21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Radial growth decline in a tropical Andean treeline in Bolivia
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Bolivia. Using dendrochronological methods, we developed an annually-resolved tree-ring width chronology spanning from

1850 to 2018 C.E. To our knowledge this is the longest tree-ring record efan

rowth-(169(168, yrs) for this species.

Betweenthe 1962-1963 growth ring (i.e. 1963-2018). From, 1960-2015, P—pepei RW-was-meostlyregulated-byprior-y

(~November-March), while wetter and cooler conditions led to enhanced growth in the following year. BetweenP. pepei radial |

growth decline occurred at the same time a significant increase in minimum temperature and decrease in precipitation and |

diurnal temperatures was observed both locally and regionally across tropical South America between, 1960-2015;-minimumn |

-, These climate trends ebserved-in-our |
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study-regionin-the Madidi Natienal Park-at treeline may indicate a reduction in moisture convergence and transport to such
higher elevations-where-ourforestistocated-elevation settings in the Andes. If temperature eentinaescontinue to rise at current

rates, one of the highest-elevation tree species on the globe, P. pepei-could-face-severe-consequeneespepei, may continue to

decline leading to forest mortality and jeopardizing the survival of treeline ecosystems.

1 Introduction

South American treelines or ‘high montane’ forests refer to the upper range limit of tree growth within the Andes Mountains
and are the longest, most biodiverse ecotone in the tropical latitudes (Korner, 2012; Young and Ledn, 2006; Zelazowski et al.,

2023). Whether or not such tropical treelines will remain stable under global warming is a topic of great concern due to

increasing anthropogenic and climate-related pressures that threaten South American forest dynamics. In recent decades, land-

use change and warming temperatures have led to observed shifts in species composition, distribution and increased tree

mortality in the tropical Andes treelines (Cuesta et al., 2020; Feeley et al., 2012, 2011; Macek et al., 2009; Young and Ledn Formatted: Font color: Text 1

2006). In southern Peru, ice core records indicated that recent surface warming in the central Andes has been unprecedented

in the past 5000 years, and land-atmosphere models suggest the net primary production of upper montane forests in South

America will decrease as temperatures increase(Fajardo et al., 2019; Nagy et al., 2023; Thompson et al., 2006). Despite the /{ Formatted: Font color: Text 1

value of these modeling and plot-based studies of tropical South American treelines, our knowledge of forest age, annual

growth patterns, and historical response to climate trends remains limited.

Dendrochronological studies in tropical South America are generally scarce (~8°N-24°S) but have been key in reconstructing
long-term tree-growth and climate variability in the Andes (Andreu-Hayles et al., 2023; Groenendijk et al., 2025; Quesada-
Romin et al.. 2022y, Fhe stability o Fropical Andean-trechine communtios under globabwarming has become o great coneern

ring studies have reported that several Andean treeline species form annual growth rings and that the width of the rings (i.e.

RW) are sensitive to precipitation and/or

/{ Formatted: Font color: Text 1

ies—haveprovided—key /{Formatted: Font color: Text 1

Formatted: Border: Top: (No border), Bottom: (No borde
Left: (No border), Right: (No border), Between : (No borde




100
101

=

Formatted: Border: Top: (No border), Bottom: (No borde
Left: (No border), Right: (No border), Between : (No borde

yeapmeis&ufe—avaﬂabihﬁ%as—ﬂq&demmaﬂ&ha%ﬁg—faete%fwe g. Escallonia myrtilloides, Polylepls tarapacana-Philtreelines

Polylepis reticulata (Alvites et al., 2019; Argollo et

recruitment-of Northfaguspomitlo—is—drivenbytemperatare-., 2004; Requena-Rojas et al., 2021, 2020). The relationship

between annual RW in treeline species and local climate Varlablllty—thﬁaféeﬁseeémg—esm&whmem—was—hnmed—bywemﬂ

Here-we-deseribe-a-tropical-treelinesite-of in the tropics can vary depending on the latitudinal and elevational position of the

forest along the Andes (e.g. Polylepis pepei

primarihyin northern vs. Southern Bolivia)(Jomelli et al., 2012; Roig et al., 2001). Hydroclimate conditions in South America
are largely influenced by the Seuth i i H i

Paeifie;the-El Nino--Southern Oscillation (ENSO:
in-Seuth-America—and—indeed—the—globe—(e-g—). In addition to inter-annual and decadal fluctuations in temperature and

precipitation, circulation patterns related to the timing and strength of the South American Summer monsoon, are modulated
by ENSO as well (Garreaud, 2009; Vera et al., 2006; Vuille et al., 2000). -ENSO-related-anematies SST anomalies have

contributed to extreme weather events in South America such as seasonal drought, flooding, and other geohazards (Vera et al.,

2006; Vuille et al., 2000). FreeAt the central tropical Andes treeline, Polylepis tarapacana tree-ring width (RW) and oxygen
isotopes have recorded these extemeextreme events at—@?eehﬁe—]’—éampaeaqm—m—@he—eeﬁ%—&ep%%ﬁdes—and pr0V1ded year-

to-year to centennial records of ENSO variability-
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Polylepis is the dominant genus for tropical Andes treelines and represent the highest elevation tree species in South America

(Pyre et al. 2025; Simpson 1979). The name Polylepis is derived from the Greek word ‘many layers’, which refers to the

multiple sheets of thin, compressed of bark useful for thermal insulation at high elevations (Rada et al. 2001; Rodriguez-et al.

2021 However, as the climate warms, frost tolerance may no longer be an advantageous trait, and some studies predict that the

germination and spatial distribution of Polylepis at the treeline will decrease as vapor pressure deficits, temperatures, and

overall aridity increase in the Andes (Cuyckens et al., 2016; Lopez et al., 2022). Fh raphicrange-of PobylepisTo date, it /{ Formatted: Font color: Text 1

is not known whether such projected decline has already occurred in treeline Polylepis populations.

Here we describe a new tree-ring record of Polylepis pepei from a treeline site at the Madidi National Park (MNP) in Bolivia,

a hotspot for biodiversity in the southwestern Andes-Amazon region in Bolivia (BB.Simpson)(Simpson, 1979). The

cographic range of P. pepei (family Rosaceae; common name “Kenua” or “Quefoa”) spans from central Bolivia to northern
geographic range ot /7. pep y p

Peru (Simpson, 1979) between 3550-4800 m.a.s.l: (Espinoza and Kessler, 2022). The wide dispersion of leaves and long fruit

distinigushes P. pepei from other Polylepis species. Tree-ring studies in-Belivian-andPera-have shown P. pepei can reach

significant age (>135 years) and the RWring-width can be sensitive to both prior and current-year climate variability (Jomelli
et al., 2012; Roig et al., 2001). i i i i i i-distingui i

This species is also adapted to cold soil temperatures in the eastern cordillera of the Andes. Ecological studies of P. pepei sites

between 3800~4300 m.a.s.l. in Peru (Kessleret-al;2044)-and Bolivia (Hech-and-Icorner;2005)-recorded (=Senshallow soil

temperatures ranging from 3-5°C during the wet season-

Kessler et al. 2014; Hoch and Korner, 2005). Like much of the treeline species across the Andes-Amazon, P. pepei is under

threat of shlftlng temperature regimes and human impacts on the ecosystem. Seme—s&ud-les—pfeéet—t-he—geﬁﬂma&ei%d—spa&ml

In the small community of Keara Bolivia where this study is located 2046+ Lé6pezetal-2022—Southwestof our Ppepeisi /[ Formatted: Font color: Text 1

Fhompsen-etal-2006) i ember2009, temperatures were so warm that a catastrophic glacial lake outburst /{ Formatted: Font color: Text 1
flood eliminated roads, livestock, and structures in the-small-community-of Keara Bolivia(<November 2009 (~3800 m.a.s.1.; \[ Formatted: Font color: Text 1
Formatted: Border: Top: (No border), Bottom: (No borde
R nthe MNP there dsevidenec oFatemperature-induced - ;
Hoffmann and Weggenmann, 2013) A recent forest-monitoring study Left: (No border), Right: (No border), Between : (No borde
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in the MNP observed an upslope migration {-e—thermephilization)-of mid-elevation tree species towards—Andes—ecotones

eaused-by-due to increased eftemperatures and tree mortality nearin the treelineUpper Andes vegetation (Farfan-Rios et al.
2025).

years-(Finer-and- Mamani; 2023)-Prior to the designation of Madidi as a National Park in 1995, large swaths of economically-
valuable trees alongriverbanks(e-g—Amburanacearensis-Smithy-were harvested for timber (e.g. Amburana cearensis; Macia,

2008). FedayIn recent years, illegal mining and logging activities have deteriorated forest structure and health, with increasing

loss of forest cover at lower-elevations (below 2000 m.a.s.l; Finer and Mamani, 2023). At treeline, P. pepei is at-great risk of

endangerment due to habitat loss related to fires and land conversion for cattle ranching or religious practices (Espinoza and

Kessler, 2022; Kessler et al., 2014).

