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Abstract: Tree-ring width chronologies of cedro (Cedrela fissilis Vell.) (1875 to 2018), jatoba (Hymenaea
courbaril L.) (1840 to 2018) and roxinho Peltogyne paniculata Benth.) (1910 to 2018) were developed by
dendrochronological techniques in the southern Amazon Basin. Acceptable statistics for the tree-ring
chronologies were obtained, and annual calendar dates were assigned. Due to the lack of long-term
chronologies for use in paleoclimate reconstructions in degraded forest areas, dendrochronological
dating was validated by #C analysis. Tree-rings selected for analysis corresponded to 1957, 1958,
1962, 1963, 1965, 1971, and 1972. Those are critical calendar years in which atmospheric e changes
were the highest, and therefore their tree-ring cellulose extracts *C signatures when in alignment
with existing post-AD 1950 atmospheric *C atmospheric curves would indicate annual periodicity.
Throughout our correlated calendar years and post-AD 1950 #C signatures, we indicate that H.
courbaril shows an erratic sequence of wood ages. The other two tree species, C. fissilis and P. paniculata,
are annual in nature and can be used successfully as paleoclimate proxies. Moreover, due to the
sampling site’s strategic location in relation to the Tropical Low-Pressure Belt over South America,
these trees can be used to enhance the limited amount of observational data in Southern Hemisphere
atmospheric 1#C calibration curves.

Keywords: radiocarbon (14C) dating; tree-ring analysis; tropical dendrochronology; Amazon basin;
lower latitudes

1. Introduction

Tree rings are an important source of high-resolution data for the long-term assessment
of events occurring prior to instrumental data that characterize climate variability [1,2],
and can be applied to calibrating and simulating climate, ecological, and physiological
forecasting of forest ecosystems [3-6]. Hence, it is paramount that tree growth increments
be continuous and their pattern well known so that climate indicators can be properly
derived [7-9]. Moreover, tree ring research is relevant to atmospheric radiocarbon (4Q)
reconstructions [10,11]. Calibration curves are needed for converting 14C dates to cal-
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endar ages [12,13], and for studying the global carbon cycle [14,15] and the effects of
anthropogenic activities on the environment and the climate system [16].

The majority of tree-ring chronologies (see [17]) with reliable cross-dating control
of radial growth have been from ecoregions with well-defined seasons: e.g., the extra-
tropics [18]. In the tropics, recent efforts and important methodological advances [19]
have made it possible to increase the number of chronologies [5,6]. However, challenges
in finding native species that can be dated to their formative calendar year still persist.
Tropical wood anatomical features are highly diverse, and it is often problematic to identify
the distinctness and boundaries of tree rings [20-23]. Besides their complex macroscopic
wood anatomy, tropical species frequently present so-called tree-ring anomalies, such as
wedging rings or partially missing rings, as well as false, discontinuous, and double-growth
rings [6,9], which can lead to dating errors. Moreover, strong precipitation seasonality can
lead to intra-annual phenology responses in deciduous or semi-deciduous tree species,
triggering biannual ring formation [24]. Thus, it is desirable to match tree-ring chronologies
obtained from traditional dendrochronological techniques (regardless whether they are
complete or ongoing) with post-AD 1950 14C ages [25]. This enables independent validation
of tree-ring width chronologies, and ensures data quality and consistency, even before
broad comparisons of various paleo proxies are conducted.

Post-AD 1950 '*C analysis of selected single tree rings works as a corroboration
method thanks to the multiple aboveground thermonuclear detonations that occurred
during the 1950s and 1960s [26], which caused atmospheric *C levels to nearly double
in the troposphere [14]. This anthropogenic *C spike, and its subsequent decline once
the Limited Test Ban Treaty was signed, allowed researchers to use the bomb *C as an
independent marker. Worldwide atmospheric 1#C observations at sites in both the Northern
and Southern Hemispheres have been used to establish atmospheric 1*C calibration curves
across the globe [27]. In the Neotropical realm, direct comparisons of “C content in
cellulose fibers extracted from a tree-ring wood sample of known age have helped confirm
tree species growth patterns as annual [10,11,28-31], problematic [21], or occurring twice
a year [24]. This method has also helped scientists to identify consistent wood layers
corresponding to seasonal or annual growing periods in tree species at several other major
ecological regions, such as Mediterranean climatic areas [20,31], subtropical rainforest [22],
and tropical savanna [32], for example.

