENSO), which can result in extreme rainfall and flooding in
FLONA Trés Barras [24].

The ENSO has a significant influence on global and regional climate patterns, im-
pacting precipitation and temperature variability in the Atlantic Forest biome. Historical
records document at least 30 El Nifio events between 1900 and 2024, including six “Su-
per” El Nifio events, as follows: 1877-1878, 1888-1889, 1972-1973, 1982-1983, 1997-1998,
and 2015-2016 [65]. More recent El Nifo events occurred in 2002-2003, 2009-2010, and
2023-2024 [66].

2.2. Data Acquisition

We collected a total of 72 samples from 18 Araucaria angustifolia trees using a Pressler
increment borer (Figure 4), with core lengths of 40 and 80 cm. The cores were extracted
perpendicular to the trunk at breast height (1.30 m). During sampling, each tree was
carefully inspected for signs of disease or pest infestation. Notably, Araucaria angustifolia
has evolved to adapt to its environment over many years, making it highly resistant to pest
and disease damage.

Due to the presence of numerous missing or false rings, likely caused by abrupt
weather variations, only 28 samples from 14 individual trees were deemed suitable for anal-
ysis and crossdating, ensuring the statistical robustness of the study. Of these, 10 samples
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(from 5 trees) were collected from an area near the city of Canoinhas, while 18 samples
(from 9 trees) were collected from an adjacent area near the city of Trés Barras. Both sam-
pling locations belong to a single, cohesive site within FLONA Trés Barras, positioned along
the geographic boundary between these two cities. The site covers an area of ~2500 m?. Al-
though the samples were collected from opposite sides of this shared border, the ecological
and environmental conditions remain consistent across the site, justifying their combined

analysis as a single sampling area.

Figure 4. Sample extraction using a Pressler Probe. Source: Natural Records Laboratory (LRN).

The samples were air-dried under shaded conditions, followed by sequential polishing
of the transverse surface using sandpaper with grits ranging from 50 to 600. As shown
in Figure 5, the samples were prepared before and after polishing. To facilitate accurate
visualization during the measurement process, the growth rings were marked with a pencil
after polishing.

Figure 5. Panel (A) demonstrates the initial state of the cores. The cores extracted by the increment
borer are cylindrical in shape, preserving the cross-sectional structure of the tree rings, which allows
for accurate dendrochronological analysis after proper preparation and mounting. Panel (B) shows
the properly sanded and mounted samples, highlighting the tree-ring boundaries. Source: Natural
Records Laboratory (LRN).
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We measured the tree rings using a VELMEX measuring table with a precision of
0.001 mm, dating each ring from bark to pith to generate individual time series. These
series were crossdated to prevent chronological errors. The quality of the measurements
and crossdating was verified using the COFECHA software [67]. Some samples were
collected in 2005, with the last ring formed in 2004, while others were collected in 2011,
where the last ring corresponded to 2010. Consequently, the tree-ring mean chronology was
only calculated for up to 2004, due to the reduced sample depth between 2005 and 2010.

The Expressed Population Signal (EPS) obtained was 0.85, indicating reliable statis-
tical confidence despite the reduction in sample size [68]. Additionally, we performed a
descriptive statistical analysis of the tree-ring series of Araucaria angustifolia, employing
Pearson’s correlation (r), squared Pearson’s correlation (1), p-values, and cross-wavelet
analysis to further examine the relationships within the data.

2.3. Detrending

The tree-ring time series were detrended using a 67% smoothing spline with a 50%
frequency cutoff, preserving no more than half of the variance at wavelengths equal to
two-thirds of the series length, ensuring minimal distortion of long-term trends in the
resulting indices [69]. To standardize the tree-ring series, a common practice is to divide
or subtract the fitted 67% spline from the original tree-ring measurements [70]. Here, the
indices were computed as residuals, allowing for a more accurate representation of growth
trends while accounting for variance. The computation of the mean-value index (Arithmetic
Mean, Biweight Robust Mean, or Mean-Values from a Mixture of Normal Distributions) is
easily achieved with the tree-ring indices [71]. However, if the autocorrelation within each
series is high, a more statistically efficient estimate of the mean-value index can often be
obtained through time series modeling and prewhitening techniques [71]. Nevertheless,
this is not the case for our dataset, as autocorrelation levels were not found to compromise
the statistical reliability of the indices.

