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A B S T R A C T   

The spatial coverage of tree-ring chronologies in tropical South America is low compared to the extratropics, 
particularly in remote regions. Tree-ring dating from such tropical sites is limited by the generally weak tem-
perature seasonality, complex coloration, and indistinct anatomical morphology in some tree species. As a result, 
there is a need to complement traditional methods of dendrochronology with innovative and independent ap-
proaches. Here, we supplement traditional tree-ring methods via the use of radiocarbon analyses to detect partial 
missing rings and/or false rings, and wood anatomical techniques to precisely delineate tree-ring boundaries. In 
so doing we present and confirm the annual periodicity of the first tree-ring width (TRW) chronology spanning 
from 1814 to 2017 for Juglans boliviana (‘nogal’), a tree species growing in a mid-elevation tropical moist forest 
in northern Bolivia. We collected 25 core samples and 4 cross-sections from living and recently harvested 
canopy-dominant trees, respectively. The sampled trees were growing in the Madidi National Park and had a 
mean age of 115 years old, with certain trees growing for over 200 years. Comparison of (residual and standard) 
TRW chronologies to monthly climate variables shows significant negative relationships to prior year May- 
August maximum temperatures (r = − 0.54, p < 0.05) and positive relationships to dry season May-October 
precipitation (r = 0.60, p < 0.05) before the current year growing season. Additionally, the radial growth of 
Juglans boliviana shows a significant positive trend since 1979. Our findings describe a new and promising tree 
species for dendrochronology due to its longevity and highlight interdisciplinary techniques that can be used to 
expand the current tree-ring network in Bolivia and the greater South American tropics.   

1. Introduction 

The tropical Andes of South America (~10◦N–24◦S) is one of the 
Earth’s greatest hotspots for biodiversity, yet among the least explored 
settings for dendrochronology (Quesada-Román et al., 2022; Schöngart 
et al., 2017). Tree-ring analysis in the diverse mid-lowland forests of the 
Andes can be extremely challenging, due to the lack of annual 

periodicity of growth layers and/or well-defined tree-ring boundaries in 
many tree species, leading to difficulties in cross dating (i.e. finding 
agreement in growth patterns among trees). Further, there is only a 
limited understanding of the factors contributing to tropical tree growth 
and dormancy in the tropical Andes and other low latitude locations 
(Boninsegna et al., 2009; Morales et al., 2020; Zuidema et al., 2022). 
Early studies in tropical dendrochronology suggested that tree species 
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that endure dry periods for more than two months could trigger cambial 
dormancy and form distinguishable ring boundaries (Worbes, 1999), but 
cambial dormancy can also occur for both endogenous (i.e. sub-annual 
physiological defoliation (Brienen et al., 2016), competition for sun-
light (Carlquist, 2001)), or exogenous reasons (i.e.; solar radiation, frost; 
Fritts, 1976). For tree species in extremely humid forests with high 
seasonal precipitation variability (like the Bolivian Yungas study here), 
the coherency in growth patterns within and between trees can be very 
low. Due to the complexity of tropical wood anatomy and the minimal 
agreement among trees in some species and settings, supplementary 
dating methods, such as radiocarbon analyses (14C), have been used to 
independently confirm dendrochronological results (Baker et al., 2017; 
Herrera-Ramirez et al., 2017; Pacheco-Solana et al., 2023). Radiocarbon 
and traditional dendrochronological processing (i.e., crossdating) are 
thus complementary, yet time-consuming, baselines for tree-ring chro-
nology development in many settings in the tropics and both methods 
will be used herein. 

In recent decades there has been much promise in the development 
of tree-ring chronologies in the tropical Andes. This is particularly true 
for the region of the vast Altiplano (15◦− 22◦S) the highest (~4000 m a. 
s.l.) and most expansive (~1000 km) plateau of the Andes, that spans the 
entirety of western Bolivia, where climate-sensitive Polylepis tarapacana 
trees older than 700 years have been found (Morales et al., 2012). A 
number of these tree-ring chronologies have recorded regional precipi-
tation for the last centuries as well as inter-annual variability related to 
El Niño-Southern Oscillation (ENSO), a global scale atmosphere-ocean 
phenomenon related to Pacific Ocean sea-surface temperatures anom-
alies (SSTA’s) that profoundly influences the hydroclimate of South 
America and the globe (Morales et al., 2020). Most existing tree-ring 
chronologies in eastern Bolivia are from low elevation (< 500 m a.s.l.) 
dry forests and feature Anacardiaceae species like Schinopsis brasiliensis 
(López and Villalba, 2016) and members of the Fabaceae family such as 
Amburana cearensis (López et al., 2022; Paredes-Villanueva et al., 2015), 
Machaerium scleroxylon (Paredes-Villanueva et al., 2013), and Cen-
trolobium microchaete (López and Villalba, 2011), while humid sub-
montane ecosystems (1100–1800 m a.s.l.) remain largely unsampled. 

Although the number of published, well-dated tree-ring chronologies 
in the Bolivian Amazon is still quite low, there has been considerable 
progress over the past 1–2 decades in identifying tree species (mostly 
semi-deciduous and from the Fabaceae and Moraceae families) useful for 
dendrochronology which can grow in moist forests and form annual 
rings: e.g. Clarisia racemosa (Soliz-Gamboa et al., 2011), Ampelocera 
ruizii, Albizia niopioides, Cariniana ianeirensis, Centrolobium microchaete, 
Ficus boliviana (evergreen), Hura crepitans, Pseudolmedia laevis (López 
et al., 2012), Amburana cearensis, Bertholletia excelsa (evergreen), 
Cedrelinga catenaeformis, Cedrela odorata, Tachigali vasquezii, Peltogyne 
heterophylla (Brienen, 2005; Brienen and Zuidema, 2006). Pioneering 
tree-ring research in Bolivia’s Madidi National Park (MNP) reported a 
deciduous Pseudolmedia rigida tree with annual periodicity and thus, 
potential for tree-ring studies (Andreu-Hayles et al., 2015). 

Here we describe the first documented tree-ring width (TRW) chro-
nology for Juglans boliviana growing in the MNP. Juglans boliviana ([C. 
DC. Dode 1909]), commonly referred to as “nogal", or "nogal boliviano”, 
is a tropical walnut endemic to the submontane moist environments of 
Southern Peru (> 8◦S) and Northern Bolivia (< 19◦S) (Fuentes, 2005; La 
Porte, 1966; Manning, 1960; Miller, 1976; Stone et al., 2009). As it is the 
case for other Juglandaceae in South America, the wood is used for both 
economic (e.g. timber, dye) and medicinal purposes (e.g. kidney dis-
ease) particularly within indigenous communities (Araujo-Murakami 
et al., 2006; De Lucca and Zalles, 1992; Paniagua-Zambrana et al., 
2020). Despite its socioeconomic and environmental value, little is 
known about the growth cycle and longevity of these shade intolerant 
angiosperms (Mostacedo C and Fredericksen, 1999). 

Several species of Juglans trees from tropical South America have 
been used in dendrochronological studies, including Juglans australis 
(Ferrero et al., 2015, 2013; Morales et al., 2004; Villalba et al., 1985) 

and Juglans neotropica (Humanes-Fuente et al., 2020; Inga and del Valle, 
2017). The biggest difference among these tropical black walnuts spe-
cies resides in the leaf and fruit physiology (Manning, 1960, 1948), 
whereas their diffuse porous wood anatomy looks largely the same 
(Miller, 1976). Juglans australis represents the southernmost neotropical 
specimen of the genus, ranging from ~20◦S to 27◦S, while Juglans neo-
tropica is more widespread in the North-Central Andes spanning from ~ 
9◦S to 14◦S (Stone et al., 2009; Manning, 1960). Dendrochronological 
studies have confirmed that South American Juglans can be quite 
long-lived (> 300 years), are in both tropical (Peru and Bolivia) and 
subtropical (Argentina) montane environments and feature annual tree 
growth variability that is positively correlated with precipitation 
(Humanes-Fuente et al., 2020; Villalba et al., 1998). However, to our 
knowledge, Juglans boliviana has not yet been evaluated for this purpose. 