MNP-were-nevertheless-observed—Sinee-this-eeotoneSince the MNP is facing a rapidly changing environment due to climate
and human-related disturbances, high resolution tree-ring records at-this-treeline-may offer valuable insight on the past and

current growthrespenses:

response of this treeline to rising temperatures. At present, only two tree-ring studies have been published for the MNP: one

for Juglans boliviana (€DE)Dedein Oelkers et al. (2023) (14°40' S, 68°41' W; 1300 m.a.s.1.)-in-Oelkers-et-ak—(2023) and
another by Andreu-Hayles et al. (2015), the latter confirming the formation of annual rings in a Pseudomedia rigida letzseh

s - —cross-section (14°33'S, 68°49'W; 1000 m.a.s.l). The Pelylepispepei-site-investigatedobjectives for this

study #

speeifie-objeetive-are: 1.) to generate anewthe first RW chronology for P. pepei;pepei in the MNP and assess radial growth
patterns; ii.) to identify the primary climate variables (e.g. mean-temperature; or precipitation;-dreought);that-are-the-mest

himiting-forannual) modulating tree growth variability, and iii.) to assess the impacts of extreme climate events en-the RW
variations—at this treeline.
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167 2 Materials and Methods

168  2dSite-deseription-and-climatoelogy

169 Owur2.1 Climate data

170  The network of Polylepis pepei for this study site-is located -5
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194

195  Inthisstady-weusedloeal precipitation data; and gridded temperature products were used to generate monthly climate indices
196  nearKeara{1960-2045;-Fig—1B)for the site between 1960 and 2015. This period was selected for the site climatology and

197  climate-growth analyses due to the limited availability of continuous precipitation data for this region of Bolivia. Daily

L. L. .. . . Formatted: Border: Top: (No border), Bottom: (No borde
198  precipitation from the Italaque station in Bolivia (15.48°S, 69.03°W5; 3500 m.a.s.l.) was gap filled and-homegenized-with Left: (No border), Right:p(N(o border), )Between :((No borde
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nearby station data to generate a continuous monthly timeseries
Huerta—et-al{(2025a)-and-using the ‘redprecc’ package in R (Huerta et al-—2025b)y—Raw(daily)., 2026).Nearest-neighbor
interpolation was constrained to precipitation stations above 3000 m.a.s.l. Raw precipitation data for Italaque (1978-2005) and
nearby stations (~1945-2015, non-continuous) ean-bewere obtained from the DECADE dataset-(Hunziker-et-al-2018);, which
were originally sourced from the National Meteorology and Hydrology Service of Boliva (Hunziker et al., 2018)(SENAMHI;
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2.5-for-mere-details)- Satellite-derived rainfall data from the Climate Hazards Infrared Precipitation with Station group V2.0
(CHIRPS, accessed 2025:-;(Funk et al., 2015))) was used for spatial precipitation analyses (see Section 2.5):6). Precipitation
and temperature from the Climatic research Unit TS 4.08 was used to determine the average climate during years of known
ENSO-DJF events between 1901-2018 (see section 2.7; nearest grid point 14.75°S, 69.25°W;(Harris et al., 2020)).

Precipitation values from the nearby station were also evaluated for climate during extreme ENSO years, but the timeseries is

limited to the period of 1960-2015. Although CHIRPS v2.0 is limited to observations after 1981, it has a higher spatial

resolution (0.05°) than €RUClimatic research Unit TS 4.08 precipitation (0.5°), which can be more effective for spatial

climate-growth analyses in regions with complex topography such as our site in the Andes-Amazon.

Monthly mean, minimum, maximum temperature data (Tavg, Tmin, Tmax) from the nearest CRU grid point were used for

local temperature-growth analyses (1960-2015; 14.75°S, 69.25°W). CRU minimum and maximum temperatures for tropical

south America region (15°N~24°S, 82°W~39°W) were used for spatial correlation analyses with the Polylepis pepei ring-

width chronology (see section 2.6 for more details). In addition to the 1960-2015 climate-growth analysis period, we also used

CRU monthly diurnal temperature range (i.e. DTR; the difference between Tmax and Tmin) to evaluate long-term annual

temperature variability at the site between 1901-2015, as well as seasonally for the wet (October to April) and dry (June to

August) seasons.

In situ high-resolution climate data was also obtained for this study. In August 2011-(ene—yearbefore-the 2012-sampling
campaign);, HOBO®® temperature and relative humidity data loggers (https://www.onsetcomp.com/) were installed near the
P. pepei trees at-(14°40'S, 69°06'W-(; 4158 m.a.s.1.) and data was recorded hourly from 1 September 2011 to 2 September
2014. New HOBO sensors were installed in 2021 and collected during fieldwork in 2023. Unfortunately, the 2021 system
batteries failed within 9 months of the launch, and data was limited to only 20 September 2021 to 23 May 2022. Baily-To

compare the in-situ records of wet-season climate with the long-term DTR data, daily minimum, maximum and mean
temperature and relative humidity werewas calculated from 20-September] October to 23-May(24530 April (~212 days) for
7

ion /{ Formatted: Font color: Text 1
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Left: (No border), Right: (No border), Between : (No borde
the 2011-2012, 2012- 2013, 2013-2014 and 2021-2022 periods{seeAppendix A-Fig—A3 Kernel density-estimates-were-used
to—generate—and—compare—probabilityseasons. Daily climate distributions were visualized using ridgeline density curves
generated with the ‘ggridges’ package in R (Wilke and Wilke, 2022). Differences among the daily—time—series:
Neonparametriefour seasonal distributions for temperature and humidity were evaluated using the nonparametric Kolmogorov-
Smirnov (KS) testsstatistic and implemented via the ‘stats’ package in R (Kolmogorov, 1933; Smirnov, 1948)-were-conducted
to-determine-the significance of the- mean-difference-between-the). To account for serial dependence in daily timneseries-—Kernel

python-observations, p-values were estimated using a moving-block bootstrap (e.g. contiguous 7-day blocks resampled 5000

times; (Kunsch, 1989)).

2.2 Site description and climatology

Two populations of Polylepis pepei were sampled at the MNP treeline in October 2012 and July 2019 (3795-4400 m.a.s.l.
14°40'-14°43'S; 69°04'-69°06'W; Fig. 1A, C, D). The 2012 campaign took place within an open-canopy south-facing forest
(3795-4100 m.a.s.1.), while the 2019 collection was primarily located within a closed-canopy west-facing forest called Waca-

cocha (named after a nearby lagoon; 4000-4400 m.a.s.l. Fig. 1D). The forests were largely monospecific, dominated b, Formatted: Font color: Text 1

fragmented patches of P. pepei, and a small number of Gynoxys compressissima trees. This treeline is characterized as Alto-

Andino Yunguefio vegetation (Upper Andean Yungas) with a seasonally humid climate illustrated by the monthly climatology
(Fig. 1B)

There is a distinct wet season from October-April and dry season from June-August at this site (Fig. 1 B). 90% of annual rainfall /{ Formatted: Font color: Text 1

occurs during the wet season with an average of 1045 mm per month and a mean temperature range between 5-7 °C. In contrast.
the dry season is characterized by mean precipitation totals of 95 mm and cooler average temperatures between 2.2-3.1 °C

(June-August). October and November are the warmest months of year with maximum temperatures around 14.5 °C (austral

spring), but precipitation totals peak in January with an average of ~1900 mm (austral summer). The coldest and driest month

of the year is July when minimum temperatures and precipitation are as low as -8.3 °C and 65 mm, respectively (Fig. 1, Al,

austral winter). There is a marked seasonality in diurnal temperature range with smaller differences in minimum and maximum

temperatures during the peak wet -season (~14.5 °C, December-March; Fig, Al). /{ Formatted: Font color: Text 1
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Specifically, minimum temperatures range from -2.2 °C to 0 °C and maximum temperatures from 12 °C to 14.5 °C during the

wetter months of October-April. Diurnal temperature differences are largest between June-August (~20°C) with minimum

temperatures ranging from -7 °C to -8.3 °C and maximum temperatures between 12.5 °C to 13.3 °C.
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Figure 1: (A) Location of Polylepis site in the Eastern Cordillera of the Andes-Amazon ecotone in Bolivia. The orange

dotted line (and orange shading in the inset map) represent the spatlal limits of the Amazon Basm The elevatlon map

was generated using the “ETOPO-1” model —(h pro etopo

medelhttps:/www.ncei.noaa., gov/products/etopo-global-rellef-model —(B) The monthly cllmatologv for the region of

Keara between 1960-2015. Monthly distribution of mean temperature and-tetal precipitation(1960-2015)-inKeara-was

generated using -the nearest temperature CRU gridpoint (14.75°S, 69.5°W) and total precipitation is reconstructed

p#eenp*t&t-leﬂ—#emfor the ltalaque statlon (15 48°S 69. 03°W) fllhe—wemge—tempemﬂwe—(—"ﬁwg)—mema—preelpmtwn Formatted: Border: Top: (No border), Bottom: (No borde
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view of the sampling locations near the community of Keara, and the MNP treeline (D) photos of open-canopy (top)
and closed canopy (bottom) forest patches sampled at altitudinal treeline in Bolivia’s MNP (~37003800-4400 m.a.s.l.).
The basemap in (C) was obtained through opensource ESRI images.

