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• Long-term radial growth, density, inor-
ganic chemistry and stable isotope series
were developed.

• Chronologies extend back to 1835 CE
local and regional climate variability.

• Tree-ring width, density and Ca and S con-
centration records mainly express local
climate variability.

• The δ18O record mostly reflects Amazon
precipitation and sea surface temperature
anomalies.
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The analysis of climate variability and development of reconstructions based on tree-ring records in tropical forests
have been increasing in recent decades. In the Amazon region, ring width and stable isotope long-term chronologies
have been used for climatic studies, however little is known about the potential of wood traits such as density and
chemical concentrations. In this study,weusedwell-dated rings ofCedrelafissilisVell. from the drought-prone southern
Amazon basin to assess the potential of using inter-annual variations of annually-resolved ring width, wood density,
stable oxygen isotope (δ18OTR) measured in tree-ring cellulose and concentration of Sulfur (STR) and Calcium (CaTR)
in xylem cells to study climate variability. During wet years, Cedrela fissilis produced wider and denser rings with
higher CaTR and lower STR, as well as depleted δ18OTR values. During dry years, a wider range of responses was ob-
served in growth, density and STR, while lower CaTR and enriched δ18OTR values were found. The annual centennial
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chronologies spanning from 1835 to 2018 showed good calibration skills for reconstructing local precipitation, evapo-
transpiration (P-PET), Amazon-wide rainfall, as well as climate modes related to sea surface temperature (SST) anom-
alies such as El Niño South Oscillation (ENSO), Tropical Northern Atlantic (TNA), and theWestern Hemisphere Warm
Pool (WHWP) oscillations. CaTR explained 42 % of the variance of local precipitation (1975–2018), RW explained
30 % of the P-PET variance (1975–2018), while δ18OTR explained 60 % and 57 % of the variance of Amazon rainfall
(1960–2018) and El Niño 3.4 (1920–2018), respectively. Our results show that a multi-proxy tropical tree-ring ap-
proach can be used for high-reliable reconstructions of climate variability over Amazon basin at inter-annual and
multidecadal time scales.

1. Introduction

There is an increasing evidence of the importance of the Amazon forests
for the hydrological cycle of the Amazon Basin and the atmospheric dynam-
ics of South America (IPCC, 2021; Marengo et al., 2011; Marengo and
Souza, 2018; Nobre et al., 2016). The Amazon Basin contributes almost
17 % of the global fresh water discharge to the Atlantic Ocean (Callède
et al., 2010). The hydrological cycle in the Amazon Basin is tightly linked
with the carbon cycle of the Amazon forest (Foley et al., 2002), which is
one of the largest terrestrial biomass carbon pools (Malhi et al., 2006).
Rainfall regimes across the Amazon basin have large spatiotemporal varia-
tions, which are influenced by modes of the Pacific and the Atlantic Ocean
(e.g. El Niño-Southern Oscillation, Pacific Interdecadal Oscillation, Atlantic
Multidecadal Oscillation, among others) on interannual, subdecadal and
multidecal time scales (Espinoza et al., 2019; Jimenez et al., 2021;
Marengo and Souza, 2018; Stahle et al., 2020). In most regions of the
Amazon basin the South America Monsoon System (SAMS) and the Inter-
tropical Convergence Zone (ITCZ) are the main drivers of seasonal precipi-
tation regimes (Ancapichún et al., 2021; Marengo et al., 2012), which are
also influenced by the above-mentioned modes. In addition, increasing an-
thropogenic disturbances, such as deforestation and associated fires, are
also influencing hydroclimate variability in this region (Lovejoy and
Nobre, 2018).

The southern region of the Amazon basin is very impacted by the vari-
ations of the SAMS and accordingly it exhibits an accentuated climate sea-
sonality and variable lengths of the dry season (Agudelo et al., 2019; Cintra
et al., 2021; Collini et al., 2008). Therefore, southern Amazon rainfall sea-
sonality is controlled by Sea Surface Temperatures (SST) variations of the
Eastern Pacific Ocean and the Tropical North Atlantic (Barichivich et al.,
2018; Liebmann and Marengo, 2001; Lovejoy and Nobre, 2018; Marengo
et al., 2008). In addition, increases in the length and severity of dry season
have been recorded since approximately 1990 up to −20 mm month−1

(Gloor et al., 2015; Gloor et al., 2013).
Trends and changes in magnitude of the climatic processes have been

evaluated at different resolutions in the Amazon basin bymeans of indirect
paleoarchives such as tree rings (e.g. Cintra et al., 2021; Dünisch, 2005;
Granato-Souza et al., 2020; Granato-Souza et al., 2018; Humanes-Fuente
et al., 2020; Pucha-Cofrep et al., 2015; Schongart et al., 2004), lake sedi-
ments (e.g. Moreira et al., 2020) or speleothems (e.g. Novello et al., 2018;
Vuille et al., 2012; Wang et al., 2017). In addition, tree rings and
speleothems also served to evaluate climate variability in the southern
Amazon region where the dry season is pronounced (e.g. Baker et al.,
2016; Brienen et al., 2012; Brienen and Zuidema, 2005; Della Libera
et al., 2022; Jenkins, 2009; Lopez et al., 2017).

Several wood traits of tree rings of Amazon species have been used to
analyze and reconstruct climate variability (Boninsegna et al., 2009;
Brienen et al., 2016). Tree-ring width chronologies provided centennial re-
constructions of seasonal and annual precipitation in the equatorial Ama-
zon (Granato-Souza et al., 2020; Granato-Souza et al., 2018), the Tropical
Andes in regions that tribute to the Amazon River (Humanes-Fuente
et al., 2020) and seasonally dry forests in the southern Amazon (Lopez
et al., 2017). Isotope tree-ring chronologies (mainly based on δ18O) also
proved to be excellent proxies for Amazon precipitation variability (Baker
et al., 2016; Brienen et al., 2012; Cintra et al., 2019, 2021; Jenkins, 2009;
Rodriguez-Caton et al., 2021; Volland et al., 2016). Significant correlations

with Pacific SST anomalies were also reported in both ring width (Crispín-
DelaCruz et al., 2022) and isotope (Rodriguez-Caton et al., 2022) chronol-
ogies. In addition, analysis of multidecadal frequencies based on a tree-ring
width network correlated with the dry and wet periods observed across the
Amazon basin (Humanes-Fuente et al., 2020; Pucha-Cofrep et al., 2015).

Other physical and chemical parameters have been less used for
dendroclimatic analysis in tropical regions. While tree-ring width and den-
sity reflect ontogenetic and enviromental changes in tree growth, chemical
concentrations in tree-ring wood may reflect physical conditions of the soil
and tree responses to soil nutrients availability (Balouet et al., 2009; Hevia
et al., 2018; Ortega Rodriguez et al., 2022; Sánchez-Salguero et al., 2019).
Therefore, physical and chemical wood properties can provide complemen-
tary climatic information in areas where the relationships between climatic
variables (monthly or seasonal) and ring width are complex, unstable or
weak (Poussart et al., 2006; Sánchez-Salguero et al., 2019).