Here we study a new Juglans species for dendrochronology endemic 
to the Bolivian and Peruvian Yungas. First, we confirm the annual 
periodicity of Juglans boliviana using both traditional dendrochronology 
and radiocarbon analysis, as well as wood anatomical techniques, to 
produce a robust tree-ring width chronology. Second, we use this new 
record to assess the growth variability and trends and climate sensitivity 
at this site to report the dendrochronological potential of long-lived 
Juglans boliviana growing in primary forests of tropical Bolivia. 

2. Materials and methods 

2.1. Site description and climatology 

One of the most extensive protected areas in Bolivia is the MNP, 
located in the northwestern corner of the country. Its complex topog-
raphy supports a range of forest types, from dry subhumid montane to 
lowland wet environments that feature diverse primary stands and 
fragile, threatened tree species (Araujo-Murakami et al., 2006; Fuentes, 
2005; Macía, 2008). The MNP corridor serves as a transitional zone 
between the Amazon basin and the Andes. Due to its distinct seasonality, 
preserved old growth forests, pronounced elevational gradient, and high 
diversity, it holds great promise for expanding tropical South American 
tree-ring research. 

Our study site is in a seasonally humid Amazon-Andes transitional 
forest (~1300 m a.s.l.) on a north facing slope near the town of Santa 
Rosa in the MNP (14.40◦S, 68.42◦W) (Fig. 1 A). The landscape is char-
acterized by closed-canopy forests and seems to be an old growth area 
that has remained relatively undisturbed. However, there are signs of 
mining and small-scale farming along the river banks of the Rio Tuichi 
(1000 m a.s.l.), which is a tributary of the Madeira River basin ~2 km 
away from our sampling site. Juglans boliviana dominates the canopy of 
this diverse semi-evergreen forest along with the presence of a rare palm 
Dictyocaryum lamarckianum, which is an indicator species for the low-to- 
mid elevation submontane environment (Fig. 1 A,C) (Fuentes, 2005). 
The forest interior features thick layers of herbaceous understory, sub-
canopy, and few lianas growing upon a moist layer of leaf litter and 
well-drained sandy clay soils. Accompanying woody species included a 
mix of mature evergreen (Erisma uncinatum, Astronium graveolons) and 
deciduous trees (Cedrela fissilis, Pseudolmedia laevis, Platymiscium 
pinnatum). 

This area receives 1345 mm of rain on average per year, mainly from 
October through May, and has a short dry season from June/July to 
August (Fig. 1B). Temperatures range between 10.5 ◦C (minimum, July) 
and 24 ◦C (maximum, November) with a mean annual temperature of 
17.5 ◦C. The phenology of Juglans boliviana is poorly understood, though 
studies of Juglans neotropica growing in similar Andean environments 
suggest leaf-out (i.e. foliation of new leaves) initiates during the onset of 
the wet season and partial (or complete) defoliation occurs during the 
dry season as temperatures cool and fruits mature (Ramírez and Kal-
larackal, 2021; Vanegas and Rojas, 2018). At the time of sampling in 
July, the Juglans boliviana trees appeared to have partially intact leaves 
and developed fruits. Based on the mean climatology for this site 
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(Fig. 1B) and phenotypic studies of other tropical Juglans in the vicinity 
of the Andes, we assume that the growing season for the Juglans boliviana 
in this location likely occurs sometime between October-May. 

2.2. Sample collection and dendrochronological processing 

In 2018, we sampled 29 individual trees of Juglans boliviana, near an 
ecological plot maintained by the National Herbarium of Bolivia. Our 
sampling campaign was conducted in collaboration with field botanists 
from the National Herbarium of Bolivia, who facilitated botanical 
identification of tree species, along with members of the local commu-
nity of Santa Rosa. The voucher herbarium specimen 4113 A (LPB) from 
Cayola et al. represents a botanical sample of Juglans bolviana collected 
from a nearby plot in the year 2010 which can be accessed online via the 
specimen database Tropicos ™ (https://www.tropicos.org/specimen/ 
Search). The average diameter of the trees sampled in this study was 
74 cm at breast height, with some trees growing as large as 137 cm in 
diameter. Using a nondestructive, 2-threaded (minimum 16 in.) incre-
ment borer, 3–4 core samples were extracted from 25 living trees at 
1.2 m above ground. Although this is a hardwood species, coring the 
wood (which was saturated with water), was simple (wood density 
0.55–0.7 g/cm3). Additionally, whole slabs of wood from recently har-
vested trees near the forest perimeter were cut using a chainsaw. Local 
community members noted that these trees may have been felled be-
tween 2015 and 2018. All the samples were shipped to the Tree-Ring 
Laboratory of the Lamont-Doherty Earth Observatory (LDEO) in the 
Palisades (NY, USA), where they were carefully sanded using a variety of 
grits with both orbital sanders and manually with microfiber paper. 

2.3. Crossdating and measuring tree-ring width at MNP 

Once the samples were sanded, we used a combination of two 
crossdating techniques. The list method (Yamaguchi, 1991) entails the 
manual recording and visual comparison of distinct features of rings (e. 
g. narrow, wide, less latewood, etc.) under a stereomicroscope. Under 
the stereomicroscope, non-LED light bulbs (such as yellow or red) were 
used to improve visualization of the dark purple wood samples char-
acteristic of Bolivian walnut trees. A total of 16 cores and 4 cross sections 
were dated (based on the list method) and scanned with a white back-
ground (due to the dark complexion of the wood) using an Epson 
Expression 1100000XL at 3200 dpi. The second crossdating technique 
involved the use of the image analysis software CooRecorder with 

Cdendro (Cybis Elektronik & Data AB, 2022; http://www.cybis.se/for-
fun/dendro/helpcoorecorder7/index.htm) to visually compare the 
growth patterns among and within individual trees samples from the 
site. 

The dating process for Juglans tree rings is time consuming and labor 
intensive due to the complex anatomy and irregular nature of the wood. 
The designated year of field collection provides an initial starting cal-
endar date for the most recent ring boundary in the living samples. For 
example, for samples collected in July 2018, the first full ring behind the 
bark represents the growing season that began in austral spring 2017 
and ended in austral summer 2018. Based on the Shulman convention 
(Schulman, 1956), this ring is assigned to the year that the tree starts 
growing (2017), assuming that part of the growth also takes place in the 
year 2018. Each ring is thereafter assigned a date back in time until the 
pith, or the earliest formed ring available in the sample, is reached. Once 
dates were assigned to the rings, the width of each year across all 
samples (depicted as 0.001 mm) was measured digitally in CooRecorder 
(Cybis Elektronik & Data AB) for a total of 45 series. To further check the 
quality of our crossdating and ring-width measurements, we used 
computer assisted programs such as Cofecha (Holmes, 1983) and 
Cdendro (http://www.cybis.se/forfun/dendro/). 

