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Blue intensity (BI) has emerged as an inexpensive and relatively simple method for obtaining a proxy for relative
wood density, and it has been successfully tested on several conifer species in Europe, North America, Asia and
Australasia. Despite international efforts to promote the use of these methods worldwide, BI chronologies
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. v chronologies in Araucaria araucana, an emblematic conifer of northern Patagonia, began to be explored some
Tree rings

years ago. However, as it has been reported in other species, the wood anatomy of Araucaria presents several
difficulties for obtaining robust BI common signals between samples. Therefore, we conducted this study to
assess various methods for determining BI parameters based on the degree of common signal between trees in the
chronology and their correlation with climatic factors. In this study, we demonstrated the feasibility of devel-
oping reliable BI chronologies from a site within the Araucaria range in Argentina by analysing the sensitivity to
changes in the width of the measurement window. Although replicating measurements within the same core
improved the classical statistic used to quantify the expressed population signal in a chronology (i.e. EPS), the
results obtained here show that the chronologies developed using different methods were practically identical.
Furthermore, our results revealed different climate signals expressed by both earlywood (EWBI) and latewood
(LWBI) BI records, corresponding to the current spring and summer, respectively. In addition, soil water
availability was significantly associated with wood density variation. Therefore, the climatic and environmental
information provided by BI measurements in Araucaria complements what is already known from ring width
(RW) and thus highlights its potential for use in future climate and ecological reconstructions.

1. Introduction

Blue intensity (BI) is generally an inexpensive and simple method to
obtain a proxy for relative wood density (Bjorklund et al., 2014;
McCarroll et al., 2002). Based on these advantages over traditional
x-ray-based measurements, the utilisation of BI and the number of pa-
pers applying this method has exponentially increased over the last
couple of decades demonstrating the wide possibilities of this method-
ology for accurately capturing density variations in tree rings (Kaczka
and Wilson, 2021). BI parameters have been used, analogous to the
maximum wood density (MXD) in tree rings, almost exclusively as in-
dicators of summer temperature from high elevation/latitude sites in the
Northern Hemisphere. Geographically, BI parameters, tested on >20

conifer species across Europe, North America, Asia and Australasia, have
demonstrated the broad potential of this method for capturing wood
density (Kaczka and Wilson, 2021; Bjorklund et al., in submission).
Despite international efforts to promote the use of Bl worldwide through
the recent establishment of the International Blue Intensity Network
Development (I-BIND) Working Group, under the auspices of the Asso-
ciation of Tree-Ring Research, no BI chronologies have yet been pub-
lished for native South American species.

Araucaria araucana is an emblematic conifer in northern Patagonia.
It is a very long-lived species: individuals have been dated to be over
1000 years old (Aguilera-Betti et al., 2017). Edmund Schulman from the
Laboratory of Tree-Ring Research (LTRR) of the University of Arizona, a
pioneer in the dendrochronological study of this species, conducted a
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reconnaissance trip in Argentina and Chile between 1949 and 1950. He
highlighted the potential of Araucaria for dendroclimatological studies
based on the environmental conditions in which the species grows: sites
with marked climatic seasonality and water limitation (mainly rocky
hillocks in foothills-plains with pure stands in the eastern limit of dis-
tribution). Based on his extensive experience in the Rocky Mountains, he
suggested that the environmental conditions in which Araucaria grew
were a good indication of sites dry enough to provide promising
drought-sensitive chronologies (Schulman, 1956). Since the 1970s, with
the second expedition of the LTRR (LaMarche et al., 1979) to South
America, a large number of ring width (RW) Araucaria chronologies
have been developed that have facilitated the analyses of the climate-
radial growth relationship of the species (Hadad et al., 2015; Mundo
et al., 2012b; Veblen et al., 1995), the development of hydroclimatic
(drought indices: Morales et al., 2020, streamflow: Holmes et al., 1979;
Mundo et al., 2012a), temperature (Neukom et al., 2014; Villalba et al.,
1989), atmospheric circulation (Villalba et al., 2012) and ecological
reconstructions (age structure: Hadad et al., 2020; Mundo, 2011; fire
history: Gonzalez et al., 2005; Mundo et al., 2013; impact of reproduc-
tive efforts on radial growth and reconstruction of masting events:
Hadad et al., 2021; Mundo et al., 2021; Rozas et al., 2019). However, all
these climatic reconstructions or ecological inferences were based on
RW and, to date, no wood density chronologies have been published.
This situation is also shared with other Patagonian conifers (Austrocedrus
chilensis, Fitzroya cupressoides) for which climatic relationships have
been identified on the basis of RW (Lara and Villalba, 1993; Villalba,
1990; Villalba et al., 1998; Villalba and Veblen, 1997) or stable isotopes
(Lavergne et al., 2018). This situation is related to the lack of densito-
metric capabilities in the dendrochronological laboratories of Argentina
and Chile.

