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Abstract: A dendrochronological series of Araucaria angustifolia was analyzed for a better under-
standing of the climatic factors that operate in Campos do Jordão city, São Paulo state, Brazil. The
dendroclimatic analysis was carried out using 45 samples from 16 Araucaria angustifolia trees to recon-
struct the precipitation and the temperature over the 1803–2012 yearly interval. To this end, Pearson’s
correlation was calculated between mean chronology and the climatic time series using a monthly
temporal resolution to calibrate our models. We obtained correlations as high as r = 0.22 (α = 0.1)
for precipitation (February), and r = 0.21 (α = 0.1) for temperature (March), both corresponding to
the end of the summer season. Our results show evidence of temporal instabilities because the corre-
lations for the halves of 1963–2012 were very different, as well as for the full period. To overcome this
problem, the dendrochronological series and the climatic data were investigated using the wavelet
techniques searching for time-dependent cause–effect relationships. From these analyses, we find a
strong influence of the region’s precipitation and temperature on the growth of tree ring widths.

Keywords: dendrochronology; Araucaria angustifolia; tree rings

1. Introduction

Trees are used as a natural record of climate variability in the regions in which they
grow. The study of the climate–time relationship using the variation in the width of the
tree ring growth is known as dendroclimatology. By analysing the tree ring widths, it is
possible to access how the trees responded to the regional climatic conditions. There are
many studies that prove this growth variation response [1,2], and it can vary from species
to species. Dendroclimatology determines the age of the trees by measuring the growth of
tree rings formed year by year and establishes its relationship with climatic events [3]. This
technique extracts the memory of climatic variations of the environment recorded by their
tree ring widths [4].

In regions where there is a contrast between the climate seasons, that is, mid and high
latitudes, the rings are generally well marked. Some tree species, such as pines, araucarias,
and cypress trees, have well-demarcated rings even in regions of low contrast between the
seasons [4]. Trees growing in mountain regions are excellent sources of paleoenvironmental
records because their physical and biological systems are highly sensitive to climatic
variations. Tree rings from high elevation sites provide climate-sensitive records that can
reach over a thousand years or more with annual to seasonal resolution [5]. Among the
species most used in dendrochronology, the use of Araucaria angustifolia stands out due to
the high longevity of the species, as well as its sensitivity to the climate [6–8].

Araucaria angustifolia is a subtropical and tropical conifer from South America [9–11].
This native tree of the Atlantic Forest is easily found in the southern and southeastern
Brazilian states and areas of Argentina and Paraguay. It belongs to Mixed Ombrophilous
Forests, also known as “Araucaria Forests”, due to the high occurrence of this species.
It is common to find individuals of Araucaria angustifolia in high altitudes, for instance,
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in mountainous areas in the States of Rio de Janeiro and Minas Gerais [12–14]. This species
still suffers from human exploration, causing environmental impact in the short and long
term, due to the alarming reduction of the original total forest area [15–19].

According to [20], about 60% of the Brazilian Atlantic Forest is located in southeastern
Brazil. The state of São Paulo has the highest level of fragmentation and deforestation
in this biome compared to other states in the southeastern. The Campos do Jordão city,
in the state of São Paulo, has well-defined climates as a striking feature. Its Köppen climate
classification is Cfb (temperate, no dry season, cool summer). In the study of [21], on the
structure and aspects of the natural regeneration of the Mixed Rainforest, it was found that
management actions are necessary for the in situ conservation of local conifers.

Many studies of Araucaria angustifolia were performed in southern Brazil, while the
development of dendroclimatic studies with this species in southeastern Brazil is quite
recent, and may contribute to the understanding of its growth dynamics concerning the
regional climate. To this end, our paper aims to obtain information on climate variability in
Campos do Jordão city, São Paulo, located in southeastern Brazil. We use a time-varying
correlation between the dendrochronological series of Araucaria angustifolia and the regional
climatic data (temperature and precipitation) using wavelet techniques.