2.4. Radiocarbon analyses 

To independently verify our initial visual and statistically cross- 
dating, radiocarbon (14C) content was measured from the cellulose of 
individual tree rings from both a cross section and a living core from the 
Juglans boliviana collection. These samples were selected based on the 
mean inter-series correlation at different stages of TRW chronology 
development (Table 1). The signature of atmospheric radiocarbon from 
tree-ring cellulose will be referred to as the fraction of modern carbon 
(F14C). These F14C values can be compared against the global atmo-
spheric radiocarbon curves, which have been divided in latitudinal 
zones with 3 curves for the Northern Hemisphere (NH) and 2 curves for 
the Southern Hemisphere (SH), as compiled by Hua et al., (2013, 2021). 
These curves reflect the high-precision record of atmospheric 14C vari-
ability that spans from ~1950 to present, characterized by the nuclear 
mid 20th century bombing spike in the NH, that rapidly decreased after 
the ban treaty in 1963 (Hua et al., 2013). 

Key years that fall before and after the “bomb-spike” on the 14C 
calibration curves were cut from both samples using a #24 scalpel 
(Table 2). After each year was separated from the sample, it was finely 

Fig. 1. (A) Location and elevation of Juglans boliviana site (red square) plotted with the nearest CHIRPS 2.0 (0.05◦, yellow) and CRU 4.06 (0.5 ◦, blue) grids used in 
climate analysis in northwestern Bolivia. (B) The mean climatology (1981–2018) based on the CRU gridpoint shows this site endures a long wet-period between 
October-May (austral spring and summer) and short, dry, winter season (June-July). (C) Photo of one of the J. boliviana trees cored in July 2018. Most individual trees 
reached the canopy in this moist mid-elevation site. 
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chopped into thinner fibers and weighed (no more than 50 mg of wood) 
prior to cellulose extraction in individual funnels from our extraction 
system (Andreu-Hayles et al., 2019). Radiocarbon reference materials 
were prepared for each extraction run which included fossil wood ma-
terial AVR-07-PAL-37 (14C-free), subfossil wood FIRI-H, and post-bomb 
FIRI-J (barley mash). 

Wood samples were exposed to alpha-cellulose extraction protocols 
using the equipment and proceedings of Andreu-Hayles et al. (2019). 
During the cellulose extraction process, the wood material is immersed 
in a series of heated and timed chlorination (NaClO2) and alkaline 

(NaOH) treatments to remove components like lignin and hemicellulose 
in the wood. Due to the carbon-containing buffer used in the chlorina-
tion process (acetic acid), we expanded the Andreu-Hayles et al. (2019) 
protocol to include an acid (1 N HCL 10%) to remove remaining 
extractive carbon from the cellulose material (methods described in 
Santos et al., 2020). The mean extraction yield of cellulose-wood for 
these samples is 42%, meaning that for 100 mg of wood, we may obtain 
42 mg of cellulose. 

The samples and select standards were processed for cellulose ex-
tractions at LDEO and shipped to KCCAMS/UC Irvine for further pro-
cessing and high precision 14C measurements in 3 successive batches as 
the TRW chronology improved in sample size (Table 1). In total 11 
cellulose samples from the cross-section JBX03B (Batch#1–3) and 8 
cellulose samples from the core JB013D (Batch #3) were measured 
(Table 2). Following protocols described in Santos et al. (2020), 14C 
analysis was conducted using a compact Accelerator Mass Spectrometry 
(AMS) system (Beverly et al., 2010) which employs online 
isotope-fractionation analysis and background correction based on the 
processed fossil wood AVR-07-PAL-37 (Santos et al., 2020). Juglans 
boliviana F14C results are reported in comparison to the SH 14C cali-
bration curves Zone 1–2, and 3 for atmospheric 14C (Hua et al., 2021, 
2013). 

2.5. Wood anatomical analyses 

To supplement conventional visual processing of the ring boundaries 
in the wood samples we used a WSL sliding microtome to slice a thin lath 
of wood from the same core and cross-section samples that were 
analyzed for F14C. The samples were carefully dyed using traditional 
quantitative wood anatomy (QWA) proceedings described in von Arx 
et al. (2016) and transferred to a glass slide to view under a compound 
light microscope. High-resolution images of the rings were taken using 
an AmScope 12MP Color CMOS Digital Eyepiece Microscope. 

Table 1 
Cofecha mean correlation statistics during chronology development for living, 
dead, and combined datasets for the final TRW chronology. Note that some 
calendar dates changed in the development of the chronology and were adjusted 
based on F14C measurements for JBX03B and JB013D (see Table 2 and Fig. 2). 
The first iteration CRN1 represents a dataset with 3 living (last ring assigned to 
year 2017) and 3 dead trees (last ring assigned to year 2015). CRN2 is composed 
by 7 living trees and 4 dead trees (last ring re-assigned to 2017). CRN3 repre-
sents the final chronology composed by 16 individual living trees and 4 indi-
vidual cross-sections from dead trees after using dendrochronological 
proceedings based on assessing the common TRW signal and F14C results.    

CRN1 CRN2 CRN 3 

Living Trees Time span 1873–2017 1865–2017 1814–2017 
No. trees 3 7 16 
Min-Max corr 0.28–0.57 0.32–0.55 0.31–0.58 
Mean corr 0.43 0.43 0.42 

Dead Trees Time span 1855–2015 1862–2017 1815–2017 
No. trees 3 4 4 
Min-Max corr 0.48–0.68 0.43–0.57 0.38–0.71 
Mean corr 0.58 0.48 0.53 

Living þ Dead Time span 1855–2017 1865–2017 1814–2017 
No. trees 6 11 20 
No. radii 10 23 45 
Max corr 0.24–0.59 0.33–0.6 0.30–0.64 
Mean corr 0.47 0.47 0.46  

Table 2 
Tree-ring dates (Schulman and 14C) and corresponding Radiocarbon metadata for the JBX03B (section) and JB013D (core) for 3 batches of measurements. The monthly 
adjusted calendar dates for the F14C are based on the SH Zone 1–2 radiocarbon values provided by Hua et al. (2021). In particular, the January 15 and mean 
October-May F14C values from the Zone 1–2 curve are shown for comparison to the tree-rings (full seasonwood) values. The sample ID # recorded at the KCCAMS/UCI 
facility for all sample measurements is also included.  

Dendrochronological calendar dates (Schulman) SH Zone 1–2 F14C curve values (Hua et al., 2021) F14C values for Juglans boliviana 

Sample 
ID 

CRN Batch # Initial calendar 
year 

Corrected calendar 
year 

14C monthly 
adjustment 

F14C mean 
January 

15 

F14C 
mean 

Oct-May 

F14C (whole tree ring) ±σ UCIAMS# 

JBX03B  (t) (t+2)       
CRN1, 

Batch#1 
1958 1960 1961.0417 1.2013 1.1970 1.1932 0.0018 251164 
1962 1964 1965.0417 1.6599 1.6435 1.6228 0.0026 251165 
1963 1965 1966.0417 1.6356 1.6388 1.6299 0.0025 251166 
1967 1969 1970.0417 1.5209 1.5283 1.5077 0.0025 251167 
1971 1973 1974.0417 1.4201 1.4231 1.4281 0.0026 251168 

CRN2, 
Batch#2 

1961  1962.0417 1.2113 1.2062 1.2063 0.0016 256179 
1962  1963.0417 1.2693 1.2770 1.2695 0.0017 256180 
1970  1971.0417 1.5048 1.5077 1.5053 0.0020 256181 
1971  1972.0417 1.4893 1.4944 1.4857 0.0020 256182   

(t-1)       
CRN2, 

Batch#3 
1956 1955 1956.0417 1.0081 1.0051 1.0109 0.0019 261954 
1957 1956 1957.0417 1.0269 1.0232 1.0350 0.0019 261955          