The possibility of developing BI chronologies in Araucaria began to
be explored seven years ago (Mundo et al., 2016). As a first step, X-ray
density and BI series were compared, finding a high degree of common
synchrony at the individual level (Fig. S1), although not as high as noted
for some northern hemisphere species (Kaczka et al., 2018; Wilson et al.,
2014). However, the wood anatomy of this species showed difficulties,
such as rings with curved or wavy edges and wide rays, making it
challenging to obtain robust BI common signals between samples
(Fig. S2). Despite the relatively homogeneous wood colouring with no
contrast between sapwood and heartwood (Diaz-Vaz et al., 2002; Tor-
torelli, 1956), the presence of fungal staining is the main limitation for
extracting robust BI data without any long-term trend biases (Fig. 1).
Can the size and position of the BI windows be used to solve this problem
and improve the robustness of the common BI signal in Araucaria? The
lack of experience and protocols for dealing with these BI limitations in
other species justified the need to develop a methodological pilot study
to define measurement protocols. Consequently, the objectives of this
study were: 1) to evaluate different approaches for obtaining BI pa-
rameters in Araucaria in relation to the degree of common signal of the
chronologies and 2) to comparatively analyse their relationship with
climatic parameters.

2. Materials and methods
2.1. Sample selection, processing and methodological approach

For this methodological pilot study, 60 Araucaria cores (30 trees)
from the Ea. Nahuel Mapi site in Neuquén province (39°32°46.8 'S,
71°02°37.0 "W), which were used for the development of a ring-width
chronology in Mundo et al. (2012b), were pre-selected for Bl measure-
ment. This forest stand, located at 1531 m a.s.l. on a rocky and stable
substrate on the slopes of the Patagonian Andes, was sampled in
December 2007. On this site, the mean annual precipitation is 639 mm
and the mean annual temperature is 6.8 °C (Worldclim Global Climate
Data). All the sampled cores were mounted on wooden mounts, sanded
to 1000 grit, and archived in the Laboratorio de Dendrocronologia e
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Fig. 1. Effect of fungal staining on the BI signal in Araucaria. a) and b) sample
of Araucaria wood showing fungal staining from the pith (on the left) up to the
year 1877. b) Enlargement for the period 1850-1910 showing the BI and RW
measurement coordinate points using CooRecorder. The earlywood (EWBI) and
latewood (LWBI) BI time series in ¢) show the change in the means (horizontal
dashed-line) before and after 1877 (indicated by a red vertical dashed-line).
This effect is minimised in the delta BI (DBI, d) values. Ring widths (RW, e)
show a release few years after the colour change. The release is not related to
fungal staining.

Historia Ambiental of IANIGLA-CONICET (LDHA, Mendoza, Argentina)
collection. For the BI measurements, the samples were selected if they
met the following criteria: no noticeable staining or colour changes,
relatively well-defined rings and with a starting date of at least 1800.
These criteria reduced the number of samples to 20 cores from 14
different trees.

Since the xylem of Araucaria xylem does not contain resin ducts, no
pretreatment with acetone or ethanol was performed. Consequently, all
selected samples were scanned on an Epson V550 flatbed scanner with
2400 dpi resolution. An IT8 7/2 reflective card (X-Rite IT8.7/2-1993,
MONR2017:06-01, version 2) was used in the il-Profiler software (X-
Rite, v1.7.1.2596) to generate a calibration profile (icc file). This profile
was selected from the Epson scan software and was used during the
scanning session for all samples. To avoid ambient light bias, a non-
reflective black neoprene cloth was placed over the samples to cover
the entire glazed surface during scanning (Rydval et al., 2014).

Ring width (RW) and BI were measured from scanned images with
CooRecorder software (Larsson, 2020; v. 9.6). CooRecorder allows the
extraction of several tree ring metrics (e.g., RW, BI) by placing co-
ordinates based on the location of tree-ring boundaries on
high-resolution images of transverse section of wooden samples (Heeter
et al., 2022). In this software, BI values are often extracted from a frame
of defined dimensions, relative to the ring boundary. For species with
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wavy ring boundaries or the presence of fungal staining, such as Arau-
caria, the decision regarding the location of the point coordinates can be
crucial for obtaining non-anomalous BI series. In this study, to generate
the RW series, the coordinates were placed at the boundaries of the rings
and aligned based of the trajectory of radii. Due to the undulating nature
of the ring boundaries in Araucaria, the data-picking mode of CooRe-
corder was used with the "H’ cursor to accurately position the frames.
Special attention was given to ensuring that the long sides of the "H’
were as parallel as possible to the ring boundary, enabling the data
frame to be located within the ring without overlapping with the pre-
vious or subsequent rings (see Fig. S2 in the Supplementary Material for
a better understanding of the methodology through an example).
Consequently, two “pos” files were generated per series: one for the RW
(called *RW.pos) and one for the BI series (*BIL.pos).