2.3 Wood processing and anatomical analyses

Tree-ring samples from at least 30 living P. pepei were collected using a 2-threaded 16-inch increment borer (5 mm in

diameter) in October 2012 and July 2019. Two to four cores were extracted from varying directions within the stem (north

south, east, and/or west radii) in an effort sample an accurate representation of radial growth. Trees were cored at breast height

(1.2 meters). or near the base of the largest stem for multi-stemmed trees (~30 ¢cm). During the 2019 field campaign, tree-

diameter was also measured at the height core samples were sampled (1.2 meters on average). Tree-ring cross sections from 3

recently dead trees were sliced using a gas-powered chainsaw or a standard saw-tooth blade.

Wood samples were shipped_from the National Herbarium of Bolivia in La Paz to the Lamont-Doherty Earth Observatory

(LDEO) in NY, USA for dendrochronological analysis. Cores and cross sections were finely sanded up to 1000 grit using an
orbital sander and manually polished with microfiber paper. Most samples had surficial color differences within the stem,
mainly reflecting transitions between the heartwood (functional xylem near the pith, darker color) and sapwood (the active

xylem beyond the cambium layer, lighter color).

P. pepei is an angiosperm with diffuse porous wood anatomy, which is typieatlyparticularly harder to cross-date-than—ring

pereus—woed; due to less distinct boundaries between the latewood of the prior year growth ring and the earlywood of the
eurrentnext year (Fig. A2). To aid in identifying -anatemical propertiesring-boundaries in the wood, -histological (micro) cuts
were performed aceerdingtoon a single cross-section following the techniques described in von Arx et al. (2016) using a WSL

tracheid-eells(Fig—A2 B)-High-resolution images of the thin sections were captured using an Echo Revolve R-4 microscope

camera, with a magnification of 40X. Further information regarding the wood anatomy of this species is included in the

Appendix (Fig. A2).

2.4 Tree-ring width chronology development

Tree rings from 5+-P-—pepeisamplesfrom28-iving and 3-dead-trees(31 trees total(51 radii) were dated visually using standard

dendrochronological techniques (Stokes and Smiley, 1968). Each wood sample was scanned using an Epson Expression

11000XL scanner at 3200 dpi resolution. RW was measured digitally using the CooRecorder image analysis program (Cybis
Elektronik, 2010) and statistically crossdated using the program COFECHA (Holmes, 1983) and dpIR package in R (Bunn,

2008). To independently confirm annual periodicity of the growth rings, radiocarbon dating was conducted on a cross-section

sample (SP20X; Fig. A2) collected in 2019 in the closed-canopy forest. Individual growth rings associated with the years 1957,
11
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1958, 1962, 1963, 1964, 1965, 1971, and 1972 were sliced, extracted for cellulose, and processed for modern radiocarbon
analyses. All radiocarbon measurements were compared to the monthly SH A'“C radiocarbon curve (1950-2019 C.E.) from
the designated atmospheric Zones 1-2 and 3 (SH Zone 1-2; Hua at. 2022). Further details on the radiocarbon analyses and
earlier iterations of the Keara RW chronology can be found in the Appendix (Fig. A2-€A2C).

Once final calendar dates were assigned to the tree-ring samples, the Schulman convention (Schulman, 1956), which assigns
each ring date to the year growth began, was applied. Individual RW time series were detrended conservatively with age-

dependent cubic splines using the ‘dpIR’ package in R (initial spline stiffness of 60 yrs) (Bunn et al. 2008; Cook and Peters,

1981; Melvin, 2004). Standardized indices were generated by taking the ratio of the fitted and observed RW values of detrended
time series and combined using a robust Tukey bi-weight mean to produce a dimensionless ‘standard” RW chronology (Cook
et al., 1990). For the residual chronology, autocorrelation was removed from the series using autoregressive modelling

determined by the Akaike Information Criterion (Akaike, 1974). A third chronology of average (raw) RW was also generated

to review the absolute growth of these trees at treeline. The final RW-chronologies (raw, standard-and, residual) represent the

RW for entire P. pepei-RW network (2012 and 2019 tree samples) and thus variance stabilization was applied to account for
temporal changes in sample depth (Frank et al., 2006). -The standard RW chronology was primarily used for changepoint and
RW-climate correlation analyses; (section 2.5), and the residual chronology was used for i.) identification of small or large
outliers in the chronology (top Sth and 95th percentiles) and ii.) analyses of the growth response of P. pepei to_detrended
monthly and residual climate and extreme ENSO events (see section 2.6).

The subsample signal strength (SSS) calculation was used to estirnate-the-minimum-sample size required-to-maintain-a-growth
determine how well the available tree-ring samples represent the common growth signal (Wigley-et-al5+984)-0f the P. pepei

population (i.e. site)(Cook and Pederson, 2011). SSS eensidersquantifies the strength of the shared variance through time by

incorporating the number of cores per tree, the number of individual trees, and the mean interseries correlation among RW

vatuethreshold of 0.85 (or better) is a—cemmeon—threshold-commonly used in dendrochronology and representssignifies the

periedyears when sample sizereplication is adequate and the eemmenRW-signalchronology is_considered robust (see
discussions Buras et al., (2017) and Wigley et al. (1984) for more details). An annual SSS Index was generated using the ‘dpIR’

package in R (Bunn, 2008).

2.5 Changepoint detection

The period in which SSS was greater than 0.85 was used for changepoint analyses of the raw and standard RW chronologies

to detect abrupt shifts in radial growth before and after low-frequency is removed (i.e. detrending). The Pettit’s (1979)

changepoint deteetion-test was applied to-the-raw—(radiab-using the ‘trend’ package in R (Pohlert, 2016) which identifies a

single year when the median tendency of the RW chronology imi 5 -is significantly /
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higher or lower after the changepoint. Significance of the RW trend afterfor the post-changepoint {p—<-0-05)period was
determined-byevaluated using the non-parametric Mann-Kendall test on thean estimated Sen’s slope (Sen, 1968)—Changepoint

2.56 Climate-growth analyses

To explore the climate sensitivity of Polylepis pepei-atthe-treeline, we correlated annual RW tewith local monthly and seasonal
precipitation, and minimum, maximum, and mean temperature and-preeipitationfor-the-period1960-2015Meonthly—(1960-

2015; see Section 2.2). Correlations were evaluated using a 24-month window spanning from prior July to current June to

account for lagged climate effects on P. pepei RW. Long-term and inter-annual growth response was assessed by correlating

i.) standard RW with mean (raw) climate, and ii) residual RW with linearly detrended climate respectively. 3-and 4-month

seasonal climate correlations (standard and residual) were calculated to determine whether growth at this site is influenced by

cumulative rather than monthly temperature

69:25°W while-menthly-and precipitation (Pre)-was-obtained-fromlocal station-data{see-seetion2:2)—Menthly-conditions.

Pearson correlations () were eomputed-with-theestimated using stationary beetstrap-sethedblock-bootstrapping methods and
implemented with the beet'boot’ package in R- (Canty and Ripley, 2017). This technique resamples contiguous, randomly-
sized blocks of data (#—=1000)-at-varying-bleeksize times to preserve autocorrelation and quantify the uncertainty of the RW-
climate relationship (see Politis & Romano 1994). Significance ofthe-chmate-growthrelationship-was inferred from the two-
tailed 95% confidence intervals of the median bootstrapped correlation (i.e., 95% CI excludes zero).— Due to the covariance

between temperature and precipitation in this region, we used bootstrapped partial correlations (r,,) to evaluate the independent
effect of one variable on RW (e.g. temperature), while controlling for the other (e.g. precipitation). Following methods of
Meko et al. (2011), partial correlation coefficients for RW-temperature were obtained by: i.) first performing a linear regression

between RW and precipitation and ii.) calculating bootstrapped correlations between temperature and the residuals from this

regression. Fheresults-After removing the influence of precipitation, Qartlal correlations represent the distinct portion of RW
variability netthat is explained by i i i

andmonthly temperature-while-controllingfor-the-influence-of preeipitation-.

Spatial RW-Climate correlations across tropical south America were used to assesstest the extentmagnitude of the climate

sensitivity of the standard RW chronology to regional temperature (Tmax and Tmin) and precipitation signals—ofthe RW
within-trepieal-south-America—Seasonal-climate-windews-seleetedvariability. The seasonal window for the-spatial-analyses

were-cach climate variable was inferred from the significant monthly climate-growth relationships—Spatial and the results from

3-to-4-month standard and residual correlations-with-preeipitation. Precipitation correlations were conducted using the gridded
CHIRPS betweendataset for the 1981-2015 period (see section 2.2). Otherwise, allmenthly-and-(seasenal)-spatiallocal climate-

growth analyses which used reconstructed station data and spatial temperature (gridded CRU data) correlation analyses (RW
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vs—elimate)-werewas between 1960-2015. Field significance was assessed using a binomial test (e.g. -the probability_that n
number of grid-cell correlations were significant by chance (raw p<0.05) due to the high number of comparisons; see: Livezey
& Chen, 1983).

Linear trends in the leeal{seasonaly climate (1960-2015) were assessed using the Sen’s slope estimator (section 2.4), and
significance was evaluated using Mann Kendall tests. Slopes were reported as the average change in climate in units per decade
(Fig—A4). Annual and seasonal (October-April; June-August) trends of diurnal temperature anomalies (DTR) were also
evaluated for the same period. Additionally, monthly anomalies of Fmim;minimum and Fmaxmaximum temperature were
calculated relative to the 1901-2015 CRU baseline (full temporal extent of CRU data) to illustrate long-term temperature
variability during the wet and dry season-(Fig-—ASBC)-.