JB013D   (t-3)       
CRN2, 

Batch#3 
1955 1952 1953.0417 0.9743 0.9742 0.9879 0.0018 261956 
1956 1953 1954.0417 0.9746 0.9748 0.9726 0.0018 261957 
1960 1957 1958.0417 1.0745 1.0664 1.0487 0.0020 261958 
1961 1958 1959.0417 1.1287 1.1232 1.0987 0.0023 261959 
1962 1959 1960.0417 1.1963 1.1786 1.1727 0.0022 261960 
1963 1960 1961.0417 1.2013 1.1970 1.1845 0.0021 261961 
1969 1966 1967.0417 1.6223 1.6181 1.5986 0.0032 261962 
1970 1967 1968.0417 1.5710 1.5765 1.5740 0.0030 261963  
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2.6. Mean TRW chronologies 

Once the final calendar dates were assigned following visual cross-
dating based on common TRW patterns among trees, as well as wood 
anatomy and radiocarbon analysis, each timeseries was detrended using 
a signal-free age-dependent spline and converged within 7 iterations 
(Melvin and Briffa, 2008). Conservative detrending methods such as 
rigid (100, 200-year) splines, horizontal mean, and negative exponen-
tial, were also explored to evaluate difference in the resulting standard 
chronologies, but ultimately the signal-free method of detrending was 
selected to preserve low-mid frequency information, enhance the com-
mon growth signal, and minimize noise due to the uneven growth 
morphology and age of tree samples (Melvin and Briffa, 2008). The TRW 
index was calculated using ratios and combined using a robust bi-weight 
mean to generate the standard chronology (Cook, 1990). The individual 
standard timeseries were prewhitened using an autoregressive model 
and were combined to produce the residual chronology (RES) using a 
robust biweight mean (Cook, 1990). 

The mean correlation between the timeseries was calculated both 
between (r) and within (r.wt) tree samples within the chronology. The 
Expressed Population Signal (EPS), which measures the predictive 
power of an n number of samples (Wigley et al., 1984), was also used to 
determine the number of samples required to produce a robust TRW 
chronology based on a common, coherent signal. The arbitrary cut-off of 
0.85 EPS is used in dendrochronology as an acceptable threshold to 
indicate that the series composing a chronology shared a considerable 
amount of variance. We used Pettitt’s changepoint detection methods 
(Pettitt, 1979) to identify a significant shift in low frequency of the mean 
TRW between 1868 and 2017 (EPS > 0.85) and Sen’s Slope calculation 
(Sen, 1968) to estimate the magnitude of the trend in TRW in the period 
after the breakpoint. The statistical significance of this trend was eval-
uated using the non-parametric Mann-Kendall test. All statistical ana-
lyses were tested using the trend package in R. 

To investigate a potential link between negative TRW outliers and El 
Niño events, we plotted the years of extreme Niño3.4 SST anomalies 
(1.5–+2.0 ◦C) identified by Webb and Magi (2022) in the Ensemble 
Oceanic Niño Index (ENS-ONI) which combines over 30 reanalysis and 
reconstruction datasets for the Niño3.4 region (1850–2021). The au-
thors defined 20 ‘Super’ and ‘Strong’ El Niño events as ENS-ONI values 
that exceeded 1.5 ◦C between October through March. The onset year of 
17 El Niño events were compared here to the Schulman dated residual 
chronology for the calibration period (1850–2017). 

2.7. Climate sensitivity of Juglans boliviana from MNP 

After confirming the annual nature of the Juglans boliviana tree rings, 
the TRW chronology was finalized and compared to monthly maximum 
(Tmax), minimum (Tmin), and mean (Tavg) temperatures, and precip-
itation from the Climate Research Unit reanalysis product 0.5 x 0.0.5◦

grid resolution (CRU 4.06; Harris et al., 2020). Tmax data was used 
herein because (1) it has been reported recently to have a greater net 
impact on tropical tree growth (Sullivan et al., 2020; Zuidema et al., 
2022) than minimum (Tmin) and average temperatures (Tavg); (2) 
correlation analysis between TRW and Tmin did not produce significant 
results; (3) partial correlations between Tavg and TRW were similar but 
weaker and less significant than Tmax particularly on a seasonal scale. 
Analysis with the CRU 4.06 precipitation gridded dataset (Harris et al., 
2020) was also conducted though correlations were not significant. In 
contrast, significant results between TRW and precipitation were ob-
tained using the high-resolution (0.05 ×0.05◦) precipitation dataset 
CHIRPS (Funk et al., 2015), which combines multiple remote sensing 
products, satellite, and meteorological information. Due to the time span 
of the CHIRPS product, all climate analyses were conducted for the 
1981–2018 period. 

To investigate the relationship between year-to-year climate vari-
ability and tree growth, the residual TRW chronology was compared 

with the residuals from a linear regression applied to the climate data. 
Comparing the residuals from the datasets minimizes potential bias 
related to trend and allows for a more accurate assessment of correlation 
in the high frequency domain. 

Bootstrapped Pearson (simple) correlations between the TRW chro-
nologies and monthly (CRU) Tmax and (CHIRPS) precipitation data 
were calculated from July of the previous year to June of the current 
year for the period of 1981–2018. This period was chosen for maximum 
overlap with the CHIRPS product. Due to the significant results with 
monthly Tmax and CHIRPS, partial correlations were also calculated 
using averages from 1 to 6-months of climate data to analyze the TRW- 
climate relationship on a seasonal scale. Partial correlations are used to 
determine the significance of a simple correlation between TRW and a 
climate variable (Tmax for example) while considering (and removing) 
covariance between Tmax and Precipitation (Rodriguez-Caton et al., 
2021). All seasonal and monthly correlation analyses were performed 
using the R-package treeclim (Meko et al., 2011; Zang and Biondi, 2015). 

Spatial analysis was next performed to assess the extent of climate 
signal at a broader scale using correlations between the standard (STD) 
TRW chronology, mean CRU Tmax (May-August), and mean CHIRPS 
(May-October) for the period of 1981–2017. 

3. Results 

3.1. Tree-ring chronology development and radiocarbon results 

Table 1 shows the results of statistical analysis of the Juglans bolivi-
ana TRW chronology as the dataset evolved and the initial assigned 
dates were corrected. The first chronology (CRN1) is based on 3 living 
trees dated to 2017 and 3 cross-sections dated to 2015 (with at least 2 
radii per tree) that share a common growth signal with a mean- 
interseries correlation of r = 0.47. Cross-section JBX03B, with the ring 
next to the bark dated as 2015 (t, Schulman date), was selected for in-
dependent radiocarbon analysis due to its clear tree-ring boundaries and 
highest correlation among the TRW samples comprising CRN1. 

As seen in Fig. 2A, Batch #1 of radiocarbon measurements shows 
that the tree rings were in fact annually resolved (i.e., a single ring was 
produced per growth year) since the F14C reproduced the shape of the 
bomb-pulse, but the calendar dates were offset by 2 years forward in 
time (t + 2). For the tree-ring F14C values to match the same calendar 
years of the SH Zone 1–2 and Zone 3 F14C calibration curves, there were 
two possibilities. First, this individual sample could have 2 false rings 
between 1972 and 2015. This option was discarded due to the well- 
defined tree rings observed. A second possibility was that the year of 
the last ring when the tree died was in fact 2017 instead of 2015. This 
option seemed more likely, considering the preliminary date of 2015 
was assigned to the last ring in the cross-section samples based on the 
assumption that logging occurred 2 years prior, which could be incorrect 
(i.e. trees could have felled any time between 2015 and 2018 based on 
communication with local community), and the correlations in Cofecha 
between the TRW of the dead and living samples were reasonable 
(Table 1). This highlights the potential unreliability of exclusively using 
Cofecha as a tool for establishing calendar dates when the master TRW 
chronology is formed by an equal number of samples from different 
subsets, as demonstrated in CRN1 with 3 living and 3 ‘dead’ trees 
(Table 1). 