Additionally, CooRecorder requires the definition of where and how
the BI data will be generated. This involves specifying which part of the
ring is measured (latewood, earlywood or full ring), the method for
processing the data image (mean of sorted pixels vs mean of slices) and
the specifications for frame geometry (location, size and shape). Among
these specifications, the latter are the most sensitive for obtaining BI
values. In this study, based on previous experience showing a low
common signal strength in Araucaria BI series (Mundo et al., 2016), we
decided to modify the window frame width (100 and 200) and the
location of the coordinate points (data frame in a central position or
duplicated in marginal positions of the core: left and right). This led to
the evaluation of four methodological experiments for collecting BI (for
both earlywood and latewood) within a ring (Fig. 2):

1. a central 100-pixel width data frame (Cjo),

2. a central 200-pixel width data frames (Cago),

3. two 100-pixel width data frame located towards the left and right
margins, ensuring there was no overlap between them (LR), and

4. the mean of the two LR BI values (Mean).

In the LR experiment, two sets of BI data were extracted for the
location of the left (L) and right (R) Bl-data frames, which were posi-
tioned on the left and right edges of the core image, respectively. These
data were treated as two independent radii. Given the scan resolution
(2400 dpi) and the core diameter (5 mm), 100 dpi and 200 dpi frame
width correspond to approximately 21% and 42% of the core image
width. In all methods, all other values related to the frame character-
istics were kept constant (see Table S1 in the Supplementary Material for
the specified values).

In this study, we refer to BI as the inverted values of blue light

c100 C200

1 mm
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reflectance (BR), following the convention proposed by Bjorklund et al.
(in submission). To achieve this, the BR series was inverted by multi-
plying each value by — 1 and then adding the constant 2.56 (related to
the light intensity scale 0-255) to eliminate any negative values (Rydval
et al., 2014). From the EWBI and LWBI series, and drawing on previous
experience with other species (Bjorklund et al., 2014; Wilson et al.,
2017), delta BI (DBI = LWBI - EWBI) was calculated.

Individual BI and RW data series were then converted to Tucson
decadal format using CDendro. By examining the graph of all series and
comparison with the images, we verified whether the anomalous jumps
at the beginning of the series (close to the pith) corresponded to colour
anomalies associated with fungal stains. If this was confirmed, the cor-
responding anomalous parts were removed from all BI (EWBI, LWBI and
DBI) and RW series to ensure they all had the same temporal extent.

2.2. Chronology development and statistical analyses

Cross-dating of all time-series (using both RW and BI) was verified
using COFECHA (Holmes, 1983) and CDendro. Detrending the
age-related growth trend was undertaken using the programme ARSTAN
(Cook and Holmes, 1986). As stated by Rydval et al. (2014) for many
species, an initial increase in BI series, apparent in the juvenile period, is
followed by a steady decrease thereafter. For this reason, an
age-dependent smoothing spline (Melvin et al., 2007) was considered
more appropriate due to its additional flexibility to adjust for early
period trends. In this implementation, an initial cubic smoothing spline
was fit to tree-ring measurement with a stiffness of 20 years. For each
successive measurement, the stiffness is incremented by that ring index.
This results in a spline that is 20-year flexible at the start of the series and
grows progressively stiffer. This approach helps capture the initial rapid
growth of a young tree with a flexible spline, which then progresses to a
more rigid spline that can better model the steady growth commonly
found in mature trees. Therefore, all RW and BI data herein were
detrended using this approach. Detrended series were calculated as ra-
tios, and chronologies developed using a bi-weight robust mean (Fritts,
1976; Schweingruber, 1988). Residual chronologies were produced in
the same manner as the standard chronologies, but in this case the
chronologies were residuals from autoregressive modelling of the stan-
dardized index series.

The quality of the chronologies was assessed by the mean correlation
between all series (RBAR) and the expressed population signal (EPS).
RBAR is a measure of the common variance between the single series in a
chronology (Wigley et al.,, 1984). Running RBAR values illustrate
changes in the strength of common signal in tree growth variations over

LR

Mean

Fig. 2. Methodological approaches used in this study aimed to evaluate the effect of the size and location of the data frame for collecting BI. The different panels
exemplify the four approaches applied to the same image to obtain BI values for latewood (Cjgo: a central 100-pixel width data frame; Cpgo: a central 200-pixel width
data frame; LR: two 100-pixel width data frame located towards the left and right margins verifying the absence of overlapping of them; Mean: the mean of the LR

BI values).
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time. EPS measures how well the finite-sample chronology compares
with a theoretical population chronology based on an infinite number of
trees (Wigley et al., 1984). RBAR and EPS values were computed using a
20-year moving window with a 10-year overlap. The cutoff point for
accepting EPS, as suggested by Wigley et al. (1984), is 0.85. The simi-
larity between the BI residual chronologies from each treatment was
analysed using correlation matrices. Correlation coefficients were also
calculated between the different variants of residual chronologies ob-
tained in the four methodological treatments for the three BI parameters
and the RW residual chronology. Mean values per BI parameter were
then calculated, and a summary correlation matrix was constructed.