2.67 Superposed Epoch Analysis

ENSO varies between warmer (El Nifio) and cooler (La Nifia) SST phases (Ropelewski and Halpert, 1987) in the Pacific
Ocean, and both extremes substantially impact precipitation and temperature conditions over tropical South America. To
investigate the effects of extreme ENSO events on tree-growth, Superposed Epoch Analysis (SEA) was performed on the
residual RW timeseries (Fig—2D)-using the method originally described by Haurwitz and Brier (1981) and modified by Rao et
al. (2019). SEA is widely used to statistically determine whether the effects of episodic events (e.g. extreme climate events)
on a response variable (in this case RW) are statistically significant or due to random noise. The Rao method uses 1000 random-
sample double bootstrapping to quantify the RW response at the time of the event (lag= 0) and several years after (in this case

four years).

We analyzed twenty-six years of RW based on the top-ranked December-February (DJF) El Nifio and La Nifia events (n=13
each) listed by the National Oceanic and Atmospheric Administration’s Physical Science Laboratory (NOAA-PSL:
https://psl.noaa.gov/enso/). These ranked DJF years are determined by NOAA-PSL with the multivariate ENSO indices (MEI,
1871~2024). MEI reflects the principal components, or dominant modes, of the entire tropical Pacific ENSO domain (30°N-
30°S, 100E°-70°W) rather than any one region (e.g. Nifio 3.4) and integrates observations of sea level pressure (SLP), SSTs,
meridional (north-south) wind, and outgoing longwave radiation (see Wolter and Timlin, 2011). Extreme years are defined by
Pacific SST anomalies during DJF, coincidently when ENSO is phase-locked with the peak monsoon season (Rasmusson and

Carpenter, 1982).

a—The list of DJF- ENSO-events

obtained from NOAA-PSL are included in Appendix Table Al.
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401 3 Results
402 3.1 Growth decline in a P. pepei tree-ring chronology

403 The P. pepei RW chronology fremcovers the MNP-treelinespansfremperiod 1850-2018 and consists of 51 tree-ring samples
404 (31 individual trees) from open and closed-canopy forests near Keara-the MNP treeline (Table 1; Fig. 2). Radiocarbon and
405  standard dendrochronological methods confirmed the-grewthrings-arethese trees form annual rings and refleethich-frequeney
406  patterns-ofhigh-andlow-growth-threugh-timeshare a common growth signal in this region (Figs. 2A, C, D). Site metadata and

407  RW chronology statistics for the P. pepei network are summarized in Table 1.

408
409  Table 1. Summary of P. pepei tree-ring sample location, age, sample size, ang mean correlation among RW timeseries.
410 The RW chronologies represent the entire collection of cross-dated P, am les in Keara obtained in both 2 12 Formatted: Font color: Text 1
411  and 2019
Site Location n trees, Mean age Timespan Mean RW Deleted Cells
(clevation) {n samples), [yrs] Lorrelation [7], Formatted: Font: 10 pt, Font color: Text 1
Formatted Table
Formatted: Font: 10 pt, Not Bold, Font color: Text 1
Open-canopy 14°40'S 16 living 89 1850-2018 0.53 Formatted: Font: 10 pt, Font color: Text 1
Jorest 69°06'W 2 dead 24-em Formatted: Font: 10 pt, Font color: Text 1
(south-facing) (3795-4100 (33) N - -
masl) Qn_@g:eeg; Formatted: Font: 10 pt, Not Bold, Font color: Text 1
Formatted: Font: 10 pt, Font color: Text 1
Closed-canopy 14°43'S 12 living 101 1871-2018 0.44 3lem Formatted: Font: 10 pt, Not Bold, Font color: Text 1
forest 69°04W 1 dead tree Formatted: Font: 10 pt, Font color: Text 1
(west-facing) (4000'414)00 (18) Formatted: Font: 10 pt, Font color: Text 1
m.a.s.l.
JFull network 31(51) 93 1850-2018 0.50 36-em /{ Formatted: Font: 10 pt, Font color: Text 1
(mean Raw, -
standard,
residual
chronologies)
412
413 FablelS v-of-Ppepei-t ing pleloeation-ase; plesizesand Lation-of R\W-Atimeseriesper /{ Formatted: Font color: Text 1
415 d-ea : Font color: Text 1
416 HY. 'S htal din bhath 2012 n:l ‘)ﬂlﬂ
417

418  Due to extreme suppression in radial growth (Fig. 2B), only one or two cores pertree(out-of three-total-were-able-tofrom the /{ Formatted: Font color: Text 1
419  living trees could be measured and included in the final RW chronologies. Despite the complex anatomy of P. pepei, the cross- /{ Formatted: Font color: Text 1

420  dated a
421 canopy-(I8-trees)yand-closed-canopy-(13-trees) sites-tFigosamples

Formatted: Font color: Text 1

s /{ Formatted: Font color: Text 1

Formatted: Border: Top: (No border), Bottom: (No borde
Left: (No border), Right: (No border), Between : (No borde

15



422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

T

espite 4 with atingdue uppressed tree-rings, the entire netw shared a coherency in the RW patterns
with a mean inter-series correlation of # = 0.50 for the 1850-2018 period-ta—==5+samples; 3H-trees)—The SSS-metricindicated

(Eig—2€;. The oldest living tree sampled was 168 years of age from the open-canopy forest. The average age of the trees was

93 yrs)—The-years and the average radial-growth rate between 1850-2018 was ~ 1.040 mm yr'. DBH measurements in 2019
{6-trees-in-the-open-canopy-and-13-in-the-closed-eanopy-site);-confirmed these trees were slow-growing with stem diameters

ranging from 10 cm to 54 cm (mean DBH 30 cm). The sub-sample signal strength indicated the RW chronology is particularly
robust between 1900-2018 when sample size exceeds 17 (SSS >0.85 Fig. 2C).

P. pepei RW at this treeline has been declining steadily since the 1960s (Fig 2.A, C). A changepoint in the raw RW chronology

was detected in 1993 (p=0.0019), with a significant decline of 0.02 mm yr' after 1994. This trend in absolute growth is evident
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in both the open-canopy and closed-canopy forests at the site (Fig. 2A). Although a non-significant changepoint in the standard/[ Formatted: Font color: Text 1

RW chronology was detected in 1962 (p=0.062). two-tailed Mann-Kendall tests determined the negative slope between 1963-

16

2018 was significant (-0.007 units yr', p<0.001; Fig. 2C). Years—with-extremelylarce RW(95* percentile)-includedthe /[Formatted: Font color: Text 1
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A Raw B

Pettitt CP (1900-2018) | 1993, p=0.002
Post-CP Trend (1994-2018) | Bgep, = -0.020 mm yr-1, py;c<0.001

6 4 Mean Raw — Open-canopy — Closed-canopy

Raw RW (mm)

1850 1900 1950 2000
Year
C Standard D Residual
Pettitt CP (1900-2018) | 1962, p=0.063
Post-CP Trend (1963-2018) | Bgey, = -0.007 yr-1, pyc<0.001
' 50
1 1915/16 1927/28 1951/52 1968/69 1971/72 1993/1994
2.0 2.0
1 40
13 I ﬂ“l, [7/]
15 5
! 03 8
T 1 o T
S0 o =10
= 206 =
o T
05 10 = 05
| 1906/07 1946/47 1970/71 1983/84 1994/95 2017/18
0.0 0 0.0
1850 1900 1950 2000 1850 1900 1950 2000
Year Year

Figure 2. The (A) Raw (C) Standard and (D) Residual RW chronologies of P. pepei in Keara. The chronologies (1850-
2018) are plotted using the Schulman convention (i.e., anchored on the year of initial ring formation; see section 2.3).
A here-has-been-a-distinet-decline-inra adiaD-RW.-since-the1996/1997 srowth-vea hansepointis-indicated-b

(B) An image deplcts a core sample where several rmgs are suppressed w1thm
a 4 mm distance (dashed circle). The black arrow indicates the direction of radial growth for this core (from left to
right). -(C) The standard RW is plotted with the mean sample-depth of the full network through time (grey-shading).
TrianglesBlue and red triangles on the residual timeseries (D) signify the years within the top 5" (six-smallestgrowth
rings;- Blue-eolor)-and 95" (i-eargest growth-rings; red-eolor) percentiles of RW since 1900 (SSS> 0.85). Since the tree

rings are estimated to form during the wet season (two-_calendar years ~October-April), both years are labeled in the
colored text ¢and ordered chronologically). within the plot (D). Vertical red lines signify the significant changepoints

detected in the raw and standardized RW chronologies (1900-2018; SSS >0.85), while the green solid lines represent
the trends after the changepoint estimate via Sen’s slope. Changepoint and trends statistics for the raw and standard
RW chronologies are included in the subtitles for A and C. There was a significant decline in raw (radial) RW after the
1993/94 growth-year (i.e. 1994-2018) and between 1963-2018 in the standard RW chronology.
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3.2 Monthly and sesaonal climate-growth relationships_at Keara’s treeline