CRN2 in Table 1 describes the adjusted chronology with the cross- 
sections (including JBX03B) now ending in 2017, and the addition of 
5 individual tree samples (4 living and 1 dead). Although the correla-
tions are lower for the cross-sections, the correlation among the living 
samples (r = 0.43) and among all the samples (r = 0.47) remained the 
same. In CRN2, JBX03B continued to hold the highest correlation with 
the master chronology among the cross-sections (r = 0.57). Based on 
CRN2 new calendar dating, a second batch (Batch #2) of radiocarbon 
measurements was made using additional tree rings from JBX03B. The 
tree-ring 14C values (CRN2 t) align perfectly with the adjusted calendar 
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dates (CRN1 t+2) from tree rings measured in Batch #1 (Fig. 2B). The 
best match of the tree-ring F14C values was found during the uptrend of 
the 14C bomb-pulse of the SH Zone 1–2 curve (Hua et al., 2021). 

To extend the dataset back in time, we evaluated whether the year 
1959 contained a false ring and for that purpose, two additional rings 
from the section JBX03B were sent in Batch#3 of 14C measurements. 
Fig. 2C shows that these rings assigned to the years 1956 and 1957 (t, 
Schulman dates) were offset by 1 year back in time in relation to the SH 

Zone 1–2 14C curves (CRN2 t-1). An image from the program CooRe-
corder in Fig. 2D shows the suspected false ring in 1959 (t, Schulman 
dates) that was not included in the CRN2. The ring boundary for this 
year, 1958, appears irregular across most samples in CRN2 and therefore 
it was not measured initially. However, when this ring is considered a 
true ring, the tree-ring F14C values (CRN2 t-1) would align with the SH 
Zone 1–2 14C values (Hua et al., 2021). 

Some rings of the living core JB013D, selected for its high correlation 

Fig. 2. (A, B, C) Radiocarbon results for cross-section JBX03B plotted with the SH Zone 1–2 and Zone 3 curves (Hua et al., 2021). Open circles represent F14C values 
and initial calendar dates (t) for the tree-ring samples that were offset in comparison to the SH 14C calibration curves, while filled circles depict adjusted tree-ring 
dates that reasonably match the SH Zone 1–2 curve. (A) The first run of F14C measurements (Batch#1) for JBX03B (dated to 2015) plotted using the dendro-
chronological dates in CRN1 (t, pink open circles) and the same tree-ring F14C values (t + 2) moved 2 years forward in time (pink filled circles). Note that after the 
adjustment of the 2-year offset the tree-ring F14C fit well with the SH 14C curve Zone 1–2 (pink filled circles, CRN1 t + 2). (B) The second round of 14C measurements 
(Batch#2, filled blue circles) with calendar dates based on CRN2 (i.e., last ring now 2017 for the sample JBX03B) aligned nicely with the SH Zone 1–2 14C curve. (C) 
The last batch of 14C measurements (Batch#3) measured two additional tree rings 1956 and 1957 based on calendar dating in CRN2 and showed a 1-year offset from 
the curve for those two values. (D) Image from the ring boundary of the Schulman year 1958 (dashed line) that was thought to be a false ring and thus was not 
included in the samples composing CRN2. However, the Batch#3 F14C results (C) suggested that this ring 1958 is a real, locally absent boundary. 
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with the mean chronology CRN2 (Table 1), were also cut and measured 
for 14C measurements in Batch#3. Fig. 3A shows that these Juglans trees 
produced annual rings (t) because the number of rings that were counted 
on the wood sample appear to follow the same shape and sequential 
order on the plot. In other words, the symmetry of the 14C bomb-pulse 
curve was preserved, but the calendar dates were offset 3 years back-
wards in time (t-3, open circles). To investigate the sample for potential 
unmarked rings, anatomical cuts (Fig. 3B) were compared to images 
under a stereoscope (Fig. 3 C). While the sapwood in JB013D was quite 
light in appearance making it difficult to identify ring boundaries with 
the naked eye under a stereomicroscope, the anatomical images allowed 
for the visualization of the thin latewood boundaries. This is the example 
of the ring assigned to the year 2013, which was unmarked during the 
initial tree-ring measurements (Fig. 3B,C). Upon review based on 

anatomical cuts, 3 additional tree-ring boundaries were identified be-
tween 1986 and 2000. These adjustments in the TRW chronology 
allowed for 2 additional radii of tree 13 to be crossdated and added into 
the final chronology CRN3 (Table 1). More details of the mean Juglans 
boliviana TRW chronology can be found in Section 3.3. 

Table 2 summarizes the F14C results for selected rings of the cross- 
section sample JBX03B (Fig. 2) and living tree JB013D (Fig. 3) sam-
ples. The initial and corrected (Schulman) dendrochronological calen-
dar dates are indicated for each version of the chronologies (CRN1, 
CRN2, and CRN3). The F14C data from the Hua et al. (2021) SH Zone 1–2 
curve is provided on monthly timescales and Table 2 shows the year, 
monthly adjustment, and 14C values for January 15 and the average 
from October-May. These periods were chosen as an approximation of 
the middle and full extent of the growing season for the Santa Rosa site 

Fig. 3. (A) Radiocarbon measurements for core sample JB013D plotted against the SH Zone 1–2 and Zone 3 14C curves (Hua et al., 2021). The dates based on CRN2 
(values with open circles) suggest the rings are annual but offset by three years. (B, C) Comparison of anatomical and microscope images of Core 13D rings (years 
2017 through part of 2013). Black lines represent rings that were observed originally. The red line (2013) and blue arrows indicate the latewood boundary that was 
not recognized originally using the microscope, yet clearly visible in the anatomical cut. The light coloration of the sapwood for this core and the thin latewood 
boundaries of this species highlights the value of using anatomical methods to improve visualization. 

Fig. 4. (A) Microscopic image of JBX03B anatomical cut. (B) Scanned image of the same sample for the Schulman-assigned dates of 1997–2000. Solid yellow lines 
indicate the end of the ring (latewood boundary), while the dashed line signifies a false ring. (C) Vertical view of the heartwood/sapwood transition for this Juglans 
species as depicted in the sample radii. The faint lightwood in the recently developed rings is quite different than the dark sapwood where ring boundaries are more 
visible. A green bar representing 1 cm is included for scale (A, C). 
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(see Section 2.1). The tree ring F14C values align closely to both the 
January 15 and averaged October-May (i.e. estimated growing season) 
F14C curve values (Table 2), affirming the corrected calendar dates. 

The monthly adjusted decimal of 0.0417, corresponding to the 
month of January (centered on January 15) in the 14C curves, was 
applied to the year the tree stopped growing (Schulman t+1) for visu-
alization purposes in the plot (Fig. 3 C,4 A). For example, the Schulman 
date 1960 in JBX03B represents the year the tree started growing, and 
the month of January occurs in the following calendar year (1961), the 
14C adjustment date is 1961.0417. 