2.3. Climatic influence on tree-ring parameters

Correlation functions (Blasing et al., 1984) were employed to
determine the influence of climatic factors on the different tree-ring
parameters. Drawing from previous experience with this species
(Mundo et al., 2012b), correlation functions were computed between
the residual tree-ring chronologies and different climatic variables
(temperature, precipitation, Palmer Drought Severity Index) and at-
mospheric circulation indexes (sea surface temperature from El Nino 3
region, Antarctic Oscillation or Southern Annular Mode index). These
correlations were computed for five quarter periods, starting with
summer (December-February) of the previous growing season and
ending with summer at the current growth year. Following Ols et al.
(2023), the climatic data were detrended prior to climate-growth ana-
lyses using the same standardization curve (in this case, an
age-dependent spline) as for the tree-ring series. The temperature record
is from Bariloche (Servicio Meteoroldgico Nacional of Argentina;
41°09’S-71°15’W; period: 1931-2016), while the precipitation record is
from Los Laureles (Direccion General de Aguas of Chile; 38°57°S,
72°12’W; period: 1947-2016). The Palmer Drought Severity Index
(PDSI; Palmer, 1965) is a standardized measure of surface moisture
conditions, ranging from about — 10 (dry) to + 10 (wet). The quarterly
PDSI series for the study area (1902-2005) was derived from the Dai
etal. (2004) 2.5° x 2.5° monthly gridded data set (central point: 38°45’S
and 71°15°W). To assess the relationships between ENSO variability and
the Araucaria tree-ring parameters evaluated in this study, we utilized
the sea surface temperatures (SSTs) from El Nino-3 region provided by
ESRL/NOAA (https://psl.noaa.gov/gcos_wgsp/Timeseries/Nino3/,
period: 1950-2018). We utilised the SAM index developed by Marshall
(2003), https://legacy.bas.ac.uk/met/gjma/sam.html, period:
1957-2017) to evaluate the relationships between the Southern Annular
Mode and the Araucaria tree-ring parameters. All comparisons were
made for the common period 1950-2005, except for the SAM index,
which begins in 1957.

Additionally, spatial correlation analyses were conducted to deter-
mine the spatial domains of the relationships between ring parameters
and climate. Hence, the spatial correlation patterns between tree ring
parameters and different combinations of seasonal temperature, pre-
cipitation, sea surface temperatures (SSTs) and 850 geopotential heights
gridded data (0.5 x 0.50 grid) were investigated using the CRU TS
database (Mitchell and Jones, 2005) available from Climate Explorer at
the Royal Netherlands Meteorological Institute (KNMI; Trouet and van
Oldenborgh, 2013). Then, the correlation maps were displayed with
QGIS Desktop (v 3.4.13).

3. Results
3.1. Common signal level and association between chronologies

First, to compare the degree of common signal between samples as a
measure of population synchrony, we evaluated the RBARs per param-
eter and methodological approach (Table 1). Among the blue parame-
ters, EWBI exhibited the highest degree of common signal for all three
methods (mean = 0.319 + 0.014). For all BI parameters, the Mean
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Table 1

Mean RBAR of the residual chronologies in the various tree-ring parameters
measured using different methodological approaches. See Materials and
methods for methodological approach code definitions.

Parameter™ Ci00 (n = 20) Cao0 (n = 20) LR (n = 40) Mean (n = 20)
EWBI 0.291 0.315 0.310 0.359

LWBI 0.238 0.263 0.256 0.301

DBI 0.186 0.208 0.200 0.236

RW 0.411

* Parameters: EWBI, earlywood BI; LWBI, latewood BI; DBI, delta BI; and RW,
ring width

method (average of the series obtained by LR) showed the highest de-
gree of common signal (mean= 0.468 + 0.042), although no significant
differences in the mean RBAR were found between them (F=0.624,
p = 0.619). The series displayed a higher degree of association in RW
compared to the BI parameters.

The non-detrended EWBI and LWBI chronologies exhibit a declining
trend (Fig. 3) which is also observed for RW, although in this case,
greater variability in ring width was found in the early years of the
chronology. In the case of the DBI chronology no age-dependent trend
over time was observed. Standardisation by age-dependent spline
curves, coupled with the application of autoregressive modelling (re-
sidual chronologies), eliminates all long-term trends, but retains sub-
decadal and inter-annual variation very well.