In this sense, the tree-ring index (chronology) was calculated by averaging the ensem-
ble of detrended tree-ring series for each year using Tukey’s biweight robust mean, which
effectively minimizes the influence of outliers in individual series and enhances the quality
of the common signal [71,72]. It is well established that the variance of the mean chronology
depends on the number of series being averaged. As discussed in [71], intervals with fewer
samples exhibit increased variance compared to intervals with a larger number of samples.
To address this issue, a statistical adjustment method proposed in [73] was applied in this
study, which normalizes variance fluctuations caused by changes in sample size over time.

It is generally assumed that long tree-ring index series should exhibit an approximately
normal distribution [13]. Although our series is not particularly long, we evaluated the
normality of the distribution using the Lilliefors test for exponential distribution [74].

2.4. Climatic and Geophysical Data

We used monthly and annual time series of temperature, precipitation, the Southern
Oscillation Index (SOI), and sunspot numbers as climatic and geophysical data (Figure 6).
Temperature and precipitation data were sourced from weather stations located within
a 150 km radius of our collection sites in Irati and Ivai, as shown in Figure 2. These
datasets were obtained from the National Institute of Meteorology (Instituto Nacional de
Meteorologia (INMET), https:/ /portal.inmet.gov.br /dadoshistoricos, accessed on 8 August
2024). When data gaps were present in the series from the closest station (Irati), missing
values were supplemented with data from Ivai, as both stations fall within the same climatic
zone (Cfb) as FLONA Trés Barras. It is worth noting that gaps and missing data in the


https://portal.inmet.gov.br/dadoshistoricos

Atmosphere 2025, 16, 287

8 of 23

meteorological parameters from the Irati station were addressed using linear regression
analysis, similar to the approach applied in [75].

The SOI, which reflects atmospheric pressure variations related to climate activity,
was retrieved from the Australian Bureau of Meteorology’s website (http:/ /www.bom.gov.
au/climate/enso/soi/, accessed on 5 February 2024), and the sunspot number series was
acquired from the Sunspot Index Data Center in Brussels (https://www.sidc.be/SILSO/
datafiles, accessed on 5 March 2024).

1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
Time (years)

Figure 6. Time series of climatic and geophysical parameters used in this study. The panels show
the Southern Oscillation Index (SOI), precipitation (Prec), mean temperature (Tmean), maximum
temperature (Tmax), minimum temperature (Tmin), and sunspot numbers (SSN) from 1804 to 2004.

2.5. Continuous Wavelet Transform

In this study, the continuous wavelet transform (CWT) algorithm from [76] was em-
ployed to analyze the tree-ring index, using the Morlet wavelet as the mother wavelet. The
algorithm is available at the following link: https://github.com/chris-torrence/wavelets
(accessed on 28 November 2024).

The Morlet wavelet, with an angular frequency of 27t and a standard deviation of 1, of-
fers an optimal balance between time and frequency resolution, as dictated by Heisenberg’s
uncertainty principle [76,77].

To assess the time-varying relationship between the tree-ring index and climatic or
geophysical series, we applied the cross-wavelet transform (XWT) technique introduced
in [76]. This method involves computing the wavelet coefficients for both the tree-ring
index and the climatic or geophysical time series, followed by calculating the cross-wavelet
spectrum between the two. Mathematically, the XWT is defined using the wavelet coef-
ficients WX (s) and W) (s) of the tree-ring index X and the climatic/geophysical series Y,
respectively, as follows:

WX (s) = WX (s)WY* (), M

where W) *(s) represents the complex conjugate of W)Y (s). The cross-wavelet power is then
given by the modulus, i.e., | WXY(s) |. Notably, the cone of influence was not applied,
as the border effects were treated using the symmetrization method, which has proven
effective in previous studies [18].
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To complement the wavelet analysis, a band-pass Butterworth filter of order 10 was
applied to isolate frequencies corresponding to periods within the 2-8-year band, a range
strongly linked to climatic phenomena such as the ENSO. The Butterworth filter was
specifically selected for its smooth frequency response, which ensures minimal distortion
within the passband, effectively removing high-frequency noise while preserving the
dominant periodicities most relevant to the analysis.