2. Materials and Methods
2.1. Study Area and Species

Araucaria angustifolia trees stand out in dendrochronological studies due to their
excellent temporal resolution. When these trees present wide rings, it is possible to infer
which years had environmental conditions favorable to their development. On the other
hand, narrower rings correspond to years unfavorable to their growth [22,23]. Figure 1
shows a specimen of Araucaria angustifolia in the collection area, Pedra do Baú.

Figure 1. Samples of Araucaria angustifolia located at Pedra do Baú, 2013.

The Campos do Jordão city was selected for this study due to (i) its geographical posi-
tion and altitude; (ii) being an endemic region for the Araucaria angustifolia trees; and (iii) the
tree’s longevity. Campos do Jordão city is an Environmental Protection Area (Ordinary Law
No. 4105, dated 26 June 1984), which is located at the east of the São Paulo Capital, in Serra
da Mantiqueira (Figure 2), at an altitude of 1597 m (more information in http://www.
camposdojordao.sp.gov.br/portal/index.php/cidade/informacoes/localizacao (accessed
on 8 May 2012). Prefeitura de Campos do Jordão).

http://www.camposdojordao.sp.gov.br/portal/index.php/cidade/informacoes/localizacao
http://www.camposdojordao.sp.gov.br/portal/index.php/cidade/informacoes/localizacao
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Figure 2. Location of Campos do Jordão city (Red Point). Source: maps.google.com.br, accessed on
10 February 2021.

According to the Köppen classification, the climate of Campos do Jordão city is
Cfb, which corresponds to a subtropical climate of altitude, mesothermal and humid,
without drought, with a maximum temperature below 22 ◦C [24].

2.2. Samples Collection and Preparation

Samples of native Araucaria angustifolia woods were collected, under license from the
Brazilian Institute of the Environment and Renewable Natural Resources (IBAMA) in the
Campos do Jordão city in the state of São Paulo.

Through the macroscopic analysis of the wood, it is possible to observe the anatomy of
the tree rings of Araucaria angustifolia. Two parts are well-distinguished in the growth layer:
(i) earlywood (spring) and (ii) latewood (autumn or summer). The earlywood corresponds
to the tree’s growth at the beginning of the vegetative period, usually in the spring or when
conditions are favorable to the natural growth. In other words, when the plants are awak-
ened from the dormancy period and resume their physiological activities with all vigor.
As autumn approaches, environmental conditions (e.g., climate, water availability, etc.) be-
come increasingly restrictive to plant growth, causing the vascular exchange and the cells
to gradually decrease their physiological activity. As a result, the cell walls become thicker
and their cavities smaller. In general, this fact gives the latewood a darker appearance [25].

In our first campaign, we collected four samples from eight individual trees. This
campaign occurred in October 2012, within the area of the Universidade do Vale do Paraíba,
located in the central perimeter of Campos do Jordão (−22◦44 and −45◦36 and altitude
1520 m a.s.l.). The same number of trees and samples per tree were collected in our
second campaign carried out in March 2013 at Pedra do Baú in São Bento do Sapucaí
city, a municipality covered by Campos do Jordão (−22◦40 and −45◦39, and altitude
1835 m a.s.l.).

The samples were taken by the non-destructive method with the aid of an increment
borer (Pressler probe), which removes wooden cores from live trees. An incision of 1.30 m
diameter at breast height was made to remove each sample. To succeed in our analyses, the
samples were glued on support and polished with a sequence of sandpapers of different
granulations (from 50 to 400 grains). From the 16 Araucaria angustifolia trees (64 sam-
ples), only 45 samples were considered viable. The other unused samples were broken,
incomplete, too dark, or with resin stains.

maps.google.com.br
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2.3. The Chronologies

The tree ring analyses were performed at the Natural Registry Laboratory (Laboratório
de Registros Naturais (LRN)), located at the Instituto de Pesquisa e Desenvolvimento (IP&D) of
the Universidade do Vale do Paraíba (UNIVAP). The samples considered viable for the study
were examined under a stereomicroscope (SMZ 168, with increases of 6.3 to 40 times),
and a fiber optic lighting system. Using this procedure, we demarcated the annual natural
tree ring width and excluded the false rings using COFECHA for cross-dating. The tree
rings were counted to determine the tree ages. Afterwards, they were correlated with their
respective calendar year. The measurement of the tree ring width was performed on a
Velmex Table.