Wood density is based on the wood volume allocation among the differ-
ent xylem tissues (Janssen et al., 2019), and similar to ring width is driven
by environmental conditions, such as temperatures and water availability
(Björklund et al., 2019; Briffa et al., 2002; Schweingruber et al., 1978).
Worbes et al. (1995) built chronologies of maximum wood density of
Macrolobium acaciifolium (Benth.) Benth. and Swartzia polyphylla DC. that
showed a positive association with the duration of the non-flood phase in
the Central Amazon floodplains. In a similar floodplain area, Gonçalves
et al. (2021) obtained positive correlations between mean wood density
of the whole ring (RD), earlywood (EWD) and latewood (LWD) of
Nectandra amazonum Nees and minimum temperature and evapotranspira-
tion, and a weak correlation of RD and EWD with the SST of the TNA,
mainly during the lower-water period and the transition between the dry
and the wet seasons.

Regarding the chemical concentrations in wood, their transport and
storage in the xylem depend on the trees' capacity to uptake nutrients by
roots (primarily via) from the soil solution (Cutter and Guyette, 1993).
The soil is intricately linked to the atmospheric system; hence any change
in climate is expected to influence soil characteristics (Yuan et al., 2017)
and soil exchangeable cation pool available for trees (Hevia et al., 2018).
Furthermore, some elements can be detected in the wood formed before
or after the period of absorption of the element, due to the characteristics
ofmobility and transport path of the element or the functionality of the sap-
wood (Smith and Shortle, 1996). Calcium (Ca), an immobile element, acts
as an important regulator in processes such as stomatal conductance rates,
cell division and cell-wall synthesis (Fromm, 2010; Lautner and Fromm,
2010). Poussart et al. (2006) found significant positive correlations
between the rainfall corresponding to the end of the dry season of the
northern Thailand monsoon and the annual maximum intensities of Ca in
Miliusa velutina (A.DC.) Hook.f.& Thompson. Sulfur (S), a mobile element,
can be used directly for protein synthesis and, therefore, for the growth and
development of different tree parts (Fairchild et al., 2009). Herschbach and
Rennenberg (2001), working with deciduous trees from the temperate cli-
mate zones, verified that S accumulation in storage tissues of the xylem oc-
curs during spring and xylem unloading seems to take place in late summer
and autumn.

As a novelty approach, we use tree-ring time series of different wood
traits to study climate variability on various spatial and temporal scales.
Our main objective is to assess the potential of annual tree-ring width,
wood density, δ18O and relative concentration of Ca and S in wood of
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Cedrela fissilis Vell. to serve as proxies of climate variability in a moist trop-
ical forest with pronounced rainfall seasonality in southern Amazon. We
(1) assess the strength of the local, regional and global large-scale climate
drivers of the Amazon basin in these tree-ring parameters and (2) evaluate
the potential of a multi-proxy tree-ring approach for developing long-term
dendroclimatic reconstructions in the Amazon Basin.

2. Material and methods

2.1. Study area

The study site is located in the Jamari National Forest (JNF), in an area
under permanent forest management conducted by the logging company
AMATA. JNF is located in the southern Amazon basin, at the north limit
of the state of Rondônia, Brazil (09°00′ to 09°30′ S and 62°44′ to 63°17′
W; altitude 115 m.a.s.l.; MMA - Ministério Do Meio Ambiente, 2005)
(Fig. 1). The region exhibits a strong seasonal variability mostly driven by
the SAMS (Marengo et al., 2012; Novello et al., 2017) (Fig. 1a). The average
annual rainfall (P) in this region is 2438 mm, and the annual average tem-
perature is 26 °C (Fig. 1b). The site is classified as a moist forest exposed to
seasonality in water availability (Guan et al., 2015), with a dry season from
June toAugust and potential evapotranspiration (PET) exceeding precipita-
tion from June to September. Fig. 1c shows how since 1975 this region ex-
perienced a significant negative trend in annual precipitation (r =−0.28,
p < 0.05; Mann-Kendall ZMK value =−0.57, p = 0.57), a significant neg-
ative significant trend in P-PET (r=−0.39, ZMK=−2.47, p< 0.05) and a
positive trend in annual temperatures (r = −0.85, ZMK = 6.3, p < 0.05)
(Table S1) (Ritchie et al., 2022).

2.2. Fieldwork and sample preparation

Wood discs were cut at the top level of thefirst log (6m) (Granato-Souza
et al., 2018) from29 living and dominant trees ofCedrelafissilis, whichwere
felled and stored in log yards between April andMay of 2019. Three to four
radial samples (10 cm width and 5 cm thickness) from each disc were cut
and transported to the Wood Anatomy and Tree-Ring Laboratory, ESALQ,
University of Sao Paulo (LAIM/ESALQ/USP) to be air dried (Fig. 2a). The ra-
dial sampleswere polished graduallywith sandpaper (from80 to 600 grains
inch−2) until tree rings were clearly visible. The radii were cross-dated
using both skeleton plots and visual dating under the microscope (Stokes
and Smiley, 1996). Each cross-section was scanned at 1200 dpi resolution
with Epson Expression 10000XL scanner and the width of the annual
rings (RW) of the synchronized samples were measured with a resolution
of 0.01 mm using CDendro and CooRecorder ® software (Cybis
Electronic, 2013) (Fig. 2b). The Schulman convention (Schulman, 1956)
was not applied to the calendar dating of the JNF series, which means
that for instance, the tree ring formed from austral spring 2017 to austral
fall 2018, was assigned to the year 2018. For each radial sample three
thin radial-section (2 cm width and 1.7 to 4 mm thickness) were cut trans-
versely for wood density, inorganic chemical and stable isotope analysis.

Wooden laths from 29 trees were extracted for densitometric analyses
and were kept under constant temperature and humidity (20 °C and 60 %,
respectively) for 48 h in a 12 % moisture content atmosphere (Quintilhan
et al., 2021; Tomazello-Filho et al., 2008). The samples were then scanned
with a calibration scale of cellulose acetate using an X-ray densitometry
chamber (Faxitron MX20-DC12, Faxitron X-Ray, Illinois, USA). The digital
X-Ray images of cross-section samples were analyzedwithWinDendro Den-
sity 2017a® software (Regent Instruments Inc., Canada), obtaining a den-
sity profile with 15 μm intervals. The position of the earlywood-latewood
boundary was defined following Ortega Rodriguez et al. (2022) (Fig. S1).
Then, the specific wood density time series of each radii for the whole
ring (RD), earlywood (EWD) and latewood (LWD) expressed in g cm−3

were produced using WinDendro software (Fig. 2c).
Wooden laths were extracted from 14 trees for chemical analyses and

were kept under controlled conditions (20 °C temperature and 50 %
humidity) before micro X-ray Fluorescence (μXRF) analysis in an

ItraxMultiscanner (Cox Analytical Systems, Sweden) at the laboratory of
DendrOlavide, Universidad Pablo de Olavide (Seville, Spain). Itrax was op-
erated at 30 KV and 50 mA with a Cu-tube, and samples were exposed to
the X-ray beam for 40 s at each measurement point in radial direction
(20-μm step size). Count rates of fluorescent photons of elements and a ra-
diographic greyscale image in each measurement point of each sample
were obtained. Peaks in the μXRF spectrum were assigned to specific
elements using the Q-spec software (Cox Analytical Systems, Sweden), pro-
ducing relative concentrations (counts of fluorescent photons per second,
cps) (e.g., Croudace et al., 2006) of those elements detected within the
wood structure for every analyzed point. The radiographic images were
cross-dated with previously built chronologies in each site to assign the el-
ement specific count rates to each annual ring using WinDendro™ (Regent
Instruments Inc., Canada). Mean annual time series for each radii were pro-
duced considering the following detected elements with higher concentra-
tion in the wood cells: Calcium (Ca) and Sulfur (S) (Fig. 2d).