To achieve a zero-phase shift in the filtered signal, the filter coefficients were computed
using the MATLAB R2019a version function butter (), and the filtering was performed
using the £i1tfilt () function. The £iltfilt () function applies the filter in both the
forward and reverse directions, resulting in a filtered signal without phase distortion.

3. Development of the Tree-Ring Index

Here, we illustrate the step-by-step use of spline for tree-ring series detrending by
considering the 67% spline with a 50% frequency cutoff as the natural growth trend of the
tree. Figure 7 shows 14 chronologies from Trés Barras FLONA. The blue lines represent
the raw tree-ring series, while the red lines depict the detrended series obtained using a
67% smoothing spline. The last panel displays the average tree-ring series for all samples,
referred to as the Trés Barras index, providing an aggregated view of the growth trends
after detrending.
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Figure 7. Tree-ring series (blue line) and the detrending applied in each series (red line). The last
graph is the average tree-ring series.
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Figure 8 presents the tree-ring index derived from 14 Araucaria angustifolia samples,
illustrating the effects of changing sample size on variance. The solid black line represents
the series with variance correction, effectively reducing variance fluctuations caused by
sample-size changes, while the dashed line shows the uncorrected series. The blue line
depicts the number of trees (sample size) over time. The variance contraction observed in
the corrected series, particularly below a sample size of 10, emphasizes the impact of small

sample sizes on variance stability.
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Figure 8. The corrected index (black line), the change in sample size displayed as the number of trees
(blue line), and the uncorrected mean index (light gray line).

Table 1 presents the statistical parameters of the tree-ring index, including the Ex-
pressed Population Signal (EPS). The EPS quantifies the strength of the common signal in
the index by comparing the variance of the index to the variance of the average individual
tree-ring series. An EPS value greater than 0.85 is considered indicative of a robust, coherent
signal at the stand level. In our study, the EPS surpasses 0.85 with as few as five trees,
demonstrating a strong and reliable signal in the index, despite the total sample consisting
of only 14 individual trees.

Table 1. Statistical parameters of the data.

First Year of Number of
Expressed Individual Trees (t) Series Subsample Signal Average Mean
Population Signal Needed for Intercorrelation Strength (SSS) Sensitivity
(EPS) > 0.85 EPS > 0.85
1804 5 0.55 0.64-0.70 0.70

It is important to note that, according to [78], a typical tree-ring index should include
data from at least ten trees per site to ensure reliable results when reconstructing past cli-
matic variability. In this study, we utilized 14 trees per site and achieved a strong EPS value,
indicating that our index provides a robust and reliable record of past climatic conditions.

Figure 9 illustrates the statistical probability distribution of our index, demonstrating
a good fit for the normal distribution. The null hypothesis of normality was accepted,
confirming that the data conforms to a normal distribution. While this condition is generally
critical for long series, its verification is not essential for shorter series like ours. However,
establishing normality is particularly important for ensuring the reliability of statistical
analyses, such as the Pearson correlation performed between the index and the climatic
and geophysical time series, as shown in Table 2.

Table 2 presents the results of the Pearson correlation coefficient (r) analysis, which
measures the strength and direction of the linear relationship between the tree-ring index
and each climatic and geophysical parameter. Additionally, the table provides the coef-
ficient of determination (r2), representing the proportion of variance in tree-ring growth
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explained by each parameter. However, the p-values indicate that none of these correlations
are statistically significant over the full study period.

Time Plot of Tree-Ring Series
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Figure 9. Histogram of the tree-ring index with the fitted normal probability density function. Results
of the Lilliefors test for normality [74] are displayed in the upper panel (A) and the bottom panel (B).

Table 2. Characteristics of the tree-ring width index and the geophysical and climatological series
for the common period. The table includes the Pearson correlation coefficient (r), the coefficient of
determination (r2), and the p-values, indicating the statistical significance of the correlations.