The natural growth rate varies according to the biological characteristics of each
species; in order to maximize climate signals, a detrending in each series must be performed.
The detrending model depends on the study goal [26]. As this study aims to determine
the climatological variabilities, the following steps were: (1) to obtain the tree ring widths
for each (Figure 3); (2) to detrend the tree ring series using the 67% nspline (two-third
spline) with 50% of frequency cutoff as the individual growth trend; (3) to subtract the
trend from each tree series sample; (4) to calculate the mean chronology vising to minimize
anomalies and/or damage or any other sporadic phenomenon that may occur in any
tree (Figure 3); and (5) to improve the quality of the mean chronology, we used the
statistical program COFECHA to find possible errors between samples and to check the
synchronization between the tree ring series and the master series [27,28]. The traditional
approach to standardizing tree ring indices is to divide tree ring series by the detrended
67% nspline [29]. However, the tree ring indices are computed as residuals due to the
non-heteroscedastic nature of our tree ring series, as suggested by [28].

To measure the common variability in the chronology we calculate the value of the
expressed population signal (EPS) using

EPS(t) =
t x Rbt

t x Rbt + (1 − Rbt)
. (1)

The average number of tree series used is given by t and the mean between-tree
correlation is given by Rbt. According to [30], when the EPS < 0.85, it means that the
chronology is starting to be dominated by the individual signal of each tree series. However,
the tree series can still be used for dendrochronology as long as it is not extremely low [31].
In Table 1, one can see that the EPS value for this study is 0.86. Therefore, the series has a
coherent stand-level signal although it only contains 16 tree series.

Furthermore, we performed the variance correction due to the different sample num-
bers used in each time interval [32]. It is important to use as much of the tree ring series as
possible. A subset of size between one and ten reflects an increase in variance [33]. Given
this circumstance, the variance correction should be applied to produce a corrected tree
ring chronology. The uncorrected and corrected chronologies are shown in Figure 4. In our
case, there was a contraction in the variance of the corrected chronology below 15 samples.

2.4. Climatic Data and Analysis

In this study, monthly and annual temperature and precipitation series of the Campos
do Jordão station—SP (OMM: 83714)—were used. These series are available at the INMET
site (Instituto Nacional de Meteorologia). In this paper, we use the MATLAB functions
developed by [34], Seascorr, to summarize the seasonal climate signal in our tree ring
mean chronology. Figure 5 shows the climograph of the region. It can be observed that both
precipitation and temperature follow the same pattern of monthly distribution. However,
it can be noted that the precipitation does not vary much during the year (∼200 mm)
and, also, the temperature (∼10 ◦C). The intercorrelation between the climatic variables
(precipitation and temperature) was also evaluated, and has low correlation along the
computed periods, with the majority below 50% (Figure 6).
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Figure 3. Tree ring series of each tree from Campos do Jordão (Si in mm, where i = 1, 2, . . . , 16). Mean chronology (Mean in
mm, the last panel). The 67% nsplines (two-third splines) with 50% of frequency cutoff were applied to remove the age
trend (red lines).

Table 1. Tree ring series parameters.