Tree-ring width chronologies were developed for the first time for tree species of cedro
(Cedrela fissilis Vell.) (1875 to 2018), jatoba (Hymenaea courbaril L.) (1840 to 2018), and roxinho
(Peltogyne paniculata Benth.) (1910 to 2018) from the Jamari National Forest (JNF), state of
Rondonia, located in the southwestern Brazilian Amazon (Figure 1). The synchronism of
ring width patterns among radii and individuals was determined by visual and statistical
comparisons, applying standard dendrochronological methods. Two of the three species
studied here, C. fissilis [33-35] and H. courbaril [28,36,37], have been studied previously
elsewhere, via methods of cambial wounding, cross-dating, and/or 4c dating, and were
characterized as annual in nature. On the other hand, the genus Peltogyne has barely been
studied (i.e., [25,38]) and P. paniculata chronology has not yet been reported. Therefore,
this work represents the first ring-width chronology assessment and 4C validation for this
single tree species.



Forests 2021, 12,1177 30f 18

I Tropical Rainforest

8.5° S

Antropized Area

9° 8
Jamari National Forest (115 m.a.s.l.)
26.6 | 1975-2018 25.8°C  2438mm

248

g

Temperature (°C)
(ww) uonendieig

Figure 1. (A) Map of the study area in the southern Amazon Basin-cutting block (white) illustrates the location of JNF.
(B) Close view of JNF with its boundary clearly demarcated as well as the specific sites of the three tree species collected for
14C dating: i.e., JAC09C: Cedrela fissilis, JAJ30A: Hymenaea courbaril, and JAR26C: Peltogyne paniculata. Other features are
main rivers, location of the dam across the Jamari River, and closest cities. (C) Climate diagram of Walter and Lieth, based
on regional meteorological and hydrological records from 1975 to 2018 (data collected from HIDROWEB v3.1.1, Agéncia
Nacional das Aguas, and Instituto Nacional de Pesquisas Espaciais—http:/ /bancodedados.cptec.inpe.br, accessed on 18
April 2021), indicates that the dry season occurs from June to August. Solid blue areas show the months with rainfall above
100 mm. The values in black at the top right are the mean annual temperature and the total annual precipitation. Values in
black on the left axis are the maximum and minimum annual temperatures. The altitude of the JNF is given in m above sea
level (m.a.s.l.).

The southwestern Brazilian Amazon, and especially the state of Rondonia, has been
facing substantial forest losses since the late 1980s due to intense human activities across
its territory’s land surface [39]. Our studied site is located at the heart of this accelerated
land cover change area, which, after three decades of increased deforestation, fires, and
forest fragmentation, has been experiencing dramatic changes in seasonal precipitation
chemistry [40] and regional hydroclimate shifts [41,42], which can potentially impact the
livelihoods of people in the state [43].

Therefore, the development of new reliable tree-ring chronologies can situate mod-
ern and future climate change in a long-term pre-industrial perspective. Moreover, the
JNF’s strategic location (9.3° S, 62.9° W) can provide key data related to the Tropical
Low-Pressure Belt (TLPB, conventionally termed Inter-Tropical Convergence Zone) [44]
and the South American Monsoon System [45], and enable exploration of the stability
of ocean-atmospheric forcing of climate over Amazonia. Thus, given the urgent need to
build reliable climate-sensitive century-long tree-ring chronologies across the Amazon
basin [46,47] and the site’s strategic location, these dendrochronologically dated tree species
were independently evaluated by high-precision (<0.3%) post-AD 1950 C accelerator
mass spectrometer (AMS) analysis. Seven calendar years for each tree species were se-
lected to undergo a-cellulose extractions and subsequent sample processing for ¥C-AMS
measurements at the Keck Carbon Cycle Accelerator Mass Spectrometer (KCCAMS) at the
University of California, Irvine (UCI). Dendrochronologically dated tree rings and their
14C values were then compared to the Southern Hemisphere (SH) atmospheric post-AD
1950 *C bomb curves (SH zone 1-2 & SH zone 3), using the current spatial distribution
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of bomb-pulse '*C as defined in [27] and the independent dataset of Minas Gerais, Brazil
(22° S; e.g., [10]).

2. Materials and Methods
2.1. Study Area

The study was conducted in the JNF (Figure 1), which comprises an area of 220,000
hectares located in the southern Amazon Basin between the geographic coordinates
09°00'00"-09°30"00" S and 62°44'05"-63°16'54"" W [48]. The closest city is Itapua do Oeste,
with a population density of just 2.10 people per km? [49]. Based on monthly/seasonal
maps and composite modeling [44], our studied data is believed to be located primarily
within the “U-shape” of the TLPB that encompasses the Amazon Basin. As already men-
tioned, this region also is characterized by strong seasonal variability due to the South
American Monsoon System, which represents one of the most prominent summertime
climate patterns in South America [45].

This region’s native vegetation corresponds to the Open Ombrophilous Forest type,
with a canopy height of around 20-25 m and emerging trees reaching 30-35 m, dominated
by valuable timber species [40-52]. The annual average temperature in this region is 26 °C,
and the average annual rainfall is 2438 mm, with well-defined dry and moderate water
deficit conditions during the winter months of June and August (Figure 1C). The soil
is classified as Yellow Dystrophic Latosol according to the Brazilian Soil Classification
System [53].