Parameter Period r r? p-Value
SOI 1875-2004 0.09 0.008 0.2733
Precipitation 1961-2004 —0.018 0.000 0.9194
Mean Temperature 1961-2004 —0.146 0.021 0.6185
Maximum Temperature 1967-2004 —0.040 0.002 0.8732
Minimum Temperature 1967-2004 —0.043 0.002 0.8322
Sunspots 1804-2004 0.002 0.000 0.9817

Although this result may seem unexpected, it is common in climate research due
to the complexity of tree growth responses to environmental conditions. The interaction
between tree growth and climate is often influenced by various factors, including site-
specific conditions, species-specific responses, and different temporal scales, leading to
variability in the strength and significance of observed relationships. As noted by [79], tree
growth—climate relationships are frequently non-stationary, challenging the assumption of
a consistent, stationary response.

Given these challenges, annual correlation methods may fail to capture the climatic
influence on tree growth when responses vary seasonally. To further investigate this
relationship, we conducted a detailed seasonal correlation analysis using the Seascorr
software [80], which enables the identification of specific periods of the year (months)
during which temperature and precipitation significantly influence tree growth. The results
are presented in Figure 10 and reveal significant negative correlations between tree growth
and precipitation during specific seasonal intervals, such as a 1-month season ending in

January (r = —0.47, « < 0.05), a 3-month season ending in March of the previous year
(r = —0.52, « < 0.05), and a 6-month season ending in January of the previous year
(r = —0.45, « < 0.05). However, in the partial correlation analysis where the temperature

is controlled for precipitation (bottom panel), none of the correlations reached statistical
significance at &« = 0.05 or at &« = 0.01.

These results confirm that, while annual correlations do not capture significant re-
lationships, seasonal correlation analysis reveals strong climate signals that influence
Araucaria angustifolia growth. This justifies the continued investigation beyond the results
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of Table 2 and emphasizes the importance of evaluating climate-tree growth interactions at
different temporal scales.

Correlations and partial correlations; analysis period: 1963-2004
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Figure 10. The figure presents the correlation results between the mean tree-ring index and season-
alized climate variables, specifically precipitation (P, primary climate variable) and temperature
(T, secondary climate variable). The top panel shows the simple correlations between the mean
chronology (index) and precipitation (ry, p), while the bottom panel displays the partial correlations
between the index and temperature (7, 1 p), controlling for the influence of precipitation. Significance
levels are indicated by color coding (blue for precipitation and red for temperature), with thresholds
ata = 0.01 and & = 0.05 (dark blue and light blue, respectively, for precipitation, and red and pink,
respectively, for temperature). Asterisks (*) denote months from the previous year.

4. Wavelet Analysis of Climate and Tree-Ring Relationships

To address the issue of the lack of significant correlation between the index and the
climatic and geophysical time series, we employed the cross-wavelet transform (XWT)
approach, which has been successfully used in previous studies [18,19,81]. The XWT
allowed us to analyze how well the time series of the tree-ring index and the climatic and
geophysical parameters match and identify the exact points at which the best match occurs.

Our index analysis using CWT (Figure 11) revealed significant variability in the
2-7-year band, which appears intermittently throughout the length of the index. We
also observed similar intermittent periodicities around the 11-year and 22-year bands,
corresponding to the solar cycles of Schwabe and Hale, as reported in previous studies [82].
Additionally, we found variability around the 30-35-year band, which matches the Briickner
climatic cycle, as reported in [83,84]. However, we must note that the bandwidths of
22 years and 30-35 years fall within the confidence level, which spans between 14 and
38 years, due to the uncertainty principle of Heisenberg [76,77]. Overall, the XWT approach
allowed us to identify significant periodicities in the index that were not apparent from the
Pearson correlation analyses. The observed intermittent variability in the 2-7-year band,
along with the correspondence to solar and climatic cycles, suggests that external drivers,
such as solar radiation and climate variability, may influence tree growth.
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Figure 11. The index of FLONA Trés Barras (Index) and its wavelet scalogram, from 1684 to 2004, for
periods ranging from 2 to 264 years. Top: Timeline average width of the tree-ring index obtained.
Middle: Wavelet scalogram with no cone of influence due to the elimination of the border effects using
the symmetrization method. A confidence level of 95% (white outline), using a red-noise background
spectrum. The Y-axis represents the scale of the spectrum period, and the X-axis represents time.
Bottom: The color scale indicates the normalized energy power (between 0 and 1) for each periodicity
at a given time.