Number of Tree Series (t) Period Mean between-Tree Correlation (Rbt) Expressed Population Signal (EPS)

16 1803–2012 0.28 0.86
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Figure 6. Intercorrelation of the climatic variable (precipitation and temperature) for 1, 3, 6, and
12 month-period moving correlation.
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In the second step, we tested the temporal instability in the relationship between
the mean chronology and our primary climate variables using the Pearson correlation.
The correlation of mean chronology with our primary climate variables was also calculated
in two sub-periods: in the early period between 1961–1978, and the late period, 1979–2012.

In the third step, the relationship between the mean chronology and our primary
climate variables was also analyzed by the wavelet spectral techniques, which performs
the search for periodicities and the extraction of non-periodic signals [35]. Morlet’s cross-
wavelet spectrum shows what is common between two-time series. In the scalograms,
the Y-axis represents the scale (periods) of the spectrum in years, the X-axis is time, also in
years, and the color scale indicates the energy power for each periodicity at a given time.
The scalogram also shows the cone of influence (delimited by a white curve), in which the
outer region of this curve is where the border effects exist [36]. Here, we use the wavelet
cross-correlation to analyze the data dependent on the scales, in which each one represents
the behavior of a different frequency band. We used an updated version of the CWT
algorithm with the Morlet as the analyzing wavelet [36]. We used the symmetrization
method, to deal with the border effects [8]. Therefore, there is no need for a cone of
influence in our scalograms.

2.5. Results and Discussions

We calculated the Pearson’s correlations and partial correlations between the mean
chronology and precipitation/temperature series (Figure 7). The partial correlation was
used to remove the influence of one climatic variable from another using the Seascorr
written with MATLAB Release 2010b by [34]. Therefore, it is possible to assess the impor-
tance of only one climatic variable in the mean chronology. In the case of the southern
hemisphere, the growing season ends in March. Consequently, the correlations and partial
correlations were computed for individual months from February of the previous year to
March of the current year, 3-month seasons ending in February of the previous year to
March of the current year, and so on. The monthly temperature is significantly negatively
correlated (α = 0.05) with the mean chronology in three-month lengths ending in December
(partial correlation—without the precipitation influence). The analysis of Figure 7 shows
that the highest correlations for precipitation are in February, February#, April#, and July#
for the 1, 3, 6, and 12-month lengths, respectively, where # means “previous year”. In
the same sense, the highest correlations for temperature are in March, May#, March#,
and September#, respectively. The non-exceedance probabilities are listed in Table 2 for
each computed “season”. We note that the correlations for the observed precipitation
and temperature are higher than those for any of the corresponding 1000 simulations
in February and March, respectively. The confidence intervals for the correlations are
derived by Monte Carlo simulation, and the Empirical non-exceedance probabilities for
the simulation-based correlations were computed using the Weibull formula, as discussed
by [34].

In Table 3, we present the correlation and α for full, early and late periods, for the
precipitation and temperature as our primary variable. The α indicates that the param-
eters used in this analysis are not significantly correlated concerning the full period.
The month with the highest correlation for the full period is February. In the present
study, considering the seasons of the southern hemisphere, the precipitation during Febru-
ary (ending of the summer season) was considered the best control factor for the growth
of Araucaria angustifolia located in Campos do Jordão city. We also tested the temporal
instability using the correlation values obtained in the splitting periods. The splitting time
correlation analysis reveals temporal instability between tree ring width and summer pre-
cipitation presenting correlations of 0.34 for the early period and −0.07 for the late period.
This low correlation between the tree ring series and monthly total precipitation in the late
period suggests caution in climatic reconstructions and also in our interpretation of the rela-
tionship between the tree natural growth and precipitation. To overcome this problem, we
used a time-dependent correlation; in other words, the wavelet cross-correlation. From the
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spectral analysis (Figure 8), it is possible to verify that there is a significant correlation
(α = 0.05) around the 2–3 year band during 1974–1986, around the 3–7 year band during ∼
1961–1977, and around the 7–11 year band during 1967–1980.