The climate sensitivity of P. pepei RW te—ocalclimate—between—1960-2045-is illustrated by bootstrapped correlations
betweenwith monthly Pre;FaveFminsmean precipitation and Frrax—ntemperature timeseries (1960-2015; Fig. 3=, A3). P.
pepei RW (standard-chronology)-pesitively-eorrelates-with-Pre-benefits from higher rainfall in the months of December-April
(Pre lag=1, r=0.39 for February; Fig.3A). This forest had a more significant RW response to cumulative rather than monthly
precipitation variability-during-the-wetseason-(Fig3A)-There-are-signifieant, with the highest correlations betweenRW-and
prior—(fag=BHobserved for the 4-month December-March pfee}pﬁaﬂeﬂ%;cgéq—fer—]amiafy—)—eeﬁelaﬂeﬂs—u%h—pﬂef-yeaf
Deeember{season (DJFM lag=1, r=0.
42, p=0.271-Fig-008; Figs. A3A, A4Ashews49eeember—Mafeh{_)_DJFM} precipitation 51gn1ﬁcantly decreased ever-the

1960-2015-peried-at this site at a rate of ~6 mm
(Fig2A)-decade’! after 1960 (Fig. 4A), but residual RW-precipitation correlations remained significant after climate trends

were removed (Fig. A4B).
RW-is

In general, wet season precipitation is significantly and negatively correlated to-prior-year Fave DIEM(with temperature at
this treeline (Oct-April r=-0.21-inMareh—to—+—034—inFEebraary,—p<0-05—31, p=0.02). However, after controlling for
precipitation effects;—partial-correlationsfor Fave revealed-a—_ on RW variability, partial correlations revealed a robust and

independent relationship between RW and current-year monthly temperature (i.e. the monthly correlations persist after the

covariance with precipitation is removed; Lag=0 Fig. 3B-D). P. pepei RW correlates positively with current-year mean and

maximum temperatures particularly for the months of April (Tavg r=0.37, Tmax=0.38; Fig. 3B, D). The strongest positive;
rebu%t—?el-a&eﬁship—(p@—@é—)—wrﬂa—R—W—euﬂem—year correlations with temperature were for the 4-month February—te—A—pr—l-l
{F\ A)meﬁths ‘F‘P mn nen A e e h | m

May season, emphasizing the importance of late- summer temperature variability for tree-growth at this site (FMAM Tmax

lag=0. r=0.47, Fig. ASH). There was weak evidence of a decreasing trend FMAM maximum temperatures for the analyses
period -0.06°C decade™, p=0.17; Fig. 4D).

Monthly residual correlations showed Polylepis pepei RW was primarily sensitive to interannual temperature variability at this

site (Figs. 3B-C, A3B-C, Tavg, Tmax, Tmin). However, prior-year correlations with monthly Tmax and Tavg decreased after

accounting for lagged precipitation effects on RW (Fig. 3B and D lagged partial correlations). Lagged minimum temperature

variability, however, had a distinct and significant impact on RW (Tmin lag=1, Figs. 3C, A3C). Negative correlations were

found between RW and prior-year wet-seasen—temperature—variability-near—oursite-on—ecurrent-year RW-—as—welk-season
minimum temperatures (NDJF lag—l r=-0.40; Fig. A4F). Although there were no significant trends in EMA-Tavg-between

mean and max temperature for the 1960-2015 period (p > 0.16; Fig. 4B, C), NDJF minimum temperatures significantl
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increased at a rate of 0.15°C decade™ (p=0.02, Fig. 4C). In summary, Polylepis pepei RW was limited by minimum and

maximum temperatures for distinct seasons (e.g. positive relationship with FMAM Tmax lag=0 vs. negative relationship with

NDJF Tmin lag=1).

Overall Polylepis pepei RW is larger under wetter and cooler conditions. However, elimatethis site experienced significant

warming and drying trends sineebetween 1960-(FEig-—A4)-indieate-this-2015 at the same time a growth decline in the treeline

\P. pepei was
observed (Figs. 2C, 4A, 4C). Residual climate-growth correlations were significant for the same seasons as the standard

correlations, despite the linear trends identified in both mean climate and RW (Fig. 2, 4). These results emphasize the-indireet

effeet-of temperaturethat both long-term and inter-annual climate variability had significant impacts on water-availability-and
thus-P. pepei tree—grew{hRW at this treeline—Sea

—in the MNP. Further, RW was primarily

limited by prior-year wet-season conditions (e.g. ~Nov-March Pre and Tmin lag=1) but was also significantly and positively

related to current-year temperature variability (FMAM lag=0).
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Figure 3: BoeotstrappedStandard bootstrapped correlations between P. pepei RW and_average monthly climate from
1960-2015. Fhex-axisrepresentsmonths-beginning-in- Monthly temperature data was from the nearest CRU gridpoint
for our site: 14.75°S, 69.25°W, while monthly precipitation was obtained from local station data. The x-axis covers the
24-month period between July of the prior-year (lag=1, lowercase letters) and extendingto-June of the current year
(lag=0, uppercase letters). Tan shading indicates the extended-wet-period(~Oectober—Aprihwet-season for this region
of the MNP (~Oct0ber-Aprll) (A:-) Monthly RW-precipitation correlations (green—celor;—precipitation—fromlocal
station—data—, Pre). (B-D:) RW correlations with €RUmonthly mean (orange, Tavg), minimum (blue, Tmin), and
maximum temperature WMWM—W%M(redHIMMHWMW

Tmax). Significant correlations are represented by solid-colored circles
confidenee-intervals-—Partial-correlations—(+,)-are represented-by(median pearason r) or solid grey bars—Selid-eireles
and-bars-indieate-significant (partial correlations-which-are, 7)) and inferred from 95% confidence intervals-frem-the
random bootstrapping. .
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Seasonal climate trends near Keara
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Figure 4. Z-scored P. pepei RW (black lines) and seasonal climate variables (colored solid lines) between 1960-2015. /{ Formatted: Font color: Text 1

The selected seasons were based on the highest and most significant correlations between local climate and RW for this

eriod (standard and residual, p<0.05). Lagged DJFM Precipitation is in green (A, lag=1), FMAM mean temperature
is orange (B, lag=0), lagged NDJF minimum temperature is blue (C, lag=1) and FMAM maximum temperature is in
red (D, lag=0). Averaged seasonal trends are reported in units of climate per decade (B, colored dashed lines). Mann-
Kendall tests were used to estimate the two-tailed significance of the linear trend (pMK). Precipitation data is
reconstructed from nearby station records and temperature data is sourced from the nearest CRU TS 4.08 grid point.
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3.3. -Polylepis pepei RW and climate variability across tropical South Ameriean-elimate-variabilityAmerica
Spatial-correlationsreveal-the-broader-Figure 5 highlights the regional extent of the seasonal climate signal recorded in the-P.
pepel RW at the KearaMNP treeline. (FigH): Binomial-ficld-tests-indicated-the spatialextent ot sienificant correlations-(bla

dots;p<0-05)-exceeded-what-would-be-expeetedGridded DJFM precipitation (lag=1), NDJF minimum temperature (lag=1

and FMAM maximum temperature fields for tropical South Americal were used for spatial correlation analyses and were

limited by chanee{(p<0-001for-al-variables)—the temporal extent of available data (Fig. SA 1981-2015, Fig. SB-C 1960-

2015). The RW-precipitation correlations reflect the heterogeneity of precipitation variability along the Andes, whereas the

temperature fields are more uniform (Fig.5A vs. Fig. 5B, C). P. pepei RW is positively correlated to prior-year DJFM
preeipitation(CHIRPS:1981-2045jrainfall in most of tropical South America for the 1981-2015 period (Fig. 4A5A). The

strongest precipitation signal is observed along the eastern flanks of the Peruvian Andes and the northern Amazon Basin in

Brazil-_(r =0.45 to 0.50). There were significant correlations with wet-season minimum temperature variability for most of

tropical South America, especially near southeastern potions of Brazil (NDJF Tmin lag=1, 1960-2015; Fig. 5B). RW is also

positively correlated to EMA-Fmaxlate austral summer maximum temperature variability in the northern and southern portions
of the tropical Andes-Amazon-with-thestrongest-values{+>0-50) (FMAM Tmax lag=0, 1960-2015, Fig. 5C). The highest

correlations between RW and maximum temperature were centralized both locally to the site and near the Bolivian Altiplano-

(r>0.50). In summary, the relationship between P. pepei RW and large-scale seasonal climate variability was significant for

the same seasons identified in the local climate-growth analyses (1960-2015, Figs. 3, A4, AS).
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Figure4-—Spatial correlationsbetweenpepei RW and (A) CHIRPS DJFM precipitation (1981-2015;]lag=1), (B) CRY /{ Formatted: Font color: Text 1

NDJF Fmin-1960-2015;-minimum temperatures (lag=1), and (C) ERE-FMA-Fmax1960-2015,-FMAM maximum

emperatures (lag—O}) in tromcal South Amerlca Black dots represent the

areas—where—there—are—significant
significant grid points (p<0.05). Gridded precipitation analysis

was limited to 1981 2015 due to the availability of CHIRPS data (A) while RW-temperature correlations covered the

1960-2015 period (B-C, CRU data). There were more significant cells than expected by chance (p=0-05)-for all variables

{spatiotemporal relationships (binomial field_test a=0.05, p<0.001).
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3.4. Long-term changes in diurnal climate conditions at the Keara treeline

In agreement with the decreased DTR trend observed since 1960, in situ daily temperature loggers independently confirmed

that minimum temperatures for the October-April season have increased at this site (Fig. A6 A-C). Minimum temperatures for

the October-April season in 2011-2014 ranged from 1.9-2.3 °C and increased to 3°C in 2021-22, which is higher than the 0°C

average between 1960-2015 (Section 2.2, Tmin Fig. A1). The distribution of daily wet season minimum temperatures in 2021-
2022 was significantly higher than the 2011-2014 seasons overall (bootstrap KS test p<0.001)=; Fig A6).
34

Interestingly. average October-April maximum temperatures recorded by the data loggers ranged 7.2°C-8.2°, which is

substantially lower than the 1960-2015 average (Section 2.2, Tmax~13°C; Fig. A1). Daily maximum temperature for the 2021-

2022 season was significantly lower than the 2012-13 and 2013-14 seasons (p< 0.01), while no significant difference was

detected relative to the 2011-2012 season (p= 0.37).