3.2. Wood anatomical analyses 

When working with dark tropical hardwoods trees like Juglans, wood 
anatomy can be an essential additional tool for robust chronology 
building. Here we used anatomical cuts to improve the visual identifi-
cation of ‘true’ tree rings (Fig. 3B) and to better understand the cellular 
structure of Juglans boliviana ring boundaries. Like other species of this 
genus, Juglans boliviana has a diffuse porous wood anatomy character-
ized by rings with large vessels in the earlywood and terminal paren-
chyma that define the latewood boundary (Figs. 3B,4A). The axial 
parenchyma is organized as thin bands which increase in frequency 
towards the end of the ring as the cell-wall thickness of fiber cells di-
minishes (Fig. 4A). The increase in the frequency of axial parenchyma 
without the clear narrow terminal parenchyma cells is indicative of a 
false ring boundary as seen in the 1997/98 tree ring (Fig. 4A,B). 
Although it is easier to identify the tree-ring boundaries in the large 
cross-section sample (Fig. 4C) than in the 5 mm core scan (Fig. 3C), the 
presence of irregular (pinching) radial patterns in the cross section 
(Fig. 4C) challenged visual and statistical crossdating among radii. 
There is a clear heartwood/sapwood transition boundary observed in 
this cross-section sample that is apparent in most samples for this species 
as well (Fig. 4C). 

A few Juglans core samples exhibited dissimilar ring counts (either 
false rings or locally absent boundaries) and structure along the 
circumference of the tree. In particular, the sapwood in some of the core 
samples made the visualization of the thin latewood boundaries difficult 
and led to dating issues during early iterations of the chronology 
(Fig. 3B,C). Overall, the enhanced visualization of the tree-rings in 

JBX03B and JB013D using anatomical cuts allowed for an improved 
identification of the tree-ring boundaries and facilitated crossdating and 
the generation of the final chronology (CRN3, Table 1). 

3.3. The Juglans boliviana TRW chronology 

Fig. 5 shows the final chronology (CRN3, Table 1) generated for the 
Juglans boliviana site near Santa Rosa, Bolivia. From a total of 29 indi-
vidual trees (71 radii) initially sampled and sanded, 20 trees (45 radii 
from 16 cores and 4 cross-sections) were successfully crossdated and 
individually measured (Fig. 5A) to produce a standard mean chronology 
spanning from 1814 to 2017 (Fig. 5B). A few trees below 50 cm in 
diameter could not be crossdated due to young age (< 30 years). The 
mean age of the samples that reached pith was 115 years old, though 
some trees were over 200 years in age. The mean correlation among all 
tree samples (r) and within individual trees (r.wt) was 0.46 and 0.541, 
respectively. This chronology satisfied the 0.85 EPS criterion until 1868 
when the sample size (n) decreased from 20 to 10 individuals. 

The quality of the crossdating is also seen in Fig. 5A, with individual 
TRW series sharing common variability, particularly for years of high 
growth. For clarity, the living cores and cross-section samples are 
colored separately. There is a clear upward trend in growth observed in 
recent decades which is visible both within the physical wood samples 
and the detrended TRW timeseries (Fig. 5A). Results of Pettitt’s 
changepoint detection (Fig. 5B) identified 1979 as a breakpoint in 
standard growth trends (p = 0.006). The median slope between 1979 
and 2017 estimated by the Sen slope method and Mann-Kendall test 
indicated the positive trend was significant (p = 0.002). Although the 
sample size is low there is clear agreement among trees during years of 
low growth as well (Fig. 5A,C). When compared to El Niño years, it is 
interesting to note negative TRW outliers in 1878–79 and 1889–90, 
which follow the 1877–78 and 1888–89 (‘Super’) El Niño events that 
had occurred in the prior growing season, while in the recent period the 
1972–73, 1982–83, 1997–98 tree rings were narrow during the same 
growth-year (t = 0) that El Niño events were recorded (Fig. 5C). Except 
for the 2009–2010 ring, years of poor growth are observed either during 
the onset or after the demise (t+1) of extreme ENSO years. 

Fig. 5. (A) TRW timeseries from cores (green) 
and cross-sections (black) of Juglans boliviana 
detrended using a non-increasing age-depen-
dent spline in SIGFREE (1814–2017). TRW is 
plotted based on Schulman convention (e.g. 
dates are based on the calendar year the tree 
began growing). Chronology statistics such as 
the mean Pearson correlation among all trees 
(r) and between radii within a tree (r.wt) are 
indicated for the entire period. Mean EPS sur-
passed 0.85 in the year 1868 when the sample 
size (gray shading, B) reached a minimum of 12 
trees. (B) The final standard TRW chronology 
shows periods of both high and low frequency 
fluctuations in tree growth over time. The ver-
tical dotted line in the year 1979 represents the 
breakpoint in the average growth rate detected 
with Pettitt’s changepoint detection test. Sen’s 
slope and Mann-Kendall trend tests verified that 
the positive trend in TRW between 1979 and 
2017 was significant. (C) An increase of TRW in 
recent years is also present in the residual 
chronology. Red dots represent the onset of 
extreme El Niño events as defined by the ENS- 
ONI (index derived from the Nino3.4 SST re-
gion; Webb and Magi, 2022).   
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3.4. Analyses of growth variability and sensitivity to climate 

To investigate the influence of climate on radial growth, we 
compared the standardized and residual TRW to monthly climate data 
between 1983 and 2018 from previous July to current year June (Fig. 6). 
STD TRW variability was negatively correlated with Tmax, particularly 
during prior-year May and July (r = − 0.44, p < 0.05, and r = − 0.49, 
p < 0.05 respectively). Partial correlations with temperature (i.e., after 
removing the influence of precipitation) remained significant for May 
and July indicating that this relationship is robust (Fig. 6A). Simple 
(Tmax as the primary variable) and partial (Tmax as the secondary 
variable) correlations calculated for two, three, four, five, and six-month 
seasons showed the negative relationship with maximum temperature 
remained significant on longer timescales (Fig. S1). The highest corre-
lation was found for the 4-month period of May-August Tmax 
(r = − 0.54, p < 0.05), which coincides with the end of austral summer 
and the start of the dry season before the current year of growth (Fig. 6A, 
S1B). 

A strong (prior year) dry season temperature signal was also 
observed for correlations with the residual TRW chronology (Fig. 6B). 
Similar to the standard chronology, RES TRW variability negatively 
correlated to maximum temperatures for the months of May (r = − 0.34, 
p < 0.05), June (r = − 0.34, p < 0.05), and July (r = − 0.58, p < 0.05), 
before the growing season. Additionally, only for the RES TRW chro-
nology, a negative correlation during peak wet season months 
(December and January) in the current year of growth was found 
(Fig. 6B, S1B). A current-year summer signal was also observed in 

correlations with mean CRU Temperature in the high frequency 
(Fig. S2), though correlations between Tmax and TRW were more robust 
than average temperature overall. 

Correlations between the standard and residual TRW chronologies 
and monthly precipitation exhibited similar temporal signals. There was 
a strong positive relationship between TRW and monthly precipitation 
(CHIRPS dataset) during the end of the prior-year (austral) summer and 
beginning of the current-year spring, with the highest and significant 
correlation coefficients for the months of May (r = 0.60, p < 0.05) and 
July (r = 0.50, p < 0.05) (Fig. 6C). Partial correlations for the same 
months remained significant emphasizing the strength of the precipi-
tation signal. The 2–6-month seasonal correlations (Fig. S3), showed 
that Juglans boliviana was most sensitive (r = 0.60, p < 0.05) to pre-
cipitation during the 6-month period of previous May-current October 
(Fig. 6C, S2). The same analyses between TRW and CRU precipitation 
(Fig. S4) showed a significant positive correlation to July and negative 
correlation to November in the previous growing season, but the tem-
poral response was weaker than the results obtained using the higher 
resolution CHIRPS (precipitation) dataset (Fig. S3). 