Wooden laths from a total of six trees were selected for isotopic analyses
and were cut using a core-microtome WSL (Birmensdorf, Switzerland)
(Gärtner and Schweingruber, 2013). Cellulose extraction was performed
following the protocol described in Wieloch et al. (2011), adapted for the
LES/IGc/USP. Samples were immersed twice in an alkaline solution of 5
% NaOH for 2 h (total 4 h), then washed three times with boiling water
and immersed four times in acidified solution of 7.5 % NaClO2with pH be-
tween 4 and 5, adjusted with acetic acid. Samples were then washed three
times with boiling water, placed on histological slides, dried in an oven
chamber at 40 °C for up to 2 h, frozen at least 48 h and finally freeze-
dried to completely remove moisture from the material. The tree rings
were separated from the extracted cellulose lath using a BIC's chrome plat-
inumblades (Clichy, France) and homogenized. Thehomogenized cellulose
of each ringwas thenweighed in a high precisionmicrobalance and packed
in silver capsules. The δ18O measurements were performed with a Thermo
Element Analyzer (Flash EA Isolink) coupled to a CONFLO IV and Delta V
Isotope Ratio Mass Spectrometer, at the LES/IGc /USP (Fig. 2e).

2.3. The multi-proxy tree-ring chronologies

The cross-dating among the tree-ring width and density series was eval-
uated using the COFECHA program (Holmes, 1983) using 30-year intervals
lagged 15 years. The annual periodicity of the same samples used in this
study was previously confirmed using the radiocarbon “bomb-peak” dating
(Santos et al., 2021). Fourteen radii from 14 trees, which presented the best
correlations statistics with the mean site series of width and density, were
selected to generated the chemical (S, Ca) chronologies. To obtain compa-
rable ring-width, −density and -chemical series of each tree and remove
the age- size-related trend and non-climatic signals cross-dated raw series
were standardized and detrended using the ARSTAN program (Cook and
Krusic, 2005). Only for the chemical series, a horizontal line function
through the mean (which did not change the shape of the series) was ini-
tially applied as an alternative for normalizing the raw data. The individual
raw ring-width, density and chemical series were detrended by fitting a 30-
year spline to retain high-frequency variability to obtain standardized ring
indices. These individual standardized series were averaged to obtained the
standard chronologies for ring-width (RW), earlywood width (EW), late-
wood width (LW), ring density (RD), earlywood density (EWD), latewood
density (LWD), and relative concentration of Sulfur (STR) and Calcium
(CaTR) in the ring. In addition, the autocorrelation was removed from the
individual standardized series using an autoregressive model (Cook,
1985) to obtain the individual residual series that were averaged using a ro-
bust mean to generate the residual chronologies. A variance stabilization
technique was applied to every single series for minimizing the effects of
changing sample size throughout time (Frank et al., 2007), improving the
final chronology statistics. Finally, the individual δ18O series from six
Cedrela fissilis trees were averaged to develop the oxygen isotope chronol-
ogy (δ18OTR), which was not detrended.

All the wood trait chronologies were evaluated using dendrochronolog-
ical statistics including the mean correlation among all time series (rbar;
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Cook and Pederson, 2011), the first-order autocorrelation (AC), the mean
sensitivity (MS), and the Expressed Population Signal (EPS; Wigley et al.,
1984) (Table 1). Climate analyses were performed for the periods when

the chronologies show the statistic EPS equal or higher than 0.85, with
the exception of the chemical chronologies (STR and CaTR) that were used
with high EPS values albeit not reaching 0.85 (Table 1). Morlet-Wavelet
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analysis (MW, Torrence and Compo, 1998) were also applied to study
changes in the frequency domains over the total length of the wood traits
residual chronologies. The chronology building and the MW analysis
were performed using the “dplR” package in the R environment (R Core
Team, 2019).

2.4. Climate, hydrological and oceanic data

To obtain long and reliable series ofmonthly climate datawe created re-
gional mean precipitation and temperature series from five and six local
meteorological stations, respectively (Table S1). We used the HOM and
MET programs from DPL version 1.05 (Krusic, 2006) to estimate missing
data and calculate the regional time series. To evaluate large-scale hydro-
logical variation, we obtained monthly Amazon-wide rainfall series from
Climate Reaseach Unit (CRU TS 4.04) for the region 8°-10°S and 62°-
64°W. As ametric that express drought intensity, we used the difference be-
tween precipitation (P) and evapotranspiration (PET) (Vicente-Serrano
et al., 2010). The PET was calculated using the SPEI package (Vicente-
Serrano et al., 2010) in R environment (R Core Team, 2021). To examine
the teleconnections and influence of large-scale oceanicmodeswe obtained
from the NOAA website (National Oceanic and Atmospheric Administra-
tion; https://psl.noaa.gov/data/climateindices/list/) monthly sea surface
temperature (SST) anomalies of Tropical Northern (TNA) and Southern
Atlantic (TSA), Atlantic Multidecadal Oscillation (AMO), Western

Hemisphere Warm Pool (WHWP) and El Niño/Southern Oscillation (El
Niño 3.4).

2.5. Climate-wood traits analysis

To quantify associations betweenwood traits andmonthly climate data,
we calculated bootstrapped Pearson correlation coefficients for the com-
mon periods 1975–2018 for local precipitation, temperature and P-PET;
1959–2018 for Amazon-wide rainfall; 1920–2018 for El Niño 3.4 and
AMO; and 1950–2018 for TNA, TSA and WHWP. These correlations were
calculated monthly from September of the previous year to September of
the current year, which include the period of the tree-ring formation from
prior September to current May (Lobão, 2011).We also calculated seasonal
correlations considering the beginning of the rainy season (prior September
to November), middle of rainy season (prior December to current
February), end of the rainy season (current March to May) and dry season
(current June to August). Spatial correlations were computed between
gridded precipitation from the Climate Research Unit (CRU TS 4.00 0.5°
resolution (Harris et al., 2020) and (1) the regional precipitation series
computed for this study (Table S1) to test the quality of the database in
the region. (Vicente-Serrano et al., 2010), and (2) the newly developed
wood traits chronologies to test their potential as climate proxies. We also
analyze the stability of the climate signal in wood trait chronologies over
time. The variability of the wood traits was ordinated through a principal

Fig. 1. a)Map showing the location of Jamari National Forest, JNF (black triangle). It also highlights the South AmericanMonsoon System (SAMS) and shows the position of
the Intertropical and South Atlantic convergence zones (ITCZ and SACZ) during the austral summer in South America (December to February, DJF) based on the dataset of
Novello et al. (2017). b) The Climate diagram of Walter & Lieth, based on regional meteorological and hydrological records from 1975 to 2018 (data source in Table S1),
indicates dry months (solid orange area) and the months with rainfall above 100 mm (solid blue areas). Green bars represent the estimated growing period of Cedrela fissilis,
which generally falls between September (previous year) and the end of May (current year) according to Lobão (2011). Phenology stages are represented by leaf icons based
on C. fissilis data from Lobão (2011): open, gray filled and dark filled indicate periods of leaf-fall, leaf-flash and leaf-fall /leaf-flash (occurring simultaneously), respectively.
c) Bar plots show anomalies (standardized values) of total annual precipitation (P), total annual difference between precipitation and potential evapotranspiration (P-PET),
and mean annual temperature (T). Climate data were obtained from the Agência Nacional de Águas (ANA, National Water Agency) and the Instituto Nacional de Pesquisas
Espaciais (INPE, National Institute of Space Research) (see Table S1).