2.2. Species Selection, Sample Collection, and Preparation

Three species were selected that had better characteristics for performing dendrochrono-
logical studies, as indicated in preliminary works: Cedrela fissilis Vell. (Meliaceae) [33,34],
Hymenaea courbaril L. (Fabaceae) [36], and Peltogyne paniculata Benth (Fabaceae) [38].

All three species are deciduous [38,54-56], indicating that rainfall is probably the
limiting factor promoting annual tree ring formation [57]. According to the literature,
the growth period of C. fissilis [54], H. courbaril [58], and Peltogyne cf. heterophylla [25], a
congeneric species of P. paniculata, should coincide with the rainy season, which generally
falls between September (previous year) and the end of May (current year) (Figure 1C).

Samples were collected inside the Annual Production Unit (UPA in Portuguese, mean-
ing the delimited area designated for forest management during the current year) in 2019
from the logging firms AMATA and MADEFLONA, both legal private companies operat-
ing the 96,000 ha of the JNF under sustainable management practices [48]. One disc from
each of the 29 C. fissilis, 53 H. courbaril, and 40 P. paniculata trees was cut at the top level
of the first log (6 m) of the felled trees (Figure 2A), following the methodology described
in [47]. The samples were collected at log yards where recently cut logs (April to May
of 2019) were stored. Three or four radial wood sections from each disc were cut and
transported to the Wood Anatomy and Dendrochronology Laboratory from the ESALQ,
University of Sao Paulo.



Forests 2021, 12,1177

50f18

P ——

B

D

2mm
§ t
\
10 cn\\z em
Ee 2 g 5 8§ § &
2 2 — 2mm
F 77 oy & V7 /2 cm
| |
10—30 mg

8 um

/2 cm

A

2¢cm

C 2
son NI ) )1 ) ) Y

Figure 2. Scheme of preparation of wood samples for tree-ring analysis and '4C measurements. Cross sections were cut

from the top of first log of recently felled trees (A); radial sections were cut from cross sections (B), polished and scanned

(C); wood cube specimen (D) was cut for histological slides of transverse plane and microscopic analyses; a thin radial

specimen was cut for X-ray densitometry analyses (E). After dating, wood material was collected for 14C measurements
from each selected ring (calendar years: 1957, 1958, 1962, 1963, 1965, 1971 and 1972) by sampling the whole growing season
between marginal parenchyma (F).

The transverse surfaces of the radial sections (10 cm width and 5 cm thickness) were
polished with sandpaper (80-600 grit) to reveal the growth rings at the macroscopic level
and scanned (1200 dpi resolution) to allow image analysis of the growth rings. To evaluate
the microscopic anatomical tree-ring structure, a wooden cube specimen (2 x 2 x 2 cm)
was cut from each sample to obtain histological slides of the transverse plane (Figure 2D).
A thin radial specimen (2 cm width and 2 mm thickness) was cut transversely, conditioned
to 12% moisture [59], scanned in an X-ray densitometry chamber (Faxitron MX20-DC12,
Faxitron X-ray, Lincolnshire, IL, USA), and the grayscale images analyzed to aid the tree-
ring boundary delimitations (Figure 2E).

2.3. Tree-Ring Demarcation Strategies and Analysis

After transverse surface, histological, and X-ray grayscale images were collected,
tree-ring structures were evaluated both macroscopically and microscopically to identify
the wood anatomical markers for ring boundaries and measure ring widths (Figure 3).
Tree-ring boundary delimitation was performed by combining wood anatomy techniques
and X-ray densitometry analysis [59].
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Figure 3. Transverse surfaces and grayscale images from X-ray of the radial sections (A,D,G, black bars = 10 mm) with
growth ring boundaries delimited (light blue lines) and rings selected for 1*C dating (white stars). The wood anatomy of
the three species’ tree-ring boundaries is formed by marginal parenchyma (B,E,H, white bars = 500 um), associated with
wood density values that decrease sharply at the end of the latewood (C,FI). Orange “f” represents false H. courbaril rings
detected by cross-dating.

Growth ring structures appear to be well-formed in the three studied species. Tree
rings were cross-dated within (3—4 radii per tree) and among trees using skeleton plots, then
dated and measured in CDendro and CooRecorder® software [60]. The dating accuracy
was then checked with the computer program COFECHA [61]. Ring-width series were
detrended and standardized using an age-dependent spline, and the robust mean index
“standard” chronology was computed using the ARSTAN computer program [62,63]. Each
species” standardized chronology was selected and characterized using the following
statistical parameters: first-order autocorrelation, mean inter-correlation among all series
(RBAR; e.g., [64]), and the expressed population signal (EPS; e.g., [65]).