Spatial correlations between Juglans boliviana STD TRW and May- 
Aug Tmax (1981–2017) were significant and negative (r = − 0.40 to 
− 0.50, p < 0.05) locally and across much of the Altiplano (Fig. 7A), but 
positive near the southwestern Amazon basin. The positive May-Oct 
precipitation signal extends across the greater Madidi Yungas region 
into Southern Peru (r = 0.40–0.60, p < 0.05), highlighting the strength 
of the imprint of a broader ‘off-season’ precipitation in TRW variability 
from 1981 to 2017 (Fig. 7B). 

Fig. 6. Climate correlations (1983–2018) with 
the standard (STD; A,C) and residual (RES; B,D) 
chronologies for months of the previous 
(lowercase letters) and current (upper case let-
ters) growth year. Grey shading represents the 
estimated growing season between October 
through May. Monthly Pearson correlations 
against CRU Tmax and CHIRPS precipitation is 
shown as dashed and solid lines, while partial 
correlations are depicted as rectangles. For A 
and B, partial correlations reflect the relation-
ship between TRW and Tmax without the 
covariance of precipitation (or Tmax for C and 
D). Significant correlations (p< 0.05) are indi-
cated as solid colors while non-significant are 
opaque. Overall, there is a negative relationship 
between Tmax and TRW variability and posi-
tive relationship to precipitation variability, 
particularly during the previous dry season. 
Simple (primary) and partial (secondary) cor-
relations show Tmax and precipitation during 
the austral fall and winter months (May, July) 
hold significance with tree-growth in the high 
and low frequency domain (A-D).   
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4. Discussion 

4.1. A new tree species for dendrochronology 

Tropical Andean forests are among the most biodiverse environ-
ments in South America, yet there is a limited understanding of tree-age 
and growth response to climate and anthropogenic change for many of 
its tree species. Proxy records from tree rings can be critical for under-
standing historical climate and environmental variability in the tropics, 
where available instrumental records are short and spatially limited. 
Here, we have described the first tree-ring width chronology for Juglans 
boliviana and demonstrated the annual periodicity of its tree rings using 
an independent approach which combines traditional dendrochrono-
logical methods, wood anatomy, and 14C analyses. Cross-sectional 
samples are very important and even essential in that they allow for 
visualization of the growth layers along the entire circumference. The 
heterogeneity of growth rings within a tree can make crossdating and 
chronology-building quite difficult and the use of computer programs 
such as Cofecha and Cdendro should be used with caution during initial 
stages of chronology development when the sample size is low. 
Although mean correlations among TRW from individual samples 
appeared reasonable in CRN 1 and 2 (Table 1), independent radiocarbon 
analysis confirmed that the initial assigned calendar dates were incor-
rect. F14C measurements, high individual sample size, and anatomical 
analysis of the wood were necessary to successfully process the Juglans 
boliviana tropical wood samples. The final iteration of the TRW chro-
nology has shown these trees can be long-lived (> 200 years), express 
common variability in the TRW, and are senstive to climate. The results 
we have presented herein demonstrate the potential to target this spe-
cies in future dendrochronological work in the tropics. 

4.2. The benefits of wood anatomical analyses for tropical 
dendrochronology 

Tree-ring boundaries in dark tropical woods like some tree species 
from the Juglandaceae family can be difficult to examine using a ste-
reomicroscope alone. The classification of Juglans boliviana wood anat-
omy has been described previously (Miller, 1976), although further 
research is needed to explore the growth physiology behind the heter-
ocelullar structure of the radial rings. The miscounted rings in the JB13D 
sample were better identified with high-quality anatomical images in 
the sapwood portion that enhanced the clarity of the thin latewood 
boundaries in the light-colored sapwood (Fig. 3). We thus strongly 
suggest the use of wood anatomical cuts to aid in visualization of wood 
anatomical structures, and thus in the identification of tree-ring ring 
boundaries and false rings and cellular structure in such tropical woods. 
Microscope cameras like the AmScope 12MP Color CMOS Digital 
Eyepiece in combination with a compound light microscope are an 
effective alternative to traditional more expensive systems for taking 
high quality magnified images of anatomical slides for this purpose. 
Wood anatomical cuts may be a solution for improved visualization and 
thus, crossdating in some tropical species (Pacheco-Solana et al., 2023). 
As seen in the radiocarbon analysis for cross-section JBX03B (Fig. 2), it is 
possible that dating issues could be prevalent in earlier periods of the 
TRW chronology (prior to the 1957 14C results). However, with the help 
of an increased sample size and review of anatomical cuts, adjustments 
can be made to supplement dendrochronological methods and improve 
the quality of the tropical tree-ring datasets. Innovative approaches to 
tree-ring visualization such as (green) autofluorescence for example 
(Godoy-Veiga et al., 2019) may be useful for accurate identification of 
growth rings in dark tropical wood. 

Fig. 7. Spatial correlations of mean TRW vs. Maximum temperatures and precipitation is plotted for the seasons with the strongest correlations for the 1981–2017 
period. Regions where TRW significantly correlated to climate are represented by the clear dark colors while non-significant (p > 0.05) areas are masked in white 
dots. There were significant negative correlations with TMAX (0.5◦) across the Altiplano and positive correlations in the Brazilian amazon during the MJJA season 
(A). During the MJJASO period, TRW variability also showed positive agreement with the higher resolution (0.05◦) CHIRPS dataset localized near the site in MNP 
and across much of the Bolivian-Peruvian Yungas (B). TRW (standard chronology), TMAX, and CHIRPS are plotted for the 1981–2017. 
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4.3. Tree growth variability and trends 

Identifying new species with annual periodicity may provide insights 
into the rate of growth of forests in understudied regions of the Tropical 
Andes like the MNP. Most interannual TRW fluctuations for Juglans 
boliviana appear to correspond to wet and cold(wide TRW) or dry and 
warm (narrow TRW) years, particularly during the dry season. Addi-
tionally, the evidence for a significant monthly and seasonal signal in the 
residual chronologies (Fig. 6B,D, and Figs. S2,3) indicates that the 
positive (negative) correlation with dry season precipitation (maximum 
temperatures) is not just an artifact of trend. The notable, though not 
unprecedented, recent positive and positive trend in Juglans boliviana 
growth since 1979 was also observed in Juglans australis from subtrop-
ical northwestern Argentina. Villalba et al. (1998) found that wetter 
Juglans australis sites had higher growth rates in recent decades that 
coincided with increased precipitation during the dry-wet season tran-
sition (April-December). Additionally, Ferrero et al. (2015) successfully 
developed a May-Oct streamflow reconstruction using Juglans australis 
samples near the Villalba et al. (1998) sites, further verifying the 
connection between ‘off-season’ rainfall and radial growth. 

Disentangling the factors contributing to recent growth trends of 
Juglans boliviana is complex. A recent study in the upper Madeira Basin 
(near our Juglans boliviana site) found that the highest values for the 
normalized vegetation index (NDVI) in evergreen forests (which 
included Madidi National Park and the Amazon) occurred during the 
transition period between wet-dry (April-May) seasons, with a strong 
positive NDVI-precipitation relationship at the end of the dry season 
(Gutierrez-Cori et al., 2021). The authors surmised that forests like 
Juglans boliviana shift from being light-limited during the peak rainy 
season (austral summer) to water-limited in the austral fall (peak NDVI) 
and spring months in the southwestern Amazon basin. Zuidema et al. 
(2022) found that the higher precipitation variability that occurs during 
the dry season constrains the climate signal in tropical TRW. In pre-
cipitation sensitive trees like the Juglans boliviana reported here, the 
authors found higher precipitation and lower maximum temperature 
during the dry season leads to higher growth rates. Our results confirm 
these previous findings and highlight that water availability during the 
wet-to-dry and dry-to-wet transitional seasons largely determine Juglans 
boliviana growth. 