To further investigate the relationship between the tree-ring index and climatic data,
we employed XWT to identify the interdependence of the two-time series in terms of
cause and effect. The results, shown in Figure 12, reveal significant cross-wavelet power
in the 2-8-year band between the tree-ring index and the SOI during the intervals of
approximately 1896-1925, 1949-1979, and 1993-2004. These periods highlight the intervals
where strong correlations between tree growth and ENSO activity are evident, suggesting
that the ENSO significantly influences tree-ring formation during these times.

1880 1900 1920 1940 1960 1980 2000

1880 1900 1920 1940 1960 1980 2000 0 02040608 1
Time (years)
Figure 12. Cross-wavelet transform between the tree-ring index and the SOI index. (Top): The SOI
index. (Middle): The index. (Bottom): The contour plot represents the significance levels for 95%
(red noise & = 0.72). The bottom right panel presents the global wavelet spectrum, which is defined
as the normalized wavelet coefficients power average for each scale (between 0 and 1).

The El Nifio events exhibit considerable variability in both intensity and periodicity,
which may account for the non-stationary response of the index to the climatic system.
Additionally, southern Brazil, as a subtropical region, is particularly affected by such
events [21], further supporting the observed influence of the SOI on tree rings in this
region. This relationship was similarly observed in [17], who reported significant cross-
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wavelet power in the 2-8-year band, with these periodicities occurring sporadically and in
a non-stationary manner, consistent with our findings.

Interestingly, a notable cross-wavelet power, though not statistically significant, is
observed in the 33-year bandwidth between 1980 and 2000, while a 17-33-year periodicity
is evident between 1925 and 1960. This is followed by an 8-17-year periodicity between
1960 and 1992, further emphasizing the non-stationarity of the system. Overall, the XWT
results provide valuable information about the complex relationship between the tree-ring
index and climatic data and highlight the importance of considering non-stationarity in
studying past climatic variability.

Following the analysis of the global wavelet spectrum (Figure 12), we applied a
band-pass filter (Figure 13) to isolate the most significant energy within the 2-8-year band,
removing higher frequencies while preserving the significant cross-wavelet power values.
The 4-8-year band is notably associated with El Nifio and La Nifia events. Our analysis
visually indicates that the tree-ring index and the SOI were in phase during the periods
1910-1935 and 1990-2004 (Figure 13), while they were predominantly in anti-phase between
1890 and 1910. For the remaining periods, a slight lag of one to two years was observed
between the two series. These findings suggest that ENSO was a dominant climatic driver
during 1910-1935 and 1990-2004. From 1936 to 1989, anthropogenic influences in the region
may have affected the tree growth response. However, it is important to note that, in
general, very old trees like those studied here (all over 150 years old, with the youngest
exceeding 150 years) do not increase their radial growth, even when they remain standing
after selective logging.
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Figure 13. Annual filtered time series of SOI (red line) and tree-ring index (black line) filtered in
4-8-year bandwidth.

It is important to note that southern Brazil experienced a significant increase in logging
activities between 1900 and 1944, with government regulation of forest exploitation only
beginning with Decree-Law No. 313 on 4 July 1938. The FLONA Trés Barras area, however,
did not receive its first Management Plan until January 1987, marking its designation as a
forest conservation area. This historical context may have contributed to the complex tree
growth responses observed in the region during the period from 1875 to 2004. Additionally,
the findings of [85] revealed an anti-correlation between the tree-ring index and the SOI
index, with a notable 2-year lag.