(a)

(b)

Figure 7. Correlations (top panel) and partial correlations (bottom panel) of mean chronology with the precipitation (P)
and temperature (T). In each top panel are the simple correlations with the primary climate variable, and in each bottom
panel, the partial correlations of mean chronology with the secondary climate variable. Significance at α = 0.05 and α = 0.01
color-coded. Notation rx,P (rx,t) means correlation of x (mean chronology) with P (T); rx,T.P (rx,P.T) means partial correlation
of x with T (P), controlling for influence of P (T). (a) Top—Precipitation simple correlation. Bottom—Temperature partial
correlation. (b) Top—Temperature simple correlation. Bottom—Precipitation partial correlation.



Atmosphere 2021, 12, 957 9 of 14

Table 2. Highest-correlated seasons of mean chronology with precipitation and temperature. The pe-
riod analyzed is 1963–2012 with 1000 simulations. # means “previous year”.

Precipitation

m Ending Month r α Nonexceedance Probability

1 February 0.22 0.1 0.9462
3 February # 0.20 0.2 0.8866
6 April # 0.19 0.3 0.8477

12 July # 0.16 0.4 0.8092

Temperature

1 March 0.21 0.1 0.9348
3 May # 0.17 0.3 0.8725
6 March # 0.17 0.3 0.8602

12 September # 0.11 0.5 0.7464

Table 3. Temporal stability of Pearson correlation of mean chronology with precipitation and
temperature from early to late sub-periods. Full = 1961–2012, early = 1963–1987, late = 1988–2012.

Precipitation

Season Correlation Sample Size Test Results

Months Length Full Early Late N1 N2 ∆ Z α

February 1 0.22 0.34 −0.07 24 24 0.4286 0.162
December–February 3 0.20 0.25 −0.04 21 21 0.2975 0.377

November–April 6 0.19 0.24 −0.04 18 18 0.2762 0.445
August–July 12 0.16 0.18 −0.03 17 17 0.2189 0.557

Temperature

March 1 0.21 0.36 0.02 24 24 0.3602 0.243
March–May 3 0.17 0.38 0.03 22 22 0.3647 0.258

October–March 6 0.17 0.38 −0.01 22 22 0.4190 0.193
October–September 12 0.11 0.41 −0.10 19 19 0.5399 0.122
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Figure 8. Cross-wavelets between the average growth rings’ dendrochronological series and February
precipitation time-series with the global spectrum (bottom right panel) and the confidence level of
95% (white contours).

For the full period, the highest correlation using temperature as a primary climate
variable is 0.21 for March (Table 3). In the same sense, the results for the halves of 1963–2012
are 0.36 and 0.02, respectively. This low correlation between the tree ring series and monthly
temperature in the late period once more suggests caution in climatic reconstructions.
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The α indicates that the parameters used in this analysis are not significantly correlated
with the full period. Figure 9a shows the influence of the mean temperature, especially
around the 3–7 year band during ∼ 1964–1983, and an 8–17 year band during 1962–1969.
In Figure 9b, we can verify three bands of maximum temperature influence, a 2–3 year
band during ∼1961–1967, a 4–7 year band during 1961–1968, and a 2–5 year band during
1968–1987. Finally, in Figure 9c, we can verify only one band of minimum temperature
influence, a 4–9 year band during ∼1961–1981.
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(c)

Figure 9. Cross-wavelets between the average growth rings dendrochronological series and mean
March temperature (a), with maximum March temperature (b) and with minimum March tempera-
ture (c) time-series, respectively, with the global spectrum (bottom right panel) and the confidence
level of 95% (white contours).
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As a result of the analyses mentioned above, we constructed the data scatter plot
(Figure 10) between the mean chronology and our primary climate variables for period-
groups with higher correlations. The precipitation was more significant and well-correlated
with the mean chronology, indicating that the species is sensitive to meteorological fluctua-
tions. According to [37], the trees show a reaction to the environmental variables that affect
their innumerable physiological processes, such as breathing, sap flow, transpiration, rate
of cell divisions, and so forth, reflecting on the exchange activity, and, consequently, on the
anatomy of the wood. However, some authors compared the meteorological variations
with the periodicity of the growth of forest species and concluded that the lack of season-
ality of temperature or precipitation in some regions makes it difficult to determine the
periodic activity of the vascular change [38].