Above-ground biomass increased during the late 20th century in 
humid ecosystems in the Amazon (Baker et al., 2004; Phillips, 1996; 
Phillips et al., 2016), although trends vary regionally (Brienen et al., 
2015; Rahman et al., 2019). In general, increased biomass growth in 
South America has been linked to increased seasonal water (rather than 
light) availability (Álvarez-Dávila et al., 2017; Poorter et al., 2017; 
Zuidema et al., 2022). Species in dense, humid forests, at low elevations, 
typically compete for light and nutrient resources especially when they 
are young (Brienen et al., 2022, 2017; Rozendaal et al., 2015). The trees 
sampled in this study approached or reached canopy level and are at 
least 50 years old, suggesting that light demand decreased with age and 
height, and local water supply could be contributing to TRW variability 
in recent years. 

An additional factor that should be considered is the potential for 
human influence at our sudy site near Santa Rosa. Although the canopy 
appeared intact during sampling, this recent settlement of native peo-
ples along the Tuichi River occurred during the late 1980’s just north of 
our study site. Therefore, it is possible that local gap dynamics in the 
forest landscape may have been impacted at some point. The use of 
signal-free detrending of TRW in one study noted a potential exagger-
ation of increasing trends in temperature sensitive trees from the 
northern hemisphere though the authors suggested one cause could be 
related to the ‘even-age’ of the tree samples (Pearl et al., 2017); a factor 
not relevant to the Juglans boliviana reported here. Regardless of 
detrending methods (i.e., conservative methods such as horizontal line, 
age-dependent, flexible splines), the recent increasing trend shown in 
the TRW chronology remained apparent and the correlation to climate 

variables remained robust when comparing results obtained from stan-
dard and residual chronologies. Additionally, the physical appearance of 
wide rings in the recent period was evident in the wood of most mature 
trees (> 160 years) like JBX03B (Fig. 4A,C). Further research on stand 
dynamics and tree physiology (i.e., water-use efficiency) is needed to 
determine the ecological drivers associated with the observed higher 
growth rates during the most recent years (Rahman et al., 2019). 

Climate analysis in the tropics is challenging due to the poor spatial 
coverage of climate data in South America in general. The lack of sig-
nificant results between growth and CRU precipitation in this study 
(Fig. S3) could be attributed to the lower resolution of the CRU 0.5◦ grid 
box that includes meteorological stations far away from the site. Tem-
perature is less variable than precipitation in the greater tropical region; 
thus, less bias is expected. Although the accuracy of CHIRPS data during 
the dry season (JJA) is weaker than in the wet season months (Cane-
do-Rosso et al., 2021), our results appear robust for that period and are 
in agreement with climate response reported by other tropical Juglans 
species mentioned above. 

Although dry-season precipitation in the southwestern Amazon is 
largely influenced by SSTAs from the tropical north Atlantic and the 
recycling of moisture within the Amazon basin (Espinoza et al., 2019; 
Zuidema et al., 2022), negative TRW outlier years observed in the cur-
rent or subsequent growth year after known El-Niño events suggest that 
the Juglans boliviana trees could be influenced by summertime precipi-
tation anomalies associated with the Pacific Ocean as well. Austral 
summer Pacific Ocean signals recorded in tree-ring records has been 
reported with varying responses of TRW to ENSO-related anomalies 
depending on the location and altitude of the trees along the central 
Andes. Studies near the Bolivian Altiplano (Christie et al., 2009; Crisp-
ín-DelaCruz et al., 2022; Morales et al., 2012) found that P. tarapacana 
trees had smaller rings in years with below-average summer (Dec-Feb) 
rainfall associated with warm ENSO phases in the Niño3.4 tropical Pa-
cific region (El Niño), and extremely wide tree rings during extreme wet 
years related to cold ENSO events (La niña). In contrast, in eastern 
Bolivia where El Niño is associated with increased rainfall and flooding, 
tree rings from a lowland tropical dry site recorded high years of growth 
(Paredes-Villanueva et al., 2013). However, the strength of precipitation 
response to ENSO phases on the eastern slope of the Bolivian Cordillera 
(Jonaitis et al., 2021; Ronchail and Gallaire, 2006) is complex and can 
vary due to topography or spatiotemporal moisture variability in and 
out of the Amazon and Altiplano (Garreaud, 2009). Although the sample 
size could be increased and further analysis is required, the common 
growth signal of Juglans boliviana observed during periods of known 
climate extremes is encouraging and provides incentive to target 
mid-elevation Andes-Amazon transition forests for future den-
droclimatological studies. Additional development of well-replicated 
tropical tree-ring width chronologies will help us to further constrain 
our understanding of the complex forest hydroclimate dynamics of 
tropical South America and vicinity. 

5. Conclusions 

Only a small number of tree species from northern Bolivia have been 
used for dendrochronological research to date. The confirmation of 
annual periodicity for Juglans boliviana herein represents the introduc-
tion of a new tree species suitable for dendrochronological research in 
the tropics. Traditional dendrochronological methods should be sup-
plemented with independent calendar dating and visualization tech-
niques (e.g., radiocarbon and wood anatomical analyses) to produce 
reliable datasets for some tropical species growing under humid envi-
ronments. Implementing these combined methods could also benefit for 
tropical studies around the world. As for Juglans studies from the sub-
montane tropical Andes, a rapid growth increase since the 1979 was 
observed herein for Juglans boliviana, with a significant positive rela-
tionship to precipitation variability and negative relationship to 
maximum temperature variability in the months before peak wet season. 
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The longevity of this species shows potential for a new paleoclimate 
archive in a region with low-quality and short instrumental records. 
Future chronologies from this species will allow us to better constrain 
our understanding of tree growth, past climate variability, and the 
response of forests to anthropogenic change in the Bolivian and Peruvian 
Yungas. 
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Núñez, P., Pallqui Camacho, N.C., Parada, A., Pardo-Molina, G., Peacock, J., Peña- 
Claros, M., Pickavance, G.C., Pitman, N.C.A., Poorter, L., Prieto, A., Quesada, C.A., 
Ramírez, F., Ramírez-Angulo, H., Restrepo, Z., Roopsind, A., Rudas, A., Salomão, R. 
P., Schwarz, M., Silva, N., Silva-Espejo, J.E., Silveira, M., Stropp, J., Talbot, J., ter 
Steege, H., Teran-Aguilar, J., Terborgh, J., Thomas-Caesar, R., Toledo, M., Torello- 
Raventos, M., Umetsu, R.K., van der Heijden, G.M.F., van der Hout, P., Guimarães 
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Brienen, R.J.W., Schöngart, J., Zuidema, P.A., 2016. Tree rings in the tropics: insights 
into the ecology and climate sensitivity of tropical trees. In: Tropical Tree 
Physiology: Adaptations and Responses in a Changing Environment. Springer 
International Publishing, Switzerland, p. 441. 

Brienen, R.J.W., Gloor, E., Clerici, S., Newton, R., Arppe, L., Boom, A., Bottrell, S., 
Callaghan, M., Heaton, T., Helama, S., Helle, G., Leng, M.J., Mielikäinen, K., 
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