Fig. 2. a) Schematic figure of disc collection and preparation of subsamples for: b) macroscopic wood anatomy analysis for ringwidth (RW)measurement (29 trees); c) X-ray
microscopy analysis of wood density profiles to obtain ring (RD), earlywood (EWD) and latewood (LWD) density, and earlywood (EW) and latewood (LW) width (29 trees);
d) X-rayfluorescencemicroscopy analysis of chemical profiles to obtain ring Sulfur (STR) andCalcium (CaTR) relative concentrations (14 trees; and e) stable isotope analysis to
obtain δ18OTR (6 trees). Equipment used: 1) X-ray densitometry chamber (Faxitron MX20-DC12, Faxitron X-Ray, Illinois, USA); 2) micro X-ray Fluorescence (μXRF)
ItraxMultiscanner (Cox Analytical Systems, Sweden); and 3) Delta Thermo Scientific magnetic sector mass spectrometer.
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component (PC) analysis and was calculated a 10-year long moving corre-
lation lagged by one year between the first, second and third PC scores
and the local precipitation and temperature, Amazonian precipitation and
SSTs El Niño 3.4, TNA and WHWP.

2.6. Climatic reconstructions

Reconstructions models used as observations the tree-ring chronologies
and as targets normalized series (Z-scores, i.e., the mean was subtracted
from each value and divided by the standard deviation) of precipitation,
P-PET totals, as well as El Niño 3.4, TNA andWHWP indices. Each variable
had a reconstructionmodel that used half of the data for calibration and the
other half for verification. The explained variance between observed and
predicted values for each model was assessed by the correlation coefficient
r (radj) with p < 0.05; the coefficient of determination adjusted for loss of
degrees of freedom R2 (R2

adj); the reduction of error (RE) statistics (Cook
et al., 1994; Fritts, 1976), which accounts for the relationship between
actual value and estimates;. the root mean square error of validation
(RMSEv; Weisberg, 1987) that estimates the uncertainties of the reconstruc-
tions; and the Durbin-Watson (DW) test (Ostrom, 1990) that determines the
degree of auto-correlation of the residuals. Analyses to assess the climate-
growth relationships were calculated using the treeclim package (Zang
and Biondi, 2015) in the R environment (R Core Team, 2021).
Figures editing was carried out using the software OriginLab 2018
(OriginLab Corporation, 2018).

3. Results

3.1. Wood traits chronologies

Box plots suggest that Cedrela fissilis form rings wider (RW, EW, LW),
denser (RD, EWD, LWD), with higher CaTR but lower STR concentrations
and more depleted δ18OTR during wet years compared to narrower, less
dense, with lower CaTR but higher STR concentrations and more enriched
in δ18OTR in dry years (Fig. S2; Table S2).

All the standardized chronologies are presented in Fig. 3, while their de-
scriptive statistics are shown in Table 1. The RW chronology was based on
62 radii from 20 Cedrela fissilis trees (69 % of all sampled trees) and had a
significant mean correlation among the series (r = 0.51, p < 0.01; rbar =
0.31). The RW chronology spanned from 1840 to 2018, but it was statisti-
cally reliable from 1895 to 2018 (EPS > 0.85). The microdensity chronolo-
gies comprised a total 45 (EW), 32 (LW), 40 (RD), 36 (EWD) and 27 (LWD)
radii from 15, 12, 15, 13 and 9 trees, which represent the 52%, 41%, 52%,
45 % and 31 % of all sampled trees, respectively. The highest correlations
among the trees were found for the reliable time span (EPS > 0.85) for
EW (1895–2018, rbar = 0.29), LW (1930–2018, rbar = 0.25), RD
(1945–2018, rbar = 0.29), EWD (1950–2018, rbar = 0.24) and LWD

(1950–2018, rbar = 0.23). The tree-ring δ18OTR record (1909–2018,
rbar = 0.64), as well as the chemical chronologies of STR (1868–2018,
rbar = 0.30) and CaTR (1897–2018, rbar = 0.26) presented significant
mean correlation coefficients among the series (see Table 1). The wavelet
analysis showed significant periodicities across the wood traits chronolo-
gies (Fig. S3). Specifically, strong significant oscillatory modes associated
with interannual to subdecadal variability (1–8 years) and decadal
to multidecadal variability (10–40 years) were observed for almost all
variables.

3.2. Local, regional and global climate sensitivity of wood traits

Spatial correlations between the CRU gridded precipitation dataset and
themonthly instrumental precipitation observations from the southwestern
Amazon collected in the present study (Table S1) were positively only dur-
ing the dry seasonmonths fromMay to August (Figs. S4a, b and c). Further-
more, two wood trait chronologies presented weak correlations with the
CRU gridded precipitation, δ18OTR negatively with January to February
and STR positively for August to October, while the rest showed non-
significant correlations (RW, RD and CaTR). Therefore, due to the weak
correlations obtained with the CRU database for the region with both
local instrumental data and proxies, further climate analyses were carried
out with local instrumental data (Table S1).

Correlation between Cedrela fissiliswood trait chronologies and local in-
strumental precipitation showed that tree growth and density were en-
hanced during the rainy season (Fig. 4), particularly from February to
March (RW, r = 0.44; EW, r = 0.44; LW, r = 0.37; EWD, r = 0.43),
March to May (RD, r = 0.44) and March to April (LWD, r = 0.43)
(Figs. 3 and 4). October–November temperatures during the rainy season
positively correlated with EW and ring density (RD, EWD, and LWD). Dur-
ing the rainy season δ18OTR correlated positively with January to February
temperature (r = 0.47), while STR concentrations correlated negatively
with February to March temperatures (r = −041) (Fig. 4, S5a and b).
Prior September–November precipitations and January precipitation during
the growing season positively correlated with concentrations of CaTR (r =
0.47) (Figs. 3 and 4) and negatively correlated with δ18OTR, respectively.
August–October precipitations during the beginning of the next rainy season
positively correlated with STR concentrations (r = 0.53) (Figs. 3 and 4).

Regarding the sensitivity of the tree-ring chronologies to Amazon-wide
rainfall, rain during previous year October and current year December
(months at the beginning of the rainy season) negatively correlated to
tree growth (RW, EW and LW) and density (RD, EWD, LWD) (Fig. S6a
and b). The δ18OTR was also negatively associated with Amazon rainy sea-
son precipitation but mainly during prior year November to current year
March (r = −0.76) (Fig. 3 and S6c).

The correlations between P-PET and the wood traits showed that
February low evapotranspiration positively affect tree growth (RW, EW

Table 1

Tree population features and statistical characteristics of tree-rings series.