To analyse the stability of the degree of common signal over time and
how the expressed signal of the sample degrades with replication, the
temporal evolution of RBAR and EPS was analysed for the different BI
parameters compared to RW, according to the experimental methods
(Fig. 4). Compared to the residual chronologies of LWBI and DBI, which
had initial portions with EPS values below the 0.85 threshold, the EWBI
chronology showed the greatest stability in the common signal between
samples. For RW, the residual chronology is reliable from 1820 to the
present. Considering the different BI parameters, the LR configuration
showed the best temporal signal stability, with RBAR and EPS slightly
higher in the early portions of the chronologies (the temporal evolution
of RBAR exhibited very similar variations between BI methodologies).

To assess the degree of similarity between the chronologies gener-
ated by the various treatments for each tree-ring parameter, correlation
matrices were constructed to facilitate visualisation and comparison
(Figs. S3 and 5). For each of the BI parameters considered, the degree of
similarity among the residual chronologies obtained in the four treat-
ments was very high, with no case lower than 0.91 (Fig. S3). When the
different BI parameters were compared with each other and with RW to
assess their similarity, all associations were significant, except for the
correlation between LWBI and RW. EWBI and LWBI were positively
correlated and exhibited the highest association value (Fig. 5). This
earlywood parameter was negatively correlated with DBI and RW.
Conversely, DBI was positively correlated with both LWBI and RW.

3.2. Relationships between climate and tree-ring variables

Correlation functions showed similarities in the relationships be-
tween BI parameters and climate (Fig. 6). Variations in the responses
between chronologies developed with different methodological treat-
ments were practically negligible, as indicated by the small standard
errors of the mean correlations. All BI parameters were significantly
positively correlated with temperature and significantly negatively
correlated with precipitation and PDSI. In the case of EWBI, these as-
sociations were stronger during the spring of the growing season. In
contrast, the strongest association of LWBI with climatic variables
occurred during the summer, with this parameter showing the highest
correlation with precipitation and PDSI. For DBI, the associations with
climatic variables were also strongest during the summer, and the
highest correlation was observed with temperature. However, in the
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Fig. 3. RAW and residual chronologies for the tree-ring variables (EWBI, earlywood BI; LWBI, latewood BI; DBI: delta BI; RW: ring width). The central legend
displays the colour corresponding to each BI methodological approach (see text for method code definitions). Sample size is represented by the shaded colour areas at
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Fig. 4. Running RBAR (left panels) and EPS (right panels) statistics for the residual chronologies of earlywood BI (EWBI), latewood BI (LWBI), delta BI (DBI), and
ring width (RW). The central legend displays the colour corresponding to each BI methodological approach (see text for method codes). The values were calculated
for 20-year windows with a 10-year overlap. For RBAR, each point represents the mean values with their respective standard errors. Sample size is represented by the

shaded colour areas at the bottom of each panel.

case of RW, there was no significant correlation with climatic
parameters.

Correlation functions were also employed to assess the relationship
between the large-scale atmospheric circulation modes affecting North
Patagonia (ENSO and SAM) and different tree-ring parameters (Fig. 7).
For the BI variables, positive relationships were found between Nino 3
SST and LWBI and between Nino 3 SST and DBI for the fall (MAM)
preceding the start of the growing season. In contrast, SAM was

significantly positively associated with EWBI and LWBI during the
current summer, with the highest association with the former. ENSO and
SAM circulation modes were inversely associated with RW. DBI showed
no significant relationship with SAM.

Spatial correlation maps were used to assess the most extensive
geographic dominance or area of influence between the BI variables
(Fig. 8). The strongest association (higher correlation coefficients and
larger spatial dominance) with temperature occurs for the mean of the
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EWBI LWBI DBI RW
EWBI 0.553 -0.318 -0.452
LWBI 0.549 0.475 -0.013
DBI  -0.375 0.470 0.443
RW  -0.449 -0.024 0.457

Fig. 5. Correlation matrix between the mean of the residual chronologies from
the different blue parameters (EWBI, LWBI, and DBI) and the RW chronology.
Correlation coefficients in the upper right triangle correspond to Spearman’s
coefficients, while those in the lower left triangle correspond to Pearson’s co-
efficients. Bold numbers indicate significant values at the 0.05 signifi-
cance level.

residual DBI chronologies during the current summer (DJF). In this case,
a significant positive correlation was observed across the entire Pata-
gonian region (Fig. 8a). Precipitation displayed a relatively more
localised pattern, with its most significant association identified be-
tween the mean of the residual EWBI chronologies and rainfalls during
the current spring season (SON). In this instance, the highest significant
negative spatial correlations were observed near the study area, pri-
marily within the Andes Mountain range that naturally separates
Argentina and Chile (Fig. 8b). Lastly, the PDSI showed its best spatial
association with the mean of the residual LWBI chronologies during the
current summer (Fig. 8c). For this drought index, the association was
stronger than that observed for precipitation, but considerably more
geographically limited along the Patagonian Andes.