The daily data loggers also recorded a significant reduction in relative humidity within the 2011-2022 period (October-April;
A6D-F). Relative humidity declined from an average of 98% in 2011-2014 to 90% in 2021-2022, while minimum dail
humidity decreased from ~94% to 80% (Fig. A6D, F). Although 2011-12 corresponded to a DJF-La Nifa year (Table Al), the

distribution of daily relative humidity values during that season was comparable to the 2012-13 and 2013-14 years (p> 0.05),

and all 3 seasons were more humid than the 2021-22 year (Fig. A6. p<0.001). In fact, almost one third of daily relative humidity

values for 2021-2022 (63 days) were below 90% for October-April, while less than 25 days were recorded for the same
threshold in the 2011-2014 seasons.

In summary, the long-term warming and drying trends observed in precipitation and temperature between 1960-2015 (Figs. 4,

AS) are consistent with in situ measurements of higher temperature and lower relative humidity for 4 distinct October-April

seasons between 2011-2022 (Fig. A6).

3.5 Growth response of treeline P. pepei to extreme climate events

~Table Al lists the

years of known meistarehydroclimate anomalies in tropical South America connected to El Nifio (warmer SST) or La Nifa
(cooler SST) conditions in the Pacific Ocean. Regardless of the time-span-and-spatial temporal resolution, climate datasets
showagree that the El Niflo-DJF events were linked to drier and warmer conditions at this site, while extreme La Nifla-DJF
years were wetter and cooler (Fig. 6A. B). SEA of the residual RW response depicts temporal growth anomalies for top 26
ENSO DIJF events: 13 El Nifio and 13 La Nifia (Figs. 6CD). There was a one-year delayed and negative RW response to El
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To visualize the significant increase of minimum temperatures near Keara in a long-term context, annual and seasonal diurna

temperature range anomalies were calculated for the full CRU TS 4.08 calibration period 1901-2015 (Fig A5: DTR, Tmin

1

Tmax). There was a significant decrease in DTR and an increase in minimum temperature anomalies since the mid-20" century

at this site. The largest decline in DTR was observed for the October-April season at a rate of -0.197°C decade™’, though annual

and July-August DTR declined at a similar rate (-0.191°C and -0.194°C decade™ respectively, 1960-2015; Fig. A5).
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Figure 56: Boxplots shewingof annual (A) precipitation and (B) temperature for the 26 years of extreme DJF-ENSO
events, using both station and CRU data. Outlier years in the CRU precipitation data are labeled-in(A).represented as
black dots (A; 1956, 1989). Annual mean climate during El Nino-DJF is represented as orange colors, while La Niia is
shown in blue (» = 13 years per event). Superposed epoch analysis of the residual RW response between4 years before
and 4 years after the DJF-ENSO events (C, D; black line). The uncertainty of the growth response is depicted as
greengrey shading. Horizontal blackgreen-lines represent confidenee intervals(the two-tailed significance thresholds: (10-
90%, 5-95% 1-99%) based-enderived from stationary bootstrapping.

4 Discussion

4.1. Climate sensitivity and Radial growth decline and-climatesensitivity-of a tropical treeline site in Bolivia

Annual- RW-chronelogies-of-Here we have generated the first P. pepei tree-ring chronology from a-high-Andean-Amazon
forestthe MNP treeline in Bolivia have-beenpresented-and analyzed—This-is-the firsttree-ringlongest annual growth record for
this species in South America spanning from 1850 to 2018 CE (3795-4400 m a.sl; 14.75°S). These results provide new

information of tree growth and climate dynamics in an understudied biodiversity hotspot in the southwestern Andes-Amazon

corridor. We found that P. pepei RW is limited by prior-year minimum temperature (negatively) and precipitation (positivel

variability during the wet season, leading to larger RW in the subsequent growth year when it was colder and wetter (Figs. 3

and 4). There was also a positive relationship between current-year maximum temperature and RW variability between 1960-

2015 at this treeline. The lagged RW-precipitation signal is consistent with one of the two P. pepei_tree-ring studies (lag=1;

1969-2004; 16°128S, 68°79W: 4130 m.a.s.1; Jomelli et al. 2012) and several Polylepis tarapacana investigations that reported

prior-year water availability as a useful predictor of RW (Argollo et al, 2004, Morales et al. 2004, Christie et al. 2009, Soliz et

Left: (No border), Right: (No border), Between : (No borde

al. 2009, Crispin-DelaCruz et al. 2022, Rodriguez-Caton. et a. 2021). The second study of P. pepei found that RW was
positively correlated to current-year temperature variability (lag=0; 1941-1983; 17°S, 65°39W; 4100 m.a.s.] Roig et al. 2001).

However, the dominant and negative relationship between RW and lagged minimum temperature variability has yet to be

explored for treeline P. pepei.

The pronounced decline of radial growth in P. pepei since 1960 coincided with warmer and drier austral summers at this

treeline (~November-March, 1960-2015; Figs. 2C & 4AC). There was also a significant step change and subsequent decline

in raw RW after the 1993 growth-ring (Fig. 2A). It is possible that this area was affected by an 8.2 magnitude earthquake ~150
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km east of the site was recorded in June 1994 (Myers et al. 1995). Although this region of Bolivia is sparsely populated

landslides were reported in southern Peru and Chile, and thus it is possible that slope failures in 1994 occurred near this treeline

in Keara Bolivia (Blodgett et al. 1998). This decline also occurred 1 year before the broader study region of Madidi was

designated a National Park and

and endemism for the Southern Amazon. The results herein verify the sensitivity of P. pepei tree-ring width at this site to both

local climate and environmental disturbances. An altitudinal advance of this treeline is unlikely due to local geomorphologic

constraints (Fig. 1D; Macias-Fauria and Johnson, 2013). Further, species-specific thermal niches that are required for seedling

establishment and recruitment may be at risk due to the observed increasing temperature trends in recent decades (Kessler et

al., 2014; Kérner and Hoch, 2023). in
human-influence-on RW-for-treesAlthough the spatial extent of this forest under increased warming and environmental change

is uncertain, this study has helped clarify the nature of past and current growth variability of P. pepei in this region.

Human activity in Andes-Amazon forests should be considered when evaluating the growth patterns at tropical treelines-in

thisregion—Forthe P-pepeinearKeara;. Forest fragmentation was observed in the lower elevation open-canopy forest (3795-

4100 m.a.s.l.) and tree-ring samples showed pessiblecvidence of fire scars in the 1940s-and-clearforestfragmentationrelated
to-cattleranehing.. This subpopulation is likely more threatened by human-aetivities-small-scale cattle ranching in Keara than

the closed canopy site-between-forest located at higher elevations (4000-4400 m.a.s.l-—sampled-in2019-(Fig—1CD)..; Fig. 1C

D). Herein, efforts were made to minimize potential impacts of land use and disturbance in field sampling, but ecosystem

disturbances in certain regions of the MNP were nevertheless observed (mostly in areas below 2000 m.a.s.l.). Despite the

potential forloeal-environmental-effeets-on-growththese observations, correlations between P. pepei RW and leeal-with-elimate
areregional temperature and precipitation variability were robust and may signify a response to regional-shifts-in-larger-scale
hydroclimate patterns ebservedseen in tropical South America- (Fig. 5).

&ITThe MNPtree]ine")ﬂnA’ N “'l t“l")[\f\/l’f‘ln ST tul")ﬂnﬂ’s L :“1‘fmnn’r* M y' Doalal ; }ulv"n’)ﬁ’ R d 1
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revealed an imprint of extreme ENSO-related drought events in P. pepei growth rings.
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Hot-dreught and dry conditions related to-DJF-EI Nifio eventsyears had a-significant and negative #mpaetimpacts on radial
growth e i i i

large-scale drought DJF ENSO events were selected for analyses because itis-thethey occur during mature phase of the summer

monsoon (70% of annual rainfall), but the use

impacts of annual or broader

seasonal ENSO extremes may be more informative due to the sensitivity of RW to cumulative climate conditions (e.g. seasonal

correlations Fig. A4). Overall local and regional climate-growth analyses suggest this treeline is primarily limited by

temperature-driven moisture stress during the peak wet season (~November-March Figs 3.4, A3, A4). Kessleretal—2014-
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- In the following sections

we discuss potential-local-enviremmental-and-climate-variablesboth site-level and large-scale hydroclimate conditions that may
eentributeP-have contributed to the growth decline of treeline P. pepei tree-ring-variability-inKearasince the 1960s.