In line with this, our analysis indicates that the tree-ring index and the SOI index were
in phase from 1910 until approximately 1935, suggesting that tree growth was positively cor-
related with El Nifio events during this period. This is consistent with the increased water
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availability in southern Brazil during El Nifio summers, which likely promoted enhanced
growth. However, as previously mentioned, FLONA Trés Barras was not designated as a
conservation area until 3 October 1944 (A Noticia, Joinville, 19-10-2004), following years
of extensive wood extraction. The observed anti-correlation in the tree-ring data during
this period may therefore be attributed to anthropogenic activities, such as logging, which
likely disrupted the natural growth patterns of the trees.

In Figure 14, a significant correlation between precipitation and Araucaria angustifolia
growth is observed within the 5-7-year band from 1970 to 1978 and the 3-5-year band
from 1986 to 1990. Notably, these periods coincide with documented drought events in the
region, suggesting that the trees are highly sensitive to fluctuations in precipitation during
such dry conditions. This sensitivity underscores the role of water availability as a critical
factor in tree growth, particularly during times of climatic stress. However, it is worth
noting that the smallest precipitation recorded in 1980 is not expressively reflected in the
tree-ring chronology, indicating that other factors, such as the solar cycle, may modulate
the growth response during extreme events.

1965 1970 1975 1980 1985 1990 1995 2000

1965 1970 1975 1980 1985 1990 1995 2000

1 1 1 1

1965 1970 1975 1980 1985 1990 1995 2000
Time (years)

0 02040608 1

Figure 14. Cross-wavelets between the tree-ring index and annual precipitation of Irati, from 1961 to
2004, with the confidence level of 95% (white outline). The color-coded scale represents the logarithm
of the squared modulus of the wavelet coefficients, with yellow indicating the condition where the
energy percentage is at its maximum and dark blue representing the condition where the energy
percentage is at its minimum.

Furthermore, the increase in cross-wavelet power observed in the 11-17-year band,
corresponding to the Hale and Schwabe solar cycles, suggests that solar activity may
also influence the growth of Araucaria angustifolia. This aligns with previous findings
by [12], who detected signals of the Schwabe and Hale cycles in low-frequency data from
southern Brazil. Notably, a nearly synchronous or slightly delayed increase in precipitation,
along with the widening of tree-ring widths, is observed between 1968 and 1986, further
supporting the influence of solar cycles. Our results are consistent with the research of [12],
reinforcing the idea of a complex interplay between precipitation, solar activity, and tree
growth, highlighting the need for further investigation into the underlying mechanisms
driving these relationships.

Tree growth is influenced by multiple factors, including temperature and precipitation,
which can leave distinct imprints in the tree-ring structure. Variations in these climatic
elements are often linked to cyclical events, such as the ENSO. For instance, severe winters
and intense summers can cause noticeable changes in tree-ring width, either accelerating
or slowing down growth, as noted in [26].

In the present study, the growth index of Araucaria angustifolia did not show a signifi-
cant response to the average annual temperature of Irati, except for periods with elevated
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cross-wavelet power observed in 1961-1970 and after 1999 (Figure 15). These findings
suggest that the trees were sensitive to temperature fluctuations only during periods of
lower (1961-1970) and higher (post-2002) temperatures, likely due to deviations from their
optimal temperature threshold. Interestingly, reduced tree-ring growth appears to have
begun around 1991, nearly a decade earlier, yet no clear correlation between tree-ring
growth and temperature was observed during the 1991-1999 period. This discrepancy
indicates that other factors, such as microclimatic variations, may have played a role in
influencing tree growth, particularly since the temperature data do not originate from the
exact collection region.
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Figure 15. Cross-wavelets between the tree-ring index and the temperature data with the confidence
level of 95% (white outline). The color-coded scale represents the logarithm of the squared modulus
of the wavelet coefficients, with yellow indicating the condition where the energy percentage is at its
maximum and dark blue representing the condition where the energy percentage is at its minimum.