To identify the climatic spatial patterns consistent with ENSO and
SAM influences on BI variations, spatial correlations were also deter-
mined between the BI chronologies and SST and the 850 mb geo-
potential height across the Southern Hemisphere between 160°W and
30°E (Fig. 9). Concerning the relationships with SST, the strongest
correlation with the mean of the residual LWBI chronologies occurred
for fall (MAM) preceding the growing season (Fig. 9a). A large oceanic

Temperature
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region with significant positive correlations is located within the equa-
torial Pacific Ocean domain, spanning from 140° to 80°W. For atmo-
spheric pressure, the strongest correlation pattern resulted from
comparing the mean of the EWBI residual chronologies with the 850 mb
geopotential height during summer (DJF) in the current growing season
(Fig. 9b). A contrasting low- versus high-latitude spatial pattern
emerged, featuring positive correlations over the Pacific Ocean between
130 and 100°W and 30°—45°S and negative correlations at high lati-
tudes (60-80°S) over Antarctica and the surrounding Southern Ocean.

4. Discussion

In this study, we statistically evaluated the effect of the frame width
(100 or 200 dpi, i.e. 20 or 40% of the core width), replication (one or
two frames) and position (one central versus two frames on the left and
right core sectors without overlapping) on the development of blue in-
tensity (BI) chronologies based on different parameters (earlywood,
latewood, and delta BI) in Araucaria. These BI chronologies were
compared with the corresponding ring width (RW) chronology, and
differences in the relationships with climate were assessed between the
different BI chronologies. Using classical statistics to evaluate the
strength of the common signal (RBAR and EPS), we found that series
duplication and averaging (Mean method) produced the strongest
common signal for the different blue parameters. Furthermore, doubling
the window size improved the common signal. However, all BI chro-
nologies obtained by the four methodological approaches were strongly
correlated, indicating that they essentially express the same variability.
In terms of effort (time) and bias due to a potential pseudo-replication
effect, our results suggest that the Cyoo method (200 dpi wide window
or 40% of the core width in a central position) would be the most rec-
ommended approach in Araucaria BI studies. In addition, the Araucaria
BI series provided complementary information and a higher degree of

Precipitation PDSI

Correlation coefficient

DJF' MAM JJA SON DJF

DJF' MAM JJA
Quarter

SON DJF DJF' MAM JJA SON DJF

Fig. 6. Mean correlation coefficients (bars) and standard errors (capped lines) resulting from averaging the correlations between the residual chronologies (EWBI,
LWBI, DBI and RW from top to bottom) from the four methodological approaches and quarterly mean temperature (left panels), total precipitation (central panels)
and mean PDSI (right panels) variations as determined by correlation functions over the common period 1950-2005. The grey areas represent the current year
growing season (September—February) and the dashed lines the 95% confidence limits.
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Fig. 7. Mean correlation coefficients (bars) and standard errors (capped lines)
resulting from averaging the correlations between the residual tree-ring chro-
nologies (EWBI, LWBI, DBI and RW from top to bottom) from the four meth-
odological approaches and quarterly SST Nino 3 (1950-2005; left panels) and
SAM Marshall (1957-2005; right panels) indices variations as determined by
correlation functions. The grey areas represent the current year growing season
(September-February) and the dashed lines the 95% confidence limits.

association with climatic variables compared to RW, highlighting the
importance of this parameter in terms of climatic and ecophysiological
reconstructions based on this species.