Location DBH (cm) Tree height (m) Age at 6 m (years) Specific gravity (g cm−3)

Jamari Nat. For. 73.7 ± 2.8 15.3 ± 0.5 83 ± 6 0.4 ± 0.07

Dendrochronological N° trees / N° radii Value rbar AC MS Chronology length Time span (EPS)

Statistics

RW (mm) 20/62 2.33 ± 1.19 0.31 0.52 0.40 1840–2018 1895–2018 (0.93)
EW (mm) 15/45 1.19 ± 0.74 0.29 0.46 0.50 1842–2018 1895–2018 (0.91)
LW (mm) 12/32 1.04 ± 0.59 0.25 0.35 0.48 1896–2018 1930–2018 (0.89)
RD (g cm−3) 15/40 0.49 ± 0.05 0.29 0.56 0.07 1835–2018 1945–2018 (0.91)
EWD (g cm−3) 13/36 0.48 ± 0.06 0.24 0.38 0.11 1880–2018 1950–2018 (0.89)
LWD (g cm−3) 9/27 0.62 ± 0.06 0.23 0.46 0.08 1858–2018 1950–2018 (0.88)
δ18OTR (‰) 6/6 23.61 ± 1.36 0.64 −0.05 0.07 1909–2018 1909–2018 (0.91)
STR (cps) 7/7 31.59 ± 7.22 0.30 0.63 0.08 1868–2018 1955–2018 (0.76)
CaTR (cps) 4/5 6664.14 ± 1907.59 0.26 0.53 0.10 1897–2018 1975–2018 (0.66)

Abbreviations: Ring width (RW), earlywood width (EW), latewood width (LW), tree-ring density (RD), earlywood density (EWD), latewood density (LWD), stable oxygen
isotope (δ18OTR), relative tree-ring concentrations of Sulfur (STR) and Calcium (CaTR); DBH, diameter at breast height; mean correlation of index values among all series
(rbar); first-order autocorrelation for raw tree-ring series (AC); mean sensitivity (MS); Expressed Population Signal (EPS).
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and LW; Fig. S6d) and seasonally, the highest correlation were obtained
from February to March P-PET (r = 0.44; Fig. S5d). The δ18OTR was nega-
tively associated with January P-PET totals (Fig. S6f) and seasonally the
highest correlation was obtained with prior October to February P-PET to-
tals (r = −0.46; Fig. S5c).

Regarding large-scale global climate sensitivity, SST anomalies and
wood traits associations were observed (Fig. S7), with the highest correla-
tions shown by the δ18OTR record (Fig. 5). El Niño 3.4 presented negative
correlations with tree-ring radial growth (RW, EW, LW) and positive corre-
lations with δ18OTR during the local rainy season from January to May
(Fig. S7a) and prior September toMay (Fig. S7c), respectively. More specif-
ically, seasonally El Niño 3.4 and δ18OTR association showed the highest
positive correlation (r = 0.68) during previous December to current
March (Fig. 5b). The WHWP anomalies showed positive correlations with
δ18OTR and negative correlations with tree-ring growth (RW) during the
local rainy season from prior December to May (Fig. S7f) and March to
April (Fig. S7d), respectively. Seasonally, the WHWP and δ18OTR associa-
tion was positive (r = 0.45) during previous December to current March
(Fig. 5b). The AMO presented positive correlations with LW growth during
the local dry season from July to August (Fig. S7g). The AMO and TNA pre-
sented positive correlations with δ18OTR during the end of the local rainy
season and the beginning of the dry season from February to June
(Fig. S7i and l). Seasonally, the highest significant correlation (r = 0.42)
was obtained for TNA and δ18OTR from February to May (Fig. 5b). The

TSA only exhibited significant correlations with RD in the dry season
(July of the current year) (Fig. S7n).

3.3. Dendroclimatic reconstructions

The tree-ring wood traits chronologies showed reliable models with sig-
nificant statistics for reconstructing local, regional and global climatic var-
iables (Fig. 6 and Table 2). The highest correlations between instrumental
and reconstructed local precipitation for prior September–Octoberwere ob-
tained using the CaTR chronology with correlation values of 0.65 and 0.47
for calibration (1997–2018) and validation period (1975–1996), respec-
tively (Fig. 6). The chronologies explained the following % of the variance
for distinct seasonal instrumental precipitation: February–March (34 %
EW), March–May (10 % RD), August–October (31 % STR) and prior
September-prior October (42 % CaTR) during the calibration period,
whereas for the validation period the R2

adj was 0.20, 0.26, 0.18 and 0.17,
respectively. According to the Durbin-Watson test, the residuals of the al-
most all regression models were not significantly autocorrelated (DW =
2), which means that the effect of past climate on tree growth and physiol-
ogy that is propagated forward in time was removed (Fritts, 1976). Almost
all models (except the CaTRmodel) successfully passed the verification pro-
cess (positive RE and significant RMSEv), which implies significant predic-
tive accuracy of the tree-ring chronologies to infer past changes in local
precipitation of the southwestern Amazon.

Fig. 3.Mean index residual chronologies (black lines), individuals (light gray lines) and number of trees and radii (bottom gray shading) of tree-ring width for thewhole ring
(RW), earlywood (EW), latewood (LW) and the associate wood density (RD, EWD and LWD, respectively), as well as the δ18OTR ratio and concentrations of Sulfur (STR) and
Calcium (CaTR). All the wood traits chronologies are shown for the common period 1920–2018 with the mean correlations among all radii within each chronology (i.e., rbar
between 0.23 and 0.64). The EPS of all the tree-ring chronologieswas above the arbitrary 0.85 EPS threshold, except for the STR and CaTR tree-ring chronologies. The southern
Amazon precipitation (Blue lines) is indicated for themonths ofmaximum seasonal signal, based onmonthly correlation analyses (Fig. 4). The Pearson correlation coefficient
between precipitation each wood trait chronology (p < 0.01) is depicted in blue in each plot. For STR, we presented current year August to October precipitation since the
reallocation and storage of this element in the prior formed ring may occur at the beginning of the next rainy season (Herschbach and Rennenberg, 2001).
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At a regional-scale, the δ18OTR chronology explained 60 % of prior
November–March Amazon-wide rainfall during the calibration period
(1989–2018) and had a 0.29 R2

adj for the validation period (1960–1988)
(Fig. 6). The instrumental and reconstructed Amazon-wide rainfall correla-
tions were 0.77 for calibration (1989–2018) and 0.70 for validation
(1960–1988) period. DW test showed a slightly positive autocorrelation
in the regression model (DW < 2), but acceptable predictive accuracy (pos-
itive RE and significant RMSEv) for the δ18OTR chronology to reconstruct
Amazon precipitation. The RW and δ18OTR chronologies showed also po-
tential for reconstructing drought intensity (P-PET). The RW and δ18OTR

chronologies explained 30 % and 20 % of February–March and prior
October–February P-PET during the calibration period (1997–2018), re-
spectively. Instrumental and reconstructed P-PET correlation was 0.48
and 0.44 (based on the RW model) and 0.44 and 0.45 (based on the
δ18OTR model) for calibration (1997–2018) and validation (1975–1996)
periods, respectively. Non-significant autocorrelation was found in the re-
siduals (DW= 2). Positive RE and significant RMSEv were also obtained.

Regarding large-scale reconstructions, the δ18OTR record explained 57
%, 10 % and 30 % during the calibration period for El Niño 3.4 (prior
December–March;1969–2018), TNA (February–May; 1984–2018) and
WHWP (prior December–March; 1984 to 2018) SSTs global anomalies.
For the validation period the following R2

adj were obtained for El Niño
3.4 (R2

adj = 0.32; 1921–1968), TNA (R2
adj = 0.18; 1950 to 1983), and

WHWP (R2
adj = 0.17; 1950 to 1983). Finally, instrumental and recon-

structed El Niño 3.4, TNA and WHWP correlation was 0.75, 0. 31 and

0.65 for calibration and 0.68, 0.35 and 0.50 for validation period, respec-
tively. Non-significant autocorrelation was found in the residuals (DW =
2). Positive RE and significant RMSEvwere also obtained for the regression
models to reconstruct SSTs global anomalies using the δ18OTR record.