4.2. Changes-in-temperaturesLocal temperature and humidity changes at the P. pepei treeline in Bolivia

Increases in minimum temperature (Frin)-may be reducing moisture availability in high-elevation Andean tropical sites:
Heuslyforests. The mean diurnal temperature range near Keara has significantly and negatively declined since 1960, signifying
that the rate of minimum temperature increase has surpassed that of maximum temperature (Fig. A5. CRU TS 4.08 :1901-
2015). Daily climate data-recorded-by-data-loggers at-eurwithin the P. pepei site (Fig—A3)-showed-that-the-period-September
indicated the 2021-May-2022 hadwet season was significantly warmer Fmin-and-lowerrelative-humidity-(RH)-in-comparison
to-the-periedand drier than in 2011-2014 (p < 0.0001_October-April). This decrease in RH-relative humidity alongside an

increase in temperatareminimum temperatures suggests that the capacity of air to hold moisture has outpaced the actual
moisture content, making the air drier despite higher temperatures. Although theseresultsthe data logger records cover a short
time- window, they provide in situ-evidenee-of, high-resolution data over a 10-year period in Keara, and thus they are useful

to confirm: i.) the warming and-drying-trends observed in the long-term climate data

supply-does-notinerease-proportionatly humidity-will deerease:(Fig. 4, A5), and ii.) that the increase in minimum temperatures

coincided with a decrease in humidity at this site (Fig. A6) .
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P. pepei had-significant negativecorrelations—with-inereasingRW was significantly and negatively impacted by lower wet-
season precipitation and higher minimum temperatures en-theloeal-and-spatial-seale(Figs-—3-and-4even after linear trends in

climate were removed (Fig. A4; residual correlations). Minimum temperatures influence convection, as rainfall in the Andes-

Amazon ecotone largely occurs in the afternoon/night when radiative cooling drives cold air downslope and converges with
rising warm moist air from the tropical lowlands (Garreaud, 19992009; Junquas et al., 2018; Romatschke and Houze, 2010):;
Rosales et al., 2022). Known as ‘orographic precipitation’, this process is key for rainfall distribution across elevations-in-the
Andean foothills like-eursite-(Arias et al., 2021; Chavez and Takahashi, 2017). According to the hourly in situ data loggers in

Keara, daily RH peaked at 3:00 P.M. on average, likely reflecting afternoon cloud formation at this site. In the region of the
MNP, maximum precipitation eeeusredtotals occur between 1000-1300 m.a.s.l., with a sharp decrease in moisture distribution
towards-higher-elevations—>transport above 3000 m.a.s.l. (Chavez and Takahashi, 2017). If minimum temperatures increase,
the radiative cooling effect is-weakerweakens, which may result in warm, moist air converging at lower elevations; (e.g. below
our treeline-P. pepei site-{)(Romatschke and Houze, 2010). -Fhe-hourly-meteorological-data-betweenSeptember-May-In terms

of tree-growth in : M—in-Keara-on-averase octing_af
formation—It>sthis area, one interesting te-nete-observation is the declining P. pepei RW trends observed in-P—pepei=3860at

the MNP treeline (above 4000 m.a.s.l5)) diverge from the increasing RW trends observed in lower-elevation humid forests

from-MNP-sineein the 1980sMNP (e.g. Juglans boliviana ~1300 m.a.s.15-) (Oelkers et al. 2023).tis-possible-thatthe inerease
inTminsince the late 20% century (Fig-AS) may have contributed toreduced-orographic convection-and-meoisture-availabili

One possible explanation for this pattern is that warmer minimum temperatures alter the local balance between temperature

humidity, and upslope moisture transport in the Andes—Amazon ecotone. Because precipitation at these elevations depends

strongly on orographic processes and on the interaction between moist lowland air and cooler mountain conditions, weaker

nighttime cooling could reduce the efficiency of moisture convergence at the elevation of the treeline. We cannot demonstrate

that mechanism directly here, but the observed increase in minimum temperature, decline in DTR, and reduction in relative

humidity in Keara are all consistent with a shift toward locally dry conditions that may limit P. pepei growth (Figs 4, A5, A6).

In this sense, the results point to moisture stress amplified by warming, rather than temperature alone, as the most plausible

explanation for the long-term decline in ring width at the MNP treeline.-Future research needs to be conducted on elevational

moisture transport in the Andes-Amazon and these diverging tree growth trends observed within the MNP.

Besides inhibiting moisture convergence and transport from lower elevations, warmer minimum temperatures could also affect

the tree water-balance in Keara-by-inereasing-transpiration-and-respirationrates(Sierra—et-al52022).. A global analysis of
tropical tree longevity-using-tree-ring-and-other-data found that tree mortality is increasing in all tropical biomes due to heat-

related water stress and increased evaporative demand at the leaf level (Locosselli et al., 2020).- From an ecophysiological
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perspective, respiration rates increase with risingwarmer temperatures-and-. Excessive warming at night (i.e. increased Tmin
without the process of photosynthesis eeeurring-atnight—This-in-turn-inereasesmay increase the amount of tree-level carbon
(respiration) and soil-water)_content released from—the—trees—to the atmosphere: (Korner et al. 2012). Temperature and
precipitation near the P. pepei site are inversely correlated during the-extendedpeak wet season (Oetober-April(~November-

March, p<0.05). HThus, if there is less cloud cover (and rainfatprecipitation), there is higher solar irradiance and temperatures,

which may limit the photosynthetic capacity of trees especially in tropical trees-at-higherelevationsmoist treelines (Garcia-
Nuiiez et al., 2004; Hoch and Korner, 2005; Jaramillo, 2015) %&eu#eﬂ#yea%pesﬁ%e%aﬂeﬂslﬂp—beﬁweenm%d—%

H—l&eee%er—aﬂd—weﬁer—(—ﬁgsé—A@—Further research must be conducted to determine the phe&elegyaﬁd—physwloglcal response

of P. pepei atat this treeline erdew-to diurnal and

seasonal changes in orography and soil-water availability.

The positive relationship between P. pepei and February-May mean and max temperatures may demonstrate ecophysiological

link between tree-ring size (i.e. xylogenesis) and cooling observed at the end of the wet season (lag=0; FMAM Tmax Figs.

3BD, A3BD). Although it is possible the mechanisms controlling primary and secondary growth may not occur at the same

time (i.e. photosynthesis vs. wood formation), the RW-climate correlations indicate growth rings are smaller when there are

cooler conditions in late austral summer (or vice versa; Figs. 3, 4). It is interesting to note that an extreme cold period observed

near Keara during the late 1950s corresponds with a growth suppression observed in raw, standard and residual P. pepei RW

chronologies, emphasizing the coupled relationship between RW and mean and maximum temperatures during this period

(Figs. A5SB, C and 2A, C). The exact growing season for P. pepei in Keara estimated to be during the wet season (~ October-

April), but the phenology of P. pepei in the MNP and elsewhere is largely unknown. The use of point-dendrometer bands that

record high resolution variations of stem circumference may reduce uncertainty regarding the onset and cessation of tree-

growth during the hydrological year and its relationship temperature variability between February to May.

4.3. Large-scale climate variability impacting tree growth in tropical Andean treelines

TFhe-In addition to site-level conditions at this treeline, the recent decline in radialannual growth may be-also influenced-by-be

linked to broader scale hydroclimate ehanges-patterns observed in tropical south America. In the central Andes treeline,

=1H7°S:-4657-4800-m-a-s--—Negativenegative RW trends in P. tarapacana since the 1970s were attributed to increasing
drought conditions in southern Peru and northern Chile sinee-the +970s—(>17°S: 4657-4800 m.a.s.l) (Morales et al. {2023}
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). Increasing drought frequency in-the-tropical-Andes-and-southern-AmazenBasin(>~15°S)-has been linked to delayed wet

season onset (Espinoza et al., 2016; Fu et al., 2013; Marengo et al., 2011). One possible explanation is anthat the intensification

of the atmospheric Hadley eireulation;related-toCirculation during the 20" century, driven by warming SST in the (rerthern)
tropical Atlantic-Oceanwhich-interrapts-upward-flowsfrom-the Amazen, has led to the-Andesa weakening of zonal moisture
transport and in increase in subsidence during thetransitional dry-to-wet peried-seasons in the central Andes(Beveridge et al.,

2024; Espinoza et al., 2021, 2019; Sierra et al. 2022; Yoon and Zeng, 20103-

Amazon-to-the Andes{Segura-et-al-—2022),. In that context, the decline observed in P. pepei may have-contributed-to-reduced

moistare-transportpotentially-affecting-tropiealbe part of a wider pattern of increasing hydroclimatic stress at high elevations
in the tropical Andes. At the same time, the Keara site differs from drier Polylepis treelines tke-P—pepeiinieara—such as P.

tarapacana (Morales et al. 2023:), so annual growth-comparisons should be interpreted cautiously.