Regardless of the method used, the mean RBARs for the different BI
parameters (EWBI, LWBI, and DBI) were lower than for the RW as
already described for other species. This was generally attributed to the
fact that the inter-annual variance (coefficient of variation) in BI data is
generally extremely low compared to RW, so any noise (i.e. changes in
wood colour, Bjorklund et al., 2019) has a big impact resulting in a lower
degree of common signal between series (Wilson et al., 2021). However,
the mean RBARs for the different Araucaria BI parameters are compar-
atively higher than those reported in pioneering BI studies. For example,
the average intercorrelation values reported for Manoao colensoi in New
Zealand, even with a smaller sample size and after sample selection
comparable to our study, were lower for the same BI parameters (Blake
et al., 2020). This shows that preselection of samples based on (1) colour
homogeneity, (2) proper placement of windows within the ring despite
wavy ring edges (Figs. S2), and (3) trimming of series to remove
fungus-stained portions, were useful in improving the common signal in
Araucaria. The comparison between the BI parameters showed that,
regardless of the method used, the highest common signal was obtained
in the measurement of earlywood, i.e. EWBI. As confirmed by Bjorklund
et al. (2017) on a global scale and for a large number of conifer species,
tracheid size is the main driver of interannual variability in earlywood
density, while cell wall thickness is the more influential factor for late-
wood density. Consequently, in terms of interannual variability,
tracheid size in earlywood tends to be less variable between trees than
cell wall thickness in latewood (Rathgeber, 2017). This would partially
explain why EWBI had a common signal higher than LWBI and DBI
(which is derived from the combination of both). However, this could
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also be due to the different depth of the earlywood collection window of
the EWBI compared to the LWBI (degree of penetration) or just random
aspects associated with the samples used in this study. The temporal
evolution of EPS shows that the experimental method has an effect on
this statistical parameter, with the LR method consistently producing
residual chronologies with EPSs above 0.85 for all three BI parameters
over the same period as RW. This is a clear consequence of the effect of
doubling the sample size (n), since in the LR method, the L and R tracks
are considered independently, and all methods have similar RBARs over
time. Since the Mean method produced the highest average RBARs for
all the BI parameters, measuring two series per sample would be the best
way to increase the EPS above a certain threshold. However, this method
involves doubling the measurements (i.e. doubling the n) and consid-
ering that the final BI chronologies are significantly associated with each
other (mean correlation coefficients >0.91), it can be stated that there is
no significant improvement related to this approach. Therefore, for
further BI studies in Araucaria, we recommend generating a single series
based on windows of 40% of the ring width (in this case, 200 dpi), since
among the experimental methods considering one series per sample, the
C200 method provided the highest mean correlation among all BI pa-
rameters. However, when increasing the window size, we urge caution
for samples with wavy annual rings. In those situations, it would also be
advisable to reduce the window frame to 20% of the ring width (in this
case, 100 dpi).

4.1. BI parameters in Araucaria in relation to climatic variability

In terms of their relationship with climatic variables, the Araucaria BI
parameters showed significant associations for different months of the
year and stronger associations to those recorded for RW (ring width).
The BI parameters were mainly influenced by climatic variability during
the current growing season, whereas RW is known to be influenced by
climatic conditions in the previous growing season, both in Argentina
(Hadad et al., 2015; Mundo et al., 2012b) and Chile (Munoz et al.,
2014). As expected, EWBI was associated with spring climate conditions
(SON), while LWBI was related to summer conditions (DJF).

The strongest association with temperature was recorded for DBI
during summer (DJF). This parameter, calculated as the difference be-
tween the maximum and minimum BI values for the latewood and
earlywood in the same year, respectively, was introduced by Bjorklund
et al. (2014) as a way to address problems in conifer xylem related to
differences in colouration between heartwood and sapwood or due to
discolouration caused by resin or fungi staining. DBI has shown signif-
icant success in developing temperature reconstructions based on co-
nifers in different parts of the world (Bjorklund et al., 2014; Davi et al.,
2021; Reid and Wilson, 2020; Wilson et al., 2017). In terms of spatial
correlation patterns (Fig. 8a), the climatic domain associated with the
DBI chronology extends over the whole Argentine and Chilean
Patagonia.

The strongest negative relationships between EWBI and precipitation
occurs in spring (SON). Spatially (Fig. 8b), gridded correlations showed
that the area of spring precipitation associated with mean EWBI vari-
ability is more restricted compared to temperature with the higher
correlations towards the western Patagonian region. This is due to the
strong west-to-east precipitation gradient across the region in response
to the greater influence of Pacific air masses, combined with the topo-
graphic barrier created by the Andes. (Prohaska, 1976; Viale et al.,
2019). In consequence, the total annual precipitation decreases expo-
nentially from the Andes to the eastern Patagonia plateau (Lenaerts
et al., 2014; Paruelo et al., 1998; Viale et al., 2019).

In terms of species response, the relationship between EWBI and
spring rainfall suggests that Araucaria produces less dense earlywood
with higher spring rainfall. This could be due to the formation of tra-
cheids with larger lumens, as proposed by Bjorklund et al. (2017). This is
consistent with increased water demand and larger transport of dis-
solved minerals through the xylem at the beginning of the growing
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season. Conversely, water deficit at the beginning of the growing season
results in denser earlywood (Vaganov et al., 2009). Such dense early-
wood is characterised by tracheids with narrow lumens and reduced
hydraulic conductivity (Domec et al., 2009). Similarly, Camarero et al.,
(2017, 2014) found that minimum wood density showed a strong
negative response to spring precipitation in conifer species from arid

Mediterranean and Eurasian regions.

Overall, maximum latewood density as a proxy for precipitation has
rarely been investigated (Rocha et al., 2020). In our study, summer
precipitation (DJF) was also negatively associated with latewood den-
sity. Contrasting relationships between temperature (positive) and pre-
cipitation (negative) with maximum latewood density (as measured by
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LWBI) could be related to summer water deficit resulting from abundant
precipitation and warmer temperatures. However, the opposite re-
lationships between summer temperature and precipitation across the
Andes may exacerbated this contrasting pattern. Similar relationships
have also been described in China for Larix sibirica in the Altay Moun-
tains (Chen et al., 2012) and for Larix speciosa in the northwestern
Yunnan Province (Deng et al., 2022).