2.4. Radiocarbon Dating

Seven single rings from C. fissilis, H. courbaril and P. paniculata trees that were asso-
ciated with the calendar years of 1957, 1958, 1962, 1963, 1965, 1971, and 1972 (Figure 3)
were sampled for *C analysis at the Wood Anatomy and Tree-ring Laboratory, ESALQ,
University of Sao Paulo (LAIM/ESALQ/USP). These calendar years are from a period
where the differences in atmospheric *C between consecutive calendar years are the high-
est. Moreover, four of the individual tree rings selected represent calendar years from
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the ascending portion of the atmospheric *C bomb peak: one from the peak itself, and
the remaining from the descending side of it. Wood material between 10 and 30 mg was
collected from each selected ring (the whole growing season) by separating them at the
marginal parenchyma, being careful not to include any material from neighboring rings
(Figure 2E). Samples were then labeled by their core identifiers and calendar dates, packed,
and shipped to KCCAMS/UCI for chemical extraction to «-cellulose, graphite target pro-
cessing, and *C analysis. At KCCAMS/UCI, a-cellulose was isolated following a method
adapted from [66], with pre-baked 13 mm culture tubes used as chemical treatment vials.
Wood aliquots were initially reduced to chips and re-weighed to check wood losses during
cutting (<3%). Next, they were subjected to lignification and chlorification by means of an
acid-base-acid pretreatment (1IN HCl and NaOH at 70 °C for 30 min each, until supernatant
was clear) [67], followed by a bleaching step (1IN HCl and 1M NaClO, at 70 °C in a fume
hood for approximately 6 h) to isolate holocellulose. Hemicellulose was then removed in a
17.5% NaOH solution at room temperature for approximately 1-2 hrs maximum, followed
by one rinsed with 1N HCl to remove any labile atmospheric CO; uptake during the NaOH
treatment [68]. The final insoluble organic portion is referred to as c-cellulose, and it was
subsequently rinsed with warm ultrapure water (~18 M().cm) until pH 6 was reached,
then homogenized, dried, and stored for later processing.

To produce solid graphite for 1*C-AMS measurements, about 2 mg of «-cellulose
from each selected calendar year from the chronologies of JNF were loaded in pre-baked
quartz tubes and evacuated-sealed to undergo combustion at 900 °C. We also chose to
produce duplicates from either 1962 or 1963 «-cellulose extracts, depending on the amount
of extracted material available from these calendar years in each chronology series. The
measurement of wood material from these calendar years, which falls into the rising slope
of the bomb-peak, potentially can be biased by small differences during the sampling of
the rings (separation from cross-section and neighboring rings), reduction to chips before
chemical treatment is applied (losses of wood during cutting), and/or poor homogenization
of the final a-cellulose fibers. Therefore, a high degree of agreement between duplicates
would prove that our procedures are meaningful for this type of 4C investigation.

The CO, produced during combustion was cryogenically separated from other gasses
and then reduced to filamentous graphite by Zn processing, following established proto-
cols (e.g., [68], and references therein). Two wood reference materials, AVR wood-blank
(**C-free) and barley mash FIRI-J (post-AD 1950 C), were processed alongside samples to
facilitate background corrections and quality control of the chemical extractions. Filamen-
tous graphite was pressed into Al target holders and measured using an in-house modified
500 kV compact AMS unit (NEC 0.5 MV 1.55DH-21 spectrometer from National Electro-
statics Corporation, Middleton, WT ) [69]. The samples’ *C/12C ratios were normalized
to six known standards of oxalic Acid I (OX-I; SRM4990B) from the National Institute of
Standards and Technology (NIST, Gaithersburg, MD, USA). The emerging result was then
corrected for isotopic fractionation by online-5'*C measured directly loop-by-loop at the
spectrometer, and background corrected by the #C/12C ratio of the a-cellulose extracted
wood blank [70]. A final value for the fraction of modern carbon (F'4C, defined as the
ratio of the sample’s radioactivity to the modern standard’s radioactivity [71]) was reached
using calculations from [72]. Graphite targets produced from combustible organics, such
as POC coal from USGS, oxalic Acid IT (OX-II) from NIST, and sucrose from ANU, were
also analyzed for further quality assessment of the instrument. Overall, the measurements’
precision and accuracy were better than 0.2%.

3. Results and Discussion
3.1. Tree-Ring Demarcation

The conventional procedure used to determine the presence or absence of growth rings
is to distinguish macroscopic anatomical patterns in the cross-section of the xylem [8,73]. In
our study, these morphological changes were also verified by X-ray densitometry (Figure
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3C,El). The potential of X-ray densitometry techniques to characterize and delimit tree
rings has been increasingly validated for tropical species (e.g., [74-78]).