3.4. Climate signal stability in wood traits

Fig. S8 showed the temporally correlation analysis between climate and
wood trait principal components. The wood traits were ordered by a princi-
pal component analysis: PC1, which explains 46 % of the variance and dis-
criminates significant correlationswith a positive loading of RW(r=0.41),
EW (r = 0.43), LW (r = 0.37), RD (r = 0.41), EWD (r = 0.42) and LWD
(r= 0.39); PC2, which explains 16% of the variance and discriminates sig-
nificant correlations with a positive loading of δ18OTR (r= 0.65); and PC3,
which explains 12% of the variance and discriminates significant correla-
tions with a positive loading of STR (r= 0.74) and in the opposite direction
CaTR (r = –0.60). The relationships between Amazon precipitation and
growth-wood density, δ18OTR and STR-CaTR concentration tend to be more
negative after 1980. The negative correlation between Amazon precipita-
tion and wood traits was more pronounced since 2007, similar to local pre-
cipitation. The relationships between growth-wood density and STR-CaTR
and local temperature, TNA and WHWO tend to be more positive after
1980. Positive relationships between δ18OTR and local temperature, TNA
and WHWO was observed throughout the period analyzed (Fig. S8).

Fig. 4. Pearson correlation coefficients between tree-ring width (RW, EW, LW), density (RD, EWD, LWD), isotopic (δ18OTR) and chemical (S and Ca) residual chronologies
with monthly precipitation and temperature from 1957 to 2018. The light green shading includes the rainy months for the study region and the dark green vertical box
with line pattern shows the Cedrela fissilis growing period based on Lobão (2011). Gray shading shows the seasonal correlations. Asterisks above and below the bars show
the significant level (p < 0.05). For STR, we extended the monthly correlation to September of the current year because its reallocation and storage in the prior formed
ring may occur at the beginning of the next rainy season (Herschbach and Rennenberg, 2001).
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4. Discussion

For thefirst time, a set ofmultiproxy chronologies from a single location
has been generated from trees located in the southern Amazon basin, which
is exposed to a very pronounced rainy seasonality. Specifically, the Cedrela
fissilis collection on the study region has already provided awell dated chro-
nology of approximately 170 years with annual periodicity validated by 14C
analyses (Santos et al., 2021). Here, exploratory reconstructions of local
and regional precipitation, local drought intensity and global SST anoma-
lies are presented based on tree-ring records of growth, wood density,
δ18O and chemical concentrations generated with Jamari Cedrela fissilis

samples.

4.1. Climatic reconstruction based on novel wood traits from southern

Amazonian trees

Previous studies in the region reported chronologies with timespans
ranging from 130 to 470 years using tree ring-width (Brienen and
Zuidema, 2005; Lopez et al., 2017) and stable isotope (δ13C and δ18O) re-
cords (Baker et al., 2016; Baker et al., 2015; Brienen et al., 2012; Jenkins,
2009). These chronologies showed strong correlations with local precipita-
tion and regional Amazon rainfall for months of the summer wet season. In
the present study, the reconstructions with different wood traits that
achieved the highest % of explained variance accounted for 42 % of local
precipitation variability, 60 % of Amazon-wide rainfall variability, 30 %

of drought intensity (P-PET) variability and 57%of SST anomalies variabil-
ity. These results aligned to previous studies from South America that
explained between 35 and 68 % of the total variance of precipitation (e.g.
Granato-Souza et al., 2018; Humanes-Fuente et al., 2020; Lopez et al.,
2017; Pereira et al., 2018; Pucha-Cofrep et al., 2015).

In the southern Amazon region, >75 % of the average annual precipita-
tion occurs during the 6-month rainy season from October toMarch (Lopez
et al., 2017). The δ18OTR record reflect very well local precipitation vari-
ability during this rainy season showing high correlations from October
to February, as well as a strong remarkable association to Amazon-wide
rainfall for nearly the entire wet season (November to March). In contrast,
the growth andwood density records showed strong correlations with local
wet season precipitation, mainly from February to May, extending his sen-
sitivity to the beginning of the dry season.

In addition, the RW and δ18OTR records were also proven to be a useful
to reconstruct P-PET variability in dry-seasonal moist tropical areas. The
potential use of these records in dry-seasonalmoist tropical areas is relevant
to place in a long-term context the observed changes in hydroclimatic var-
iability from 1980s onwards (Fig. 1c) across the whole Amazon basin
(Corlett, 2011; Marengo et al., 2009, 2011), but mainly affecting the south-
ern region exposed to extreme drought events (Chai et al., 2021; Lovejoy
and Nobre, 2018; Poulter et al., 2010). This drought conditions are ex-
pected to intensify in the immediate future due to continued deforestation
of the Amazon and surrounding tropical forests (Nobre et al., 2016; Oliveira
et al., 2013). Furthermore, increases in mean annual temperature close to
0.7 °C during the last four decades (Marengo et al., 2018) are amatter of ris-
ing concern for the associated increases in evapotranspiration that would
impact tree physiology, growth and mortality, and thus forest structure
and dynamics (Schöngart et al., 2021) with implications in global water
and carbon cycles (Brienen et al., 2020).

A strong signal of precipitation was reflected by the STR record during
the transition between the current dry season and the beginning of the
next rainy seasons (August to October). S is amobile element and its mainly
distributed in the axial parenchyma, radial parenchyma and around the
pores of Cedrela fissilis (Ortega Rodriguez et al., 2022). Seasonal variations
and environmental conditions such as S availability from the soil and the at-
mosphere, mycorrhization and extreme events of heat, cold and drought af-
fect S nutrition (Herschbach and Rennenberg, 2001). We assume that the
first recharge of S in the xylem occurs just before the growth period when
the formation of the marginal parenchyma is completed. Then S is
discharged to be used in the protein synthesis that will allow the growth
of leaves and other young parts of the tree (Herschbach and Rennenberg,
2001). Alternatively, S can be carried into the phloem, when the reduced
S consumption of young leaves exceeds their own demand for growth and
development (Hartmann et al., 2000), for later reallocation into the
xylem storage tissues or the root at the beginning of the next growing sea-
son when the sap flow increases (Herschbach and Rennenberg, 2001).
Thismay explain the significant correlation of S concentrations with the be-
ginning of the next rainy season.

The CaTR record showed strong correlations with the precipitation of
the beginning of the rainy season (September to October). Ca, an immobile
element, is distributed in all cells of the growth ring, but mainly around the
vessels, with a higher concentration in the transition from latewood to ear-
lywood in the case of Cedrela fissilis (Ortega Rodriguez et al., 2022). There-
fore, Ca is mainly deposited in the cell walls and is essential for the onset of
cambial reactivation and cell division at the beginning of the growth season
(Fromm, 2010), which explains the strong correlation with precipitation
from September to October. These correlations between trace element
and seasonal rainfall outlines the potential of dendrochemical data for
paleoclimate applications in the tropical regions.