Consistent with the previously described relationships between BI
chronologies and precipitation, negative relationships with PDSI were
also recorded during the growing season. Consequently, a positive soil
water balance during the growing season negatively affects wood den-
sity, i.e. larger earlywood tracheid lumens (Begovic et al., 2020) and
thinner latewood cell walls. The relationships between drought indices
and BI have not been widely studied (Akhmetzyanov et al., 2023). Our
results are consistent to those observed by Zheng et al. (2023) in four
species of Picea and Abies in central and western China, respectively. In
that study, scPDSI showed a universal positive influence on EWBR (i.e.
earlywood blue light reflectance following the convention proposed by
Bjorklund et al., in submission) at four sites and a negative relationship
with LWBI at the end of the growing season. Begovic et al. (2020) also
found a positive relationship between EWBR of Picea abies and Abies alba
and PDSI during the growing season. If EWBI is considered as a proxy
inversely proportional to the size of earlywood cell lumens, our results
are consistent with the reduction of conifer xylem lumens found in
response to increasing temperature and drought in arid environments
(Eilmann et al., 2009; Fonti and Babushkina, 2016; Olano et al., 2014).
The associations between LWBI and summer scPDSI were much more
spatially restricted than precipitation, with their maximum values close
to the study site (Fig. 8c). This is in line with spatial variations and the
precipitation gradient in Patagonia, as described above.

In terms of Araucaria BI associations with large-scale atmospheric
circulation modes, the marginal positive associations between the SST
Nino 3 during the previous fall (MAM) and LWBI do not align with
previously described water deficit situations associated with higher
densities of both early and latewood. Possibly, these marginal associa-
tions may reflect the location of our study area at the southern boundary
of the ENSO influence in South America, making its effect weak and still
complex to interpret. Nevertheless, the spatial correlation map for pre-
vious autumn (Fig. 9a) showed a pattern of association with SST in the
equatorial Pacific off the coast of Peru, resembling the typical of El Nino
events.

The EWBI and LWBI chronologies showed a significant negative
relationship with the current summer SAM (Southern Annular Mode)
index. This pattern was also noted in the corresponding RW chronology,
as previously elucidated by Mundo et al. (2012b) in their Araucaria
regional scale analysis. The correlation between SAM and precipitation
is negative, as higher SAM index values correspond to drier conditions in
northern Patagonia (Garreaud et al., 2009). The correlations with SAM
are significant and consistent with those found for precipitation and
PDSI. The association between Araucaria BI and SAM is in line with the
gridded correlation map between the LWBI chronology and geopotential
height at 850 mb during the summer season. The correlation map ex-
hibits contrasting pressure areas across the mid-latitude south Pacific
Ocean and the high-latitude sub-Antarctic region, indicative of SAM
(Fig. 9b).

4.2. Future studies

The results of this study show great potential for the use of Araucaria
BI variables for the development of climate sensitive chronologies
applicable in ecological and climatic studies. Firstly, it is recommended
to replicate this study to encompass the various environmental condi-
tions where the species occurs. This can be achieved by establishing a
network of sites that measure BI, potentially analysing the same samples
from the RW network developed by Mundo et al. (2012b). Such an
approach would enable a comprehensive comparison of the BI signal
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throughout the entire distribution of Araucaria in Argentina. Addition-
ally, further investigation is required to identify the wood anatomical
characteristics that are most strongly correlated with BI variation within
the tree ring. This can be achieved through additional methods such as
quantifying anatomical parameters.

5. Conclusions

Our work represents the first attempt to developed robust BI chro-
nologies in southern South America. The study demonstrates the possi-
bility of developing reliable BI chronologies from Araucaria forests in the
Patagonian Andes. Although different methodological approaches ana-
lysing the sensitivity to changes in the window frame for BI calculation
were tested, they provide quite similar results. Even though the LR
method led to an improvement in the EPS statistics, this must be assessed
with caution since doubling the sample size increase the EPS values and
do not represent a real improvement in common signal. Therefore, we
suggest to calculate the BI in the core central positions with windows
covering approximately 40% of the total core width (in this case 200
dpi). Our results showed the presence of a consistent climate signal in
both earlywood (EWBI) and latewood (LWBI) BI records, corresponding
to the current spring and summer climate, respectively. In addition, soil
water availability was significantly associated with wood density vari-
ation. The BI measurements in Araucaria provide climatic and envi-
ronmental information that complements the data obtained from RW
and density variation in early and latewood, thus obtaining intra-annual
data. This creates a new avenue of research, which allows for advances
in the eco-physiological understanding of the species and the develop-
ment of chronologies that lead to more reliable environmental and
hydroclimatic reconstructions.
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