Similar to other tropical regions, in JNF the genera Cedrela [79], Hymenaea [80], and
Peltogyne [81] presented well-defined growth rings useful for dendrochronological studies.
The three genera present growth rings marked by marginal parenchyma. They were also
characterized by a progressive increment of wood density values between the transition of
early- and latewood, related to thick-walled fibre formation. Density values fall sharply
at the end of the latewood. This density decrease observed in C. fissilis was related to the
increase in the diameter and frequency of vessels and the initial-marginal parenchyma at
the beginning of the earlywood (Figure 3B,C). In H. courbaril, it was related to the marginal
parenchyma (Figure 3E,F), and in P. paniculata, it was related to the thin parenchyma band
associated with the intercellular canals (Figure 3H,I). Both species showed a slight or no
variation in vessel diameter and frequency between the early- and latewood transition.

The combined use of anatomical and X-ray densitometry techniques helped the obser-
vation and detection of the thin layer of marginal parenchyma cells in P. paniculata and H.
courbaril by improving the observation of the marginal parenchyma bands, which, having
few cells (Figure 3E,H), are difficult to observe in the dark purple heartwood of P. paniculata
(Figure 3G) and in the clear cream sapwood of H. courbaril (Figure 3D). The intra- and
interannual wood density profiles, as physical parameters of the wood provided by X-ray
densitometry, are related to variations in the wood anatomy and can contribute to the
definition of the ring boundaries [77,78].

3.2. Tree-Ring Chronologies

After identifying growth ring boundaries, the verification of the annual ring peri-
odicity is a key point for the construction of chronologies [7-9]. The main strategy for
performing this verification is the cross-dating between trees due to synchronized growth
triggered by the annual climate cycle [57]. In the present study, the tree-ring width chronol-
ogy of C. fissilis (1832 to 2018) based on 72 radii from 22 trees (76% of all sampled trees)
presented a significant mean correlation among the series (r = 0.51, p < 0.01; RBAR = 0.38;
Figure 4A). The chronology is statistically reliable from 1875 to 2018 based on the expressed
population signal (EPS), which exceeded 0.85. The chronology of H. courbaril (1783 to 2018),
based on 47 radii from 24 trees (45% of all the sampled trees), and P. paniculata (1850 to
2018), based on 40 radii from 14 trees (35% of all the sampled trees), presented a significant
mean correlation among the series (r = 0.41, p < 0.01, Figure 4B; and r = 0.40, p < 0.01,
Figure 4C, respectively). The RBAR of the chronologies was 0.2 and 0.17 for H. courbaril and
P. paniculata, respectively, which verifies the high variability in growth between individuals
of the same species, as is common in tropical studies [82,83]. The EPS values (>0.85)
indicated a good population representation of the chronology from 1840 to 2018 for H.
courbaril and from 1910 and 2018 for P. paniculata. EPS values close to 0.85 are generally
accepted as a good level of common signal fidelity among trees [65].
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Figure 4. All dated, detrended, and standardized radii time series (gray lines) drawn in conjunction with the mean index

residual chronology from Cedrela fissilis (A), Hymenaea courbaril (B), and Peltogyne paniculata (C); (green, yellow, and purple,

respectively).

EPS values for H. courbaril should be taken with caution. Figure 3D and Figure S1
show that H. courbaril at JNF shows a small number of wedging rings, where the marginal
parenchyma of two to four rings converged on one. The issue was initially detected in
one of the radii of the four samples analyzed. The problem was more apparent in rings
closer to the pith and in those formed after 1980. Furthermore, the growth rings in these
segments of the cross-section showed a low degree of synchronized variation (complacent
rings, cf. [84]), hampering the cross-dating between trees and even between radii of the
same tree. This may have increased the probability of ring misidentification for this species
(see Section 3.3 below), despite showing apparently acceptable dating statistics, as have
been observed in other tropical tree species [21,25].

3.3. Radiocarbon Analysis

o-Cellulose chemical processing to produce homogenized fibre extracts from wood
series and wood reference materials to undergo *C analysis were straightforward and did
not take more than 5 days in total, including wood cutting to chips and drying processes.
Removal of wood extractives was observed visually during the first acid treatment at
70 °C/30 min of P. paniculata selected tree rings: the sample supernatant turned light pink
at the first acid bath. Treatment was repeated to ensure effective removal of unwanted
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compounds that were clearly soluble in acid. For the duration of the chemical extraction, no
further unusual coloring was observed, from supernatants or solids. The resulting fibrous
material appeared white and seemed sufficiently pure for isotopic measurements upon
analysis, even though organic solvents (typically used when applying the Jayme-Wise
method with a Soxhlet system [66]) were not added to the existing chemical protocol.