To deepen the analysis of Araucaria angustifolia’s sensitivity to temperature, we corre-
lated the tree-ring index with both maximum (Figure 16) and minimum (Figure 17) annual
temperatures. Significant cross-wavelet power was detected between the tree-ring index
and both temperature series during 1997-2004, a period characterized by hot summers
(299.15 K) and mild winters (287.65 K). This suggests that the trees were highly responsive
to these climatic conditions, with growth slowing or ceasing in response to the elevated
temperatures, indicating a clear sensitivity to warmer weather during this interval.
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Figure 16. Cross-wavelets between the tree-ring index and the maximum temperature with the
confidence level of 95% (white outline). The color-coded scale represents the logarithm of the
squared modulus of the wavelet coefficients, with yellow indicating the condition where the energy
percentage is at its maximum and dark blue representing the condition where the energy percentage
is at its minimum.
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Figure 17. Cross-wavelets between the tree-ring index and the minimum temperature with the
95 confidence level (white outline). The color-coded scale represents the logarithm of the squared
modulus of the wavelet coefficients, with yellow indicating the condition where the energy percentage
is at its maximum and dark blue representing the condition where the energy percentage is at
its minimum.

Our study detected a predominant periodicity of approximately 11 years in the tree’s
response to solar variability, as illustrated in Figure 18. This periodicity was observed
during the intervals ~1822-1893, ~1900-1930, and ~1942-2004. Solar cycles, which are
characterized by an 11-year period, are typically monitored through sunspot numbers [1].
High cross-wavelet power was observed between solar activity and tree growth during
periods of increased sunspot activity, while lower correlations were noted during times of
reduced sunspot numbers.

Sunspot

Index (mm)

Period (years)

1844 1884 1924 1964
Time (years)

2004 0 02040608 1

Figure 18. Cross-wavelets between the tree-ring index and number of Sunspots, with the confidence
level of 95% (white outline). The color-coded scale represents the logarithm of the squared modulus
of the wavelet coefficients, with yellow indicating the condition where the energy percentage is at its
maximum and dark blue representing the condition where the energy percentage is at its minimum.

The 11-year band was significant throughout the entire study period. This finding
aligns with the results of [86], who observed a strong 12.7-year periodicity in the tree-rings
of two German Miocene conifers, which they attributed to the ongoing 11-year cycle of
solar variation. Similar periodicities were also identified in [28], a study conducted in
Severiano de Almeida, Southern Brazil, further supporting the influence of solar cycles on
tree growth.

Additionally, our study detected significant cross-wavelet power in the 25-58 year
bandwidth during the periods of 1804-1849 and 1965-2004. This finding suggests an associ-
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ation with the 4th harmonic of the Suess cycle (~50 years), which falls within the 25-58-year
bandwidth. The global wavelet spectra revealed the cycles of Schwabe (~11 years), Hale
(~22 years), and Gleissberg (70 to 90 years).

The 4th harmonic of the Suess cycle was previously observed in a tree-ring index
in [18,87]. Our findings suggest that solar variability plays a significant role in the growth
of Araucaria angustifolia trees and that their response to solar cycles is reflected in the
periodicity observed in their tree rings.

5. Seasonal Correlation Analysis of Climate and Tree Growth

The application of seasonal correlation analysis (Figure 10) effectively addresses the
limitations inherent in annual correlation methods, including simple correlation and
wavelet analysis, which rely on yearly data and may overlook important sub-annual
climatic influences. By employing this approach, we identified the specific months dur-
ing which temperature and precipitation exert statistically significant effects on tree-ring
growth, capturing both pre-growth and growth-season climatic signals.

Our investigation revealed that the influence of precipitation on tree growth extends
beyond the immediate growing season. Notably, precipitation from a 3-month season
ending in March of the previous year and a 6-month season ending in January of the
previous year exhibited the strongest negative correlations with tree-ring width. This
result emphasizes the delayed response of Araucaria angustifolia to climate variability,
highlighting the importance of pre-growth seasonal moisture availability in determining
tree-ring formation.

Additionally, our results indicate that precipitation exerts a more dominant influence
on tree growth variability in the study region. In contrast, temperature alone does not
significantly explain variations in growth when the effects of precipitation are removed.
This suggests that water availability is more important than temperature fluctuations in
driving tree growth dynamics in this ecosystem.