Our study also reported a strong association between δ18OTR and STR re-
cords and local temperature during the wet seasons (Fig. S5). However,
caution is needed interpreting these results considering that temperature
is not expected to be dominant driver of δ18OTR interannual variability in
the Amazon (Baker et al., 2016; Cintra et al., 2021) as oppose as in higher
latitudes (e.g. Field et al., 2022). This association may arise as an artifact

Fig. 5. a) Global spatial correlation (p < 0.05) between the Cedrela fissilis δ18OTR

chronology and the HadISST1 1° gridded average sea surface temperatures (SST)
during the rainiest months (January to March) in the sampling site (dark triangle)
during the austral summer in South America. Plot computed using the KNMI-Cli-
mate Explorer. b) Association between theCedrela fissilis δ18OTRwith SST anomalies
of El Niño/Southern Oscillation (El Niño 3.4; prior December–March), Western
Hemisphere Warm Pool (WHWP; prior December–March) and Tropical Northern
Atlantic (TNA; February–May).
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of covariations between large-scale external controls (e.g. ENSO) and cli-
matic conditions, which disappear once the temperature trend is removed
(Cintra et al., 2021). High co-variance between precipitation and

temperature in these latitudes, in particular during the wet season, have
been also pointed out as some of reasons for the temperature signial in
the δ18OTR record (Rodriguez-Caton et al., 2021). Regarding the negative

Reconstructed

Fig. 6. The selected wood trait chronologies (black lines) for testing reconstruction models were tree-ring width (RW), earlywood width (EW), ring wood density (RD),
δ18OTR, and concentrations of Sulfur (STR) and Calcium (CaTR). The instrumental data that served as a target to reconstruct were precipitation totals (Ppt), Amazon-wide
rainfall total, difference between precipitation and evapotranspiration (P-PET) and sea surface temperature (SST) anomalies of El Niño/Southern Oscillation (El Niño 3.4),
Tropical Northern (TNA), and Western Hemisphere Warm Pool (WHWP). The wood trait chronologies were calibrated (C) and validated (V) against the instrumental data
(C: blue lines; V: red lines) for Precipitation and P-PET totals for C (1997–2018) and V (1975–1996), Amazon-wide rainfall totals for C (1989–2018) and V (1960–1988),
El Niño 3.4 mean for C (1969–2018) and V (1921–1968), and TNA and WHWP mean for C (1984–2018) and V (1950–1983). Months indicated as (−1) correspond to
the month of the prior year.

Table 2

Calibration and verification statistics for the tested reconstruction models of local (Precipitation, Ppt; difference between precipitation and evapotranspiration, P-PET), re-
gional (Amazon rainfall) and global (monthly sea surface temperature anomalies of Tropical Northern, TNA;WesternHemisphereWarmPool, WHWP; and El Niño/Southern
Oscillation, El Niño 3.4) climatic variables, where r / radj are the correlation coefficient; R2 / R2

adj are the coefficient of determination adjusted for loss of degrees of freedom;
DW is the Durbin-Watson test; RE is the reduction of error and RMSEv is the root mean squared error of validation.

Variable reconstructed Predictors (Chronology) Calibration period r / radj R2 / R2
adj DW RE RMSEv Reconstructed period

Pptfeb-mar EW 1997–2018 0.58 / 0.47 0.34 / 0.20 1.836 0.185 0.208 1975–1996
Pptmar-may RD 1997–2018 0.30 / 0.41 0.10 /0.26 2.142 0.172 0.042 1975–1996
Pptaug-oct S 1997–2018 0.56 /0.50 0.31 / 0.18 2.202 0.196 0.718 1975–1996
Pptsep(−1)-oct(−1) Ca 1997–2018 0.65 / 0.47 0.42 / 0.17 1.654 −1.194 0.489 1975–1996
Amazon rainfallnov(−1)-mar δ18OTR 1989–2018 0.77 / 0.70 0.60 / 0.29 0.968 0.38 0.768 1960–1988
P-PETfeb-mar RW 1997–2018 0.48 / 0.44 0.30 / 0.19 2.244 0.16 0.243 1975–1996
P-PEToct(−1)-feb δ18OTR 1997–2018 0.44 / 0.45 0.20 / 0.28 1.971 0.158 1.333 1975–1996
El Niño 3.4dec(−1)-mar δ18OTR 1969–2018 0.75 / 0.68 0.57 / 0.32 1.811 0.149 0.077 1921–1968
TNAfeb-may δ18OTR 1984–2018 0.31 /0.35 0.10 / 0.18 1.236 0.141 0.122 1950–1983
WHWPdec(−1)-mar δ18OTR 1984–2018 0.65 / 0.50 0.30 / 0.17 1.893 −0.085 0.383 1950–1983
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STR-temperature correlations in the wet period, it is possible that with high
temperatures the translocation of S increases, in its stored form as glutathi-
one (GSH), from the xylem to the growing parts of the shoot and unloaded
in the leaves to play a defense function against heat stress. GSH is an S-
stored and transported form in xylem tissues, is involved in the regulation
of S nutrition, and is essential for the plant's defense system in stress situa-
tions (Herschbach and Rennenberg, 2001; Ihsan et al., 2019). Accumula-
tion of GSH in plant cells is triggered by heat and drought stress,
becoming oxidized (GSSG) andmaintaining optimal cellular redox and bio-
chemical functions within the plant cells (Ihsan et al., 2019). The effect of
temperature conditioning the translocation of S and its decrease in the
xylem tissues must be verified in other Cedrela populations and other trop-
ical species adapted to hotter and drier environments, since previous stud-
ies in different deciduous trees in temperate regions showed contrasting
results in GSH mobilization (see Herschbach and Rennenberg, 2001).

4.2. Global modes recorded in tree-ring wood traits

Summer precipitation in the southern Amazon basin is influenced by in-
teractions between the SAMS and incursions of cold and dry extratropical
air (Hurley et al., 2015; Lopez et al., 2017; Marengo and Rogers, 2001).
The 20 % of the SASM precipitation variability is influenced by ENSO,
which induces significant atmospheric circulation anomalies over tropical
South America (Foley et al., 2002; Garreaud et al., 2009; Vuille and
Werner, 2005). The strong positive correlations between the Cedrela fissilis

δ18OTR chronology and SST in the central equatorial Pacific (El Niño 3.4 re-
gion) observed during the austral summer (mainly from prior December to
March) in our study (Fig. 5) agreed with the signal observed with the
Cedrela odorata δ18OTR chronology located at northern Bolivia (11°24′ S,
68°43′ W; Brienen et al., 2012), and also with four Polylepis tarapacana
δ18OTR records from the Altiplano above 4000 m.a.s.l. (Rodriguez-Caton
et al., 2022). This indicates that the warmer the tropical Pacific SST, the
higher the δ18OTR records because δ18O. Our results also showed that the
ENSO phase (El Niño 3.4) induced a significant increase in Cedrela fissilis

wood density and a significant decrease in radial growth during the wet
season (particularly from prior September to prior October and from Febru-
ary to May, respectively), while CaTR concentrations also decrease albeit
not significantly (Fig. S7).

The ENSO oscillations showed wavelengths from 2 to 8 years (Deser
et al., 2010) that we also found in the wood trait chronologies (Fig. S3)
RW and LWD (1850 to 1950), EW, LW, RD and EWD (1950 onwards),
δ18OTR (1980 onwards) and CaTR (1940 to 2000). Nevertheless, the ENSO
influence has not always been dominant during the last century in neotrop-
ical regions (Brienen et al., 2012; Crispín-DelaCruz et al., 2022; Humanes-
Fuente et al., 2020; Jenkins, 2009; Lopez et al., 2017). In particular, the
southern Amazon precipitation appears to be less sensitive to ENSO events
than the northern region (Jenkins, 2009; Lopez et al., 2017), mainly during
the middle of the century (1930–1970) (Brienen et al., 2012; Labat et al.,
2004). Furthermore, the δ18OTR-ENSO correlations in the southern Amazon
are weaker during the middle of the century and stronger during the begin-
ning and at the end of the last century (Figs. S3 and 5; Brienen et al., 2012).
The lower δ18OTR-ENSO association during the middle of the century
coincides with periods of lower variance in the Southern Oscillation
Index (the atmospheric branch of El Niño) (Torrence and Webster, 1999).
In contrast, the stronger δ18OTR-ENSO correlations during the end of the
last century coincidewithwarmer periods of the Pacific Decadal Oscillation
(PDO, dominated from 1925 to 1946 and from 1977 to 2000), which re-
sulted in more frequent El Niño events (Mantua and Hare, 2002) and de-
creased rainfall in the Amazon Basin (Foley et al., 2002; Liebmann and
Marengo, 2001).