(a)

(b)

Figure 10. Data distribution between mean chronology and the precipitation (a) and the
temperature (b).

A study described by [39] related the growth of Araucaria angustifolia with climatolog-
ical data and observed that January was responsible for an increase of about 22% in the
annual diametric increment of the trees. At the end of January, 57.42% of the accumulated
annual increment of the trees occurred. Another study on the seasonal growth of Araucaria
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angustifolia concluded that in regions with regular rainfall during the year, together with
other environmental factors, such as temperature, may cause the growth to decrease [40].

As discussed by [41], water stress affects other physiological processes besides photo-
synthesis. Growth is likely to be slowed down by inhibiting many sensitive processes such
as cell elongation and protein synthesis. The authors of [42] comment on the influence of
water on the physiology of plants. According to them, the availability of water in the leaf is
closely related to physiological activities such as leaf turgor, growth, stomatal conductance,
transpiration, photosynthesis and respiration.

Variations in temperature, precipitation and solar radiation, among other meteoro-
logical elements, are more significant in areas of temperate climate than in tropical, when
discussing the growth rate of the trees [43]. The relationship between meteorological
variables and the exchange activity of Araucaria angustifolia trees has been observed by sev-
eral authors [4,6,8,44,45], through growth rings that present a seasonal rhythm. However,
the exchange activity of Araucaria angustifolia presents a difference between the sample sites
regarding the periods of initial and latewood formation. It is known that the temperature
affects the vapor pressure in the leaf so that the water activity can be influenced by the tem-
perature. Temperatures below zero can lead to the formation of air bubbles and freezing,
making it difficult to transport water, which decreases or ceases biological activities [41].
In our studied region, the temperature did not show periodic or seasonal influence on the
growth of Araucaria angustifolia, as we can see in Figure 9. It suggests a good adaptation
of this tree population to the variations of maximum and minimum temperatures. Other
studies consider temperature as a limiting factor [39,40].

Our results corroborate that the tree ring growth of Araucaria angustifolia is seasonal.
The exchange rate activity, determined by the patterns of earlywood and latewood for-
mation, suggests seasonal variability regulated by the annual variation in precipitation.
We can consider that the high availability of water is a limiting factor to the growth and
development of the Araucaria angustifolia trees, since the excess of water available in the soil
causes a decrease in the photosynthetic rate, reflected in the decrease of the tree’s growth.
The behavior of the Araucaria angustifolia in relation to water depends on the precipitation
availability in the region.

3. Conclusions

The mean chronology of tree ring width in the region of Campos do Jordão-SP covered
the time interval from 1803 to 2012. Our chronology was compared to the precipitation
and temperature datasets employing Pearson correlation and cross-wavelet analysis. Our
results corroborate that the tree ring growth of Araucaria angustifolia is seasonal. The rate of
exchange activity determined the patterns of earlywood and latewood formation. This fact
suggests that exchange rate seasonality may be regulated by the months at the end of the
summer season, February (precipitation) and March (temperature).

Our results show evidence of temporal instabilities for both splitting time correlation
analysis using precipitation and temperature, especially in the last halves of 1963–2012.
To address this issue, the dendrochronological series and the climatic data were investi-
gated using the wavelet cross-correlation searching for 95% significant time-dependent
cause–effect relationships. From these analyses, we find a strong influence of the region’s
precipitation and temperature on the growth of tree rings.

A difficulty in the development of this work was the lack of longer and more complete
climatic series in the region, and this will be our next task for better results.
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