6. Final Remarks

The wavelet analysis of tree rings from samples collected in FLONA Trés Barras
revealed that tree-ring growth is influenced by a variety of factors, including climate, solar
activity, and other external drivers. The non-stationary nature of each time series was
identified, with the main results summarized as follows:

1.  The ENSO events exhibit a complex influence on the tree-ring index. Cross-wavelet
analysis indicates significant power in the 2-8-year band during specific intervals,
suggesting interdependence between the tree-ring index and the SOI. Intense EI Nifio
events, such as those in 1982-1983 and 1997-1998, might disrupted the correlation
between the index and SOI, highlighting the non-stationary response of trees to
climatic fluctuations.

2. Cross-wavelet analysis shows that the Araucaria angustifolia tree-ring index from
FLONA Trés Barras is highly responsive to temperature fluctuations, particularly
during periods of cooler temperatures (mean of 17 °C, years 1961-1970) and warmer
conditions (mean of 19 °C, post-2002). The trees demonstrated a notable sensitivity
to temperature variability, with pronounced growth responses during hot summers
and mild winters. However, the period of reduced growth observed between 1991
and 1999 shows no correlation with temperature changes, suggesting that other
factors, such as local microclimatic variations (e.g., humidity, soil moisture, or local
temperature anomalies), may have played a role in influencing tree growth during
this interval.
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3. The analysis underscores the significant impact of precipitation on Araucaria angustifolia,
particularly during drought periods (5-7-year and 3-5-year bands in 1970-1978 and
1986-1990, respectively). The trees demonstrate greater responsiveness to precipi-
tation variability during these dry periods, emphasizing the intricate relationship
between tree growth and rainfall patterns.

4. Cross-wavelet analysis reveals a dominant periodicity of around 11 years, correspond-
ing to the Schwabe solar cycle. Furthermore, significant cross-wavelet power in the
25-58-year band suggests an association with longer-term solar cycles such as the Hale
and Gleissberg cycles, and possibly the fourth harmonic of the Suess cycle, indicating
the complex interaction between solar cycles and tree growth.

5. ENSO was identified as the primary climatic forcing driving tree-ring growth between
1910-1935 and 19902004, based on significant cross-wavelet power in the 4-8-year
band. Between 1936 and 1989, other external factors influenced tree response, possibly
indicating anthropogenic impacts or localized microclimate effects.

6.  Seasonal correlation analysis revealed specific seasonal intervals, such as 1-month,
3-month, and 6-month periods, during which temperature and precipitation signif-
icantly influenced tree growth. For example, a negative correlation was observed
for a 3-month season ending in March of the previous year (r = —0.52, « < 0.05)
and a 6-month season ending in January of the previous year (r = —0.45, & < 0.05).
This seasonal perspective addresses the inherent limitations of our wavelet analysis,
which relied on an annual dataset and, due to the Nyquist criterion, can only resolve
periodicities greater than two years. Seasonal correlation analysis complements the
wavelet approach by filling this gap and capturing sub-annual variations in climate-
tree growth interactions. Furthermore, since wavelet phase analysis primarily focuses
on the temporal alignment of signals, it does not capture lagged influences shorter
than two years, such as the impact of climatic conditions from the previous year. As a
result, this aspect was not addressed in the present study.

7. Araucaria angustifolia emerges as a valuable species for studying the past climate
in southern Brazil, given its highly responsive to climatic variations. Due to its
endangered status, protective measures are essential not only for continued scientific
inquiry into past environmental conditions but also to safeguard the livelihoods of
local communities who rely on its seeds and timber for economic sustenance. Ensuring
the conservation of this species is crucial for maintaining both ecological integrity and
socio-economic stability in the region.

The interplay between precipitation and temperature reveals a complex interaction
that significantly affects tree growth. These environmental factors are critical to the photo-
synthesis process and, consequently, tree development. Long-term climate cycles, such as
ENSO, simultaneously shape temperature and precipitation conditions in a region, while
droughts coupled with high temperatures can negatively impact growth. Seasonality also
plays an important role, as a lack of precipitation during specific seasons can limit growth,
even under otherwise favorable temperatures. The response is often species-specific, un-
derscoring the importance of considering local conditions and temporal variability when
interpreting the relationship between climate and tree growth.
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