Table 1 shows the measured F'*C results associated with the seven calendar years
selected for all tree species of JNF as well as results from reference materials. Data reliability
was evaluated by checking post-AD 1950 reference materials targets, such as OX-II, ANU,
and the chemically processed FIRI-], against their consensus value limits (Table 1). A
subfossil FIRI-H wood, subjected to c-cellulose extraction, was also in excellent agreement
with expected 1*C value. The average AVR wood blank processed to «-cellulose and used
to correct tree-ring 4C results was statistically indistinguishable from the combustible POC
coal target, and yielded a radiocarbon age equivalent to 53.7 kyrs BP on average.

Table 1. JNF tree species and reference materials 1*C data.

UCIAMS# Tree Species/Sample ID Cakgjia; glate F4C +1o M‘::\;erllglgig + ProEp; e;%:ted Stg}ﬁ;rd
241053 JAC09C-1957 1957.08 1.0272 0.0014
241054 JAC09C-1958 1958.08 1.0689 0.0014
241055 JAC09C-1962 1962.08 1.2068 0.0016
241056 Cedrela issitis _ VAC09C-1963(1) 1963.08 1.2868 0.0017
241057 JAC09C-1963(2) 1963.08 1.2849 0.0017 1.2858 0.0012 0.0009
241058 JAC09C-1965 1965.08 1.6282 0.0025
241059 JAC09C-1971 1971.08 1.4957 0.0022
241060 JAC09C-1972 1972.08 1.4780 0.0020
241036 JAJ30A-1957 1957.08 0.9818 0.0014
241037 JAJ30A-1958 1958.08 0.9799 0.0014
241038 JAJ30A-1962(1) 1962.08 0.9870 0.0017
241039 Hymenaea JAJ30A-1962(2) 1962.08 0.9889 0.0014 0.9881 0.0011 0.0009
241040 courbaril JAJ30A-1963 1963.08 1.0013 0.0014
241041 JAJ30A-1965 1965.08 1.0634 0.0018
241042 JAJ30A-1971 1971.08 1.6062 0.0024
241043 JAJ30A-1972 1972.08 1.5928 0.0023
241045 JAR26C-1957 1957.08 1.0312 0.0014
241046 JAR26C-1958 1958.08 1.0605 0.0016
241047 JAR26C-1962 1962.08 1.1989 0.0017
241048 Peltogyne JAR26C-1963(1) 1963.08 1.2802 0.0018
245722 paniculata JAR26C-1963(2) 1963.08 1.2816 0.0018 1.2809 0.0013 0.0007
241050 JAR26C-1965 1965.08 1.6574 0.0022
241051 JAR26C-1971 1971.08 1.5013 0.0020
241052 JAR26C-1972 1972.08 1.4824 0.0022
Reference materials (extracted to x-cellulose)
UCIAMS# Sample ID E"f;e;tj:slguc FliC +10 Mt‘f;glﬂig t Pmﬁiﬁited St%?r‘f;rd
241079 1.1019 0.0015
241080 FIRL] barley ~1.107 1.1073 0.0015 1.1046 0.0011 0.0027
241083 FIRI-H fossil wood ~0.757 0.7576 0.0011
241081 0.0013 * 0.0000
241082 AVR HC-free wood >55 kyrs 0.0012 * 0.0000 0.0012 0.0000 0.0000
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Table 1. Cont.

Reference materials (combusted)

245696 1.3407 0.0019
245705 OX2 (oxalic-acid) ~1.340 1.3374 0.0019 1.3390 0.0013 0.0016
245706 1.5023 0.0022
241044 ANU sucrose ~1.502 15037 0.0023 1.5030 0.0016 0.0007
241034 POC Coal >55 kyrs 0.0013 * 0.0000

Note: UCIAMS# refers to laboratory code results associated to individual measurements. * These results correspond to the associated
background blank acquired during chemical processing and/or just 4C graphite target processing. Therefore, they were not background-
corrected by any means. * For uncertainty discussions of replicated data, we used the error-weighted mean and the largest between
propagated and standard error (see text for details). § Consensus values of reference materials for internal laboratory data quality control
can be found in multiple publications (e.g., [68-70] and references therein).

Reproducibility was evaluated based on duplicated measurements of reference ma-
terials (combustibles or extracts) as well as JNF duplicates of selected calendar years.
Although we produced just three pairs in total from JNF o-cellulose extracts, their error-
weighted mean among duplicates was equal or lower than 0.13%, and better than the
individual error (Table 1). As already stated, individual target error includes all systematic
propagated errors—i.e., counting statistics, primary and secondary standard measure-
ment accuracy/precision, isotopic fractionation, as well as background corrections (details
in [70]). Essentially, reproducibility was at a 0.2% level for all duplicates, except for OX2,
which was 0.27%.