Aside from ENSO, a second driver behind summer precipitation vari-
ability in South America, and therefore in the Amazon basin, is related to
Atlantic SSTs variability that exhibited decadal and multidecadal oscilla-
tions (Chiessi et al., 2009; Marengo, 2004; Nobre and Shukla, 1996; Zhou
and Lau, 2001). Our results showed a positive association of the δ18OTR

chronology with TNA (decadal) during the end of summer precipitation

and at the beginning of dry season from February to May and with AMO
(multidecal) from March to June, respectively (Fig. S7). Jenkins (2009)
and Brienen et al. (2012) reported similar high δ18OTR and TNA correla-
tions during the rainy season. The positive phase of AMO also induced
more growth (significantly for LW) and higher wood density (significantly
for RD and EWD) from June to August (Fig. S7). The TNA negatively
affected S and Ca concentrations duringMarch to August (although not sig-
nificantly), while TSA positively influenced wood density (significantly for
RD and EWD) during July to August (Fig. S7). It is likely that the decadal to
multidecal oscillation of the Atlantic SST is the signal recorded in RW (1850
to 1920), EWD (1960 onwards), LW, RD and LWD (1850 to 1960), EW and
δ18OTR (1960 onwards), STR and CaTR (1910 to 2000) (Fig. S3).

The AMO also plays a significant role inmodulatingmultidecadal SAMS
variability (Chiessi et al., 2009). Indeed after 1950 the multidecadal com-
ponent of AMO variability increased substantially in the Southern Amazon
basin (Lopez et al., 2017), which coincided with more intense and pro-
longed droughts and floods (Marengo and Espinoza, 2016). The TNA signa-
tures in the δ18OTR chronologies (Figs. S3, S7, 5; Cintra et al., 2021; Jenkins,
2009) may be related to March–May rainfall variability over northeast
South America (NSA). There is a north-south dipole-like pattern in precipi-
tation associated to variations in the ITCZ shifts produced by the combined
effect of Pacific and Atlantic SST anomalies (Rodríguez-Fonseca et al.,
2009), which increased after 1970s (Torralba et al., 2015) and extended
to the southern Amazon basin (12°S and 60°W). The TNA signatures may
be also explained by the northward ITCZ shift (i.e. resulting in dry condi-
tions in southeastern Amazon), which may be associated to an increase in
the SST gradient from the tropical to the subpolar North Atlantic due to
tropical SST warming and North Atlantic SST cooling with ice melt
(Hilker et al., 2014; Malhi et al., 2008).

Besides the ENSO and Atlantic SSTs influences, the δ18OTR chronology
detected signatures (mainly after 1980) of the SST of the intra-American re-
gion (WHWP) from December to March (Figs. 5, S7). The WHWP thermal
variability is reported to have an important influence on the modifications
in the subsidiary movements of the southern (Hadley cells) and zonal
(Walker cells) atmospheric circulations that can influence the occurrence
of more or less rainy periods in the NSA region (Reboita and Santos,
2015; Wang and Enfield, 2003; Wang and Enfield, 2001). Although there
are still few studies about the magnitude and extension of WHWP influ-
ences in the NSA region, strong associations between anomalous
November–May warming of WHWP and less growth of Cedrela odorata

from a seasonally dry tropical forest in northeastern Brazil were reported
(Menezes et al., 2022).

4.3. Stability of the climate signal in wood trait chronologies

Since the middle of the last century, climate and atmospheric changes
have been recorded across South America, mainly related to changes in
SASM, when the Tropical Low-Pressure Belt (TLPB) reaches its southern-
most latitudinal position (Ancapichún et al., 2021; Espinoza et al., 2019;
Gloor et al., 2015; Gloor et al., 2013; Morales et al., 2020; Segura et al.,
2020). In seasonal dry forests of the southern Amazon region the increase
in temperature and evapotranspiration in recent decades has translated
into more prolonged droughts (Chai et al., 2021; Lovejoy and Nobre,
2018). In particular, at our study site JNF, less rainy and drier years during
the 1976–2018 period, are associated with less rainy years Amazon-wide
and higher local temperatures together with warm Pacific and Atlantic
SSTs (Table S2). The climate dynamics associated to local (e.g. precipita-
tion, temperature and evapotranspiration) and global (e.g. STTs anomalies)
variables and their associated effects such as drought events, can be
reflected in the long-term variability of tree-ring records (Figs. 3, S3 and
S8; Lopez et al., 2017). Our temporally correlation analysis suggests that
Cedrela. fissilis experiences changes in relation to climate and atmospheric
variability from 1980 onwards (Fig. S8). The negative and positive trend
of the relationships of the wood traits with the local precipitation and tem-
perature (and SST anomalies), respectively, can be related tomore frequent
(one extreme event every ∼4.5 years) and severe droughts occurring in
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almost all continents (Morales et al., 2020), that became increasingly in-
tense since 2000 in the Amazonian Andes of Peru (Humanes-Fuente et al.,
2020). Furthermore, in the Amazon basin, ENSO episodes (El Niño 3.4)
or warm Atlantic conditions (TNA, WHWP and AMO) are the main drivers
of local temperature increases (Marengo et al., 2018) and can be linked to
the most of the droughts recorded in the last century (Jimenez et al.,
2021; Marengo et al., 2016).

The decrease in the strength of wood traits-precipitation associations
and the increase in the strength of of wood traits-temperature correlations
(mainly 1998 onwards) may suggest that trees in the southern Amazon re-
gion are adjusting their growth (also nutritional and physiological traces) to
water availability and becoming increasingly sensitive to local temperature
changes and SST anomalies. Drastic changes in the wood traits responses to
climate variablesmay becomemore frequent due to the increase in drought
episodes, which may imply drought resistance strategies implemented by
trees (Camarero et al., 2020; Mendivelso et al., 2014). These drought resis-
tance strategies can translate into adaptation processes or trade-offs over
time between tree growth, hydraulic efficiency, mechanical safety (Islam
et al., 2019; Janssen et al., 2019; Lachenbruch and Mcculloh, 2014) or nu-
trient balance (Hevia et al., 2019).

5. Conclusions

This study demostrated the feasibility to reconstruct annual, decadal
and multidecadal variability of local precipitation and temperature,
Amazon-wide precipitation and global modes (ENSO, TNA, WHWP and
AMO) using multi-proxy tree-ring records of wood traits. Ring width,
wood density, δ18OTR and concentration of Sulfur and Calcium annual-
resolved tree-ring records generated here provided complementary infor-
mation on the climate dynamics in the southern Amazon region. While
ring-width, wood density and chemical concentrations better express the
local climate variability, the δ18OTR record reflects better climate informa-
tion at regional and global levels.

In the southern Amazon region, currently increasing drought conditions
have been observed mainly caused by a later onset of the rainy season
(Marengo et al., 2018). Regarding future scenarios, a more pronounce tem-
perature increase is expected in southern Amazonia due to increases in SST
anomalies (IPCC, 2021). In this context, our multi proxy approach provide
new records with accurate climate sensitivity for local and regional fore-
casting of climatic processes.
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