Radiocarbon results pertaining to the same calendar years but from coexisting tree
species from sites separated by less than 10 km—e.g., C. fissilis (JAC09C) and P. paniculata
(JAR26C)—also yielded similar l4c signatures (within £20), except for the results concern-
ing the calendar year 1965 (at the highest and greatest noise portion of the bomb-shaped
curve). Still, reproducibility was within the 1.4% level—i.e., good to excellent—taking
into account that these are two different tree species with lifecycles that are most likely
slightly misaligned.

To validate whether the JNF tree species are annual in nature, and to verify whether the
tree species/site chronologies attained for them are robust, we plotted the F*C associated
value of each calendar year’s individual tree rings alongside the current atmospheric
post-AD 1950 #C calibration curves (see Figure 5). Since air masses transporting *C
and influencing the JNF site are presently undefined—i.e., JNF falls within the U-shaped
boundary of the TLPB and the western side of the actual boundary itself [44]—we used
both SH datasets from the designated atmospheric *C zones (SH zone 1-2 and 3), defined
in [27], to produce Figure 5. Calendar dates were also adjusted to a small decimal date
(i.e., 0.08 = 0.15 was added to each calendar year) to better represent the middle of the
expected maximum growing season. The annual decimal date was inferred based on the
length and amount of the region’s precipitation (Figure 1C), and best fitting of calendar
dendrochronology dates to bomb curve. The data cover a length of approximately 4 months
in total, which started at the preceding calendar year and spilled over to the next year,
placing the maximum growth where precipitation was already well established. This type
of anchoring and adjustment by calendar dates has been proven to work well for tree
species and settings across the Pantropical region (e.g., [11,24]).
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Figure 5. Evaluation of annual periodicity was determined by plotting F14C from 7 tree-rings of selected calendar years
against 14C records reported in [27] (left panels), and comparisons of dendrochronological dates and calibrated '#C derived
dates (right panels) for Hymenaea courbaril (A,B), and Peltogyne paniculata (C,D), and Cedrela fissilis (E,F). In panels (A,C,E),
discrete radiocarbon results were plotted separately. Reproducibility is so tight that 1*C results on duplicates (n = 2) overlap,
and are within uncertainties (+10; Table 1). In panels (B,D,F), curve construction was produced from the average calibrated
14C age obtained using CaliBomb software and SH zone 1-2 dataset. Uncertainties were calculated according to the range of
the age interval. Correlation coefficient is shown for each tree species best-fit linear regression, as well as 1:1 dashed line.

In Figure 5 we also plot *C ages calibrated using CaliBomb (http://calib.org/CALIBomb/,
accessed 6 April 2021) based on the F14C values attained from tree ring data versus den-
drochronology calendar dates. This is a precise way to visualize the same data, which
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clearly predicts whether the annual calendar dates were assigned correctly. It also estab-
lishes what SH C zonal region these tree species/site belong to: i.e., whether or not
air masses reaching sites originate mostly from outside the TLPB boundary U-shaped
area (e.g., SH zone 1-2). Note that here we already eliminated all calibrated “C ages’
ambiguities produced by CaliBomb, as the sequence of calendar ages expected was already
known at a decimal level (according to rainfall season across the region; Figure 1C). The
comparative analysis outlined above attested to each chronology’s robustness with respect
to tree species” annual growth patterns.

Optimal matches between slightly adjusted dendrochronological dates (Table 1) and
atmospheric post-AD 1950 14C calibration curves were found for C. fissilis (JAC09C) and
P. paniculata (JAR26C) (Figure 5A,E, respectively). Moreover, the remarkable agreement
of discrete calibrated *C ages versus dendrochronology ages indicated that these tree
species were exposed to *C air-masses mostly from SH zones 1-2 (Figure 5B,F; dashed
line = 1:1 match, solid line = best-fit linear regression, R2 ~ 1). The present finding is
significant. At first glance, the current compiled data of global atmospheric *C, based
mostly on latitudinal differences, place JNF within SH zone 3 [27]. Yet, the boundaries
between SH zones 1-2 and zone 3 that are associated with the TLPB over South America
are still poorly defined [11], and bear a huge uncertainty [44]. While highly speculative,
as just 7 tree-ring calendar years from these tree species have been measured so far, it is
possible that we have found the right region across the Amazon Basin for studying TLPB
space-time variability where the positive atmospheric 1*C gradient is disrupted, forming
two distinct zones. A full sequence of tree ring 1*C measurements of one or both of these
tree species would be required to better elucidate the atmospheric circulation pattern and
the carbon reservoir provenances affecting this region [44,85].

With regard to the #C results of the H. courbaril (JAJ30A), which have been shown
to be annual at Panama [28], we found an erratic sequence of wood ages at JNF (Table 1,
Figure 5C,D). According to the yielded F'*C results attained from the dendrochronology
dates provided, at least seven calendar years were not detected during ring counting
due to the presence of extra wedged rings undetected during ring demarcation. This
is the most acceptable explanation for the offset detected in the '*C measurements. A
second explanation would be random absence of rings. But this would imply that cam-
bial dormancy for this tree species at this location (about 20 km south of the other two
tree species in this study) is linked to something other than precipitation, resulting in
an interesting challenge to be elucidated. Nonetheless, this outcome makes this chronol-
ogy unfit for further long-term studies, as some ring boundaries remained indistinct
(Figure S1) even though a couple of techniques were used to determine the cambial mark-
ings (Figure 3). Another worrisome aspect of our C findings here is related to the
significant mean correlation values associated with H. courbaril chronology (Figure 4B).
Alone they would probably be accepted as sufficient proof for chronology robustness. But
after our independent evaluation—i.e., post-AD 1950 *C validation—an EPS value of
0.85 and associated parameters did not provide a clear-cut test for verifying annual ring
formation in tropical trees (at least not for this tropical tree species/site).

4. Implications for Tropical Dendrochronology and Atmospheric *C New Records

Cross-dating provides absolute correspondence dates of specific rings within different
specimens and, ultimately, an absolute date for each ring by matching the ring width pat-
terns among specimens at a given site [86]. This is the backbone of the dendrochronology
technique. These techniques were applied to C. fissilis, H. courbaril, and P. paniculata at the
JNF (Figure 1), a small protected area surrounded by a degraded forest due to decades
of land cover change, in order to produce tree-ring width chronologies. Accuracy and
reliability of dating were controlled by observation (e.g., Skeleton plot) and statistical corre-
lation assessments (e.g., COFECHA) and were found to be satisfactory for all chronologies
produced in this study. However, once tree ring chronologies were carefully evaluated by
post-AD 1950 *C measurements of selected tree rings (Table 1, Figure 5), an offset was
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detected on H. courbaril chronology, implying that several rings were missed due to their
indistinguishable anatomical features (Figure S1). This has important implications for trop-
ical dendrochronology, as it illustrates again how identifying the growth-ring boundaries
in some tropical tree species/sites is very problematic and can be somewhat unpredictable.
In contrast to temperate climates (with well-demarcated wet and dry seasons), the subtle
changes of tropical climates, and consequently the poor demarcation of ring boundaries,
call for validation of the annual periodicity of the tree rings using independent methods
differing from those found in the extra-tropics. Therefore, we postulate that high-precision
validation by C should be adopted when studying tree-ring chronologies in the tropics
(see [11,20,22,24], for example).

As already mentioned, the calendar years selected for corroborating the dendrochronol-
ogy dates are from a period where the differences in atmospheric *C between consecutive
calendar years are the highest. A perfect agreement between dendrochronological dates’
assigned and expected *C values would imply that in addition to successfully achieving
the primary goal of annual validation, tree species candidates can be used as paleo proxies,
and material (tree rings) also can be selected to extend observational atmospheric lac
records [11]. We also postulate that either C. fissilis (JAC09C) and/or P. paniculata (JAR26C)
are excellent candidates to represent the southwestern side of the U shape associated with
the TLPB [44], and should be considered in further studies for the long-term atmospheric
l4c global map [11].

5. Conclusions

In this study, tree ring width chronologies of C. fissilis (1875 to 2018), H. courbaril (1840
to 2018), and P. paniculata (1910 to 2018) were developed by standard dendrochronological
techniques in the southwestern Brazilian Amazonia Basin. This also was the first attempt
to build a tree-ring width chronology using P. paniculata tree species. Although chronology
statistical parameters are generally commonly acceptable to determine chronology fitness
among dendrochronologists, these parameters can still miss the mark when dealing with
new tree species in the tropics.

Here, we used post-AD 1950 *C measurements of selected tree rings and determined
that while the H. courbaril tree species from JNF is unsuited to moving forward within den-
drochronology applications due to indistinguishable features (missed during cross-dating),
C. fissilis and P. paniculata tree species are annual in nature, and their chronologies align per-
fectly with expected values. This independent validation was performed by high-precision
determinations at KCCAMS/UCI on «-cellulose fibres, using a substantial number of du-
plicates of reference materials and tree rings, giving absolute confidence in the final results
and assigned dendrochronological dates. In this sense, C. fissilis and P. paniculata growth
rings can be used as a powerful proxy indicator of climate variability. Moreover, due to the
sampling site’s strategic location in relation to the TLPB, the dendrochronologically-dated
tree rings of C. fissilis and/or P. paniculata also can be used to enhance the limited amount
of observational data for the Southern Hemisphere atmospheric #C at lower latitudes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/12091177 /s1. Figure S1. Examples of doubtful growth rings (GR) in Hymenaea courbaril;
marginal parenchyma of two to four rings converge into one.
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