In contrast to a drier start to the wet-season, a recent increase in precipitation at the end of the wet season <2000-m-a-s-:-has
been observed in lowland regions efbelow 2000 m.a.s.l. in the northern Andes and Amazon and-Andes-AmazonBasin (Arias
etal., 2021; Espinoza et al., 2021, 2019; Malhi et al., 2008; Zanin and Satyamurty, 2020). These studies argue that the warming
of the Atlantic Ocean, land-surface changes in the Amazon, and wind anomalies are the primary factors contributing to changes
in circulation and specific humidity in tropical south America overall (particularly-between-Mareh-May:-see references in
(Beveridge et al., 2024)). WithinBelivia—centrastingtrends—nContrasting precipitation and-tree-grewth-trends have been
observed betweentowat various latitudes and highland-elevationforests—Free-clevations within Bolivia as well. tree-ring
oxygen isotopes (8*0(d'*0) from €. Cedrela odorata in the lowland Bolivian Amazon (F0°5'S;-66°18"W:—106-m-a-5:1)
reflected an increase in November-March precipitation (and-deerease-in-8"°0)-between 1980-2010 «(10°5'S, 66°18'W; 106

m.a.s.l.) Bak al—2016—Cintra—et-al—2025); while treeline P. tarapacang, ind'*0 from, the Bolivian Altiplano 22.3°S; /{ Formatted: Font color: Text 1
67-23W:~4600-m-a-s-})-recorded a prenounced-dry-period-for-decrease in December-March precipitation between 1992- Formatted: Font color: Text 1
2012 (22.3°S. 67.23°W: ~4600 m.a.s.1.: Baker et al., 2016 Cintra et al., 2025:Rodriguez-Caton et al., 2024). Despite-thefact Formatted: Font: Italic, Font color: Text 1
thatEven though these hydroclimate trends are complex and spatially variable, having in sifu high-resolution climate proxies Formatted: Font color: Text 1
. . . . . . Formatted: Font color: Text 1
at the Andes-Amazon treeline such as this P. pepei may be useful in understanding long-term changes in orography.
Formatted: Font color: Text 1

Overall, growth variability at this P. pepei treeline #-is modulated by temperatures and moisture available at the site, which

may be influence by small-scale climate dynamics driven by orography, but may also reflect broader hydroclimatic changes
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mechanism across all Andean treelines, our results suggest that distinct Polylepis treelines may be responding to temperature-
driven moisture trends observed at local and a common regional scales. This study herein has demonstrated the dendrochimatic
potential-of-this-speeies-at-a-trend toward warmer and, in some cases, effectively drier conditions during the peak wet-season
d-(~November-March).
Overall, this newly-generated record has provided insightinte-thein situ evidence of a long-term, and negative growth response
of a tropical ferestin-Seuth-America-under-a-warming-environmenttreeline to increased temperature trends in Northwestern
Bolivia between 1960-2015 (14°S, 4400 m.a.s.1).

near the Andes-Amazon treeline

5 Conclusions

We repertedreport a significant decline in radial growth in Polylepis pepei at a tropical P—pepei-treeline in Keara; Bolivia;-at
the edges-of the-Andes-southwestern Amazon high-elevationforests—Here;grow-deereasesBasin (~4400 m a.s.l.). Our results

indicate that this decline is associated with warmerincreasingly warm and drierdry conditions #-since the 1960s, particulaly

through reduced precipitation and hlgher minimum temperatures dunng the prior—year-wet season;-and-there-is-an-adverse

preceding ring formation. Together, these

changes suggest increasing moisture stress at the site. Rising minimum temperatures, especially when not matched by

equivalent increases in maximum temperatures, may also reduce moisture availability by lowering relative humidity, altering

local moisture transport, and increasing nighttime

generalrespiratory carbon losses. More broadly, warmer conditions inereaseare likely to enhance evaporative demandsdemand

and eause-water—stresses-further constrain tree growth. We also found a tendency effor narrower grewth-rings in the year
following warm and dry El Nifio events, whilewhereas the releinfluence of La Nifa events-was-ineonelusive—This-remained
less clear, suggesting an asymmetric influenee-6f ENSO en
wedound-Popeper-to-developannual-ringscllect that a%e—ehma%e—seﬁsﬁ%ﬁe—e*paﬁdmgdeserves further study. Expan@g the P.

pepei network inKeara-wounld-enable-at Keara could provide the basis for the first tree-ring-based climate reconstructions ef

Bolivia, extending the limited-stationreecordsshort instrumental record back to the mid-1+800s-Ourresults-nineteenth century.
Overall, our findings provide new insightsinsight into the respensevulnerability of a-tropical treeline-in-an-era-of globaltreclines
to ongoing warming;-inereasing-climate-extremes; and human-aetivitieshydroclimatic change, and suppertthey highlight the
value of P. pepei for future dendrochronological and ecophysiological research ef P—pepei-in-South-America—Werecommend
pursuingresearch-thatin the tropical Andes. Future work should thus focus on quantifying leaf respiration-and-temperature
respense, temperature sensitivity, and the timing of wood formation using ecophysiological measurements and point
dendrometers, to better understand the ecophysielogy-ef mechanisms linking climate change and growth decline in this trepieat
treeline-species-in-Bolivia:
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Table Al. NOAA-PSL list of 26 top ranked DJF-ENSO events (13 each) which were selected for SEA analyses of P.
pepei RW. The years provided for the DJF seasons are centered on January. The remaining 22 top ranked events (48
total) are available on the website (https://psl.noaa.gov/enso/past_events.html).
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Figure Al: (A) Boxplots of the mean monthly distribution of maximum and minimum temperatures and (B) the diurnal

temperature range (grey;:DTR) for the study region between 1960-2015 using the nearest CRU 4.08 grid point data

(14.75,69.25). Boxplots include the temperature median (horizontal line), 1.5x the inter-quartile range (whiskers), and

outliers (colored dots).
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Appendix A2. Photo of Polylepis pepei, Wood anatomy and Radiocarbon Analyses

At early stages of RW chronology development for the Polylepis pepei network, initial radiocarbon results (Fig. A2.C) showed
that '“C measurements of SP20X were offset by 1 year in relation to the SH Zone "“C curves. In the original P. pepei RW
timeseries generated with material collected in October 2012, the first ring behind the bar was not measured as it was
considered an incomplete growth year. Upon a recent inspection of these samples, we observed that the final ring behind the
bark did not always correspond to a partial ring as some trees had not yet started wood formation for the 2012 growth year (at
least for the side of the stem where the core was sampled). Therefore, the calendar year assigned to the last complete ring for
the KEPP RW samples was corrected to 2011. This date-adjustment on the samples from the 2012 campaign was confirmed
after cross-dating RW from additional living trees collected in 2019 from the Waca-cocha closed-canopy forest. The final RW
chronology shown included 31 trees from 2019 (combined mean correlation, = 0.50). In summary, the traditional
dendrochronological crossdating techniques of RW measurements, wood anatomical cuts, and radiocarbon results confirmed
P. pepei in Keara formed annual rings.
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Figure A2. (A) Photo of a P. pepei tree in Keara during the dry season in July 2019. The trees have evergreen foliage,
and can appear shrublike, with twisted, and at times multiple, stems. The bark consists of thick layers of compressed
flakes that are red and brown in color. (B) P. pepei wood anatomy for a histological slice (40X magnification Echo
microscope camera) and scanned image of a tree-core (3200 dpi). The direction of radial growth is from left to right

ith to bark) while diamond shapes indicate the latewood/earlywood boundary between annua tree-rings. P. pepei
tree rings feature large, uniformly distributed vessels in the earlywood while the latewood includes both solitary
vessels and thicker, fiber-like tracheid cells. The vessel lumen area in the latewood appears to taper tangentially in
size before each subsequent growth-ring boundary. (C) Radiocarbon measurements (green circles) from the alpha-
cellulose of selected rings in a cross-section is plotted with the Hua et al. (2022) reference curves SH Zone 1-2 and SH
Zone 3.
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Residual Monthly Climate vs. Residual RW
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Figure A3. Residual P. pepei RW correlations with Residual monthly climate data 1960-2015. The residuals from a
linear regression were applied to the local monthly precipitation (A), and mean, minimum, and maximum temperature
series for the site (B-D) to evaluate the interannual relationships between annual RW and monthly climate variables.
Lowercase letters on the x-axis represent prior-year climate (lag=1). Correlations are reported as the median r
estimated using stationary bootstrapping. Significance was defined from 95% bootstrapped confidence intervals and
are denoted in solid-colored circles outlined in black. Tan-shading represents the estimated ‘wet-season’ for the treeline
site which extends between October-April for this period.
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Figure A4. Running seasonal climate correlations with P. pepei RW for 3-month (left column) and 4-month (right

column) seasonal averages usin

local temperature and precipitation data (1960-2015). ‘Residual correlations’ are

represented as black bars (i.e. detrended climate vs. residual RW), while colored bars represent ‘standard correlations’
(i.e. mean climate vs. standard RW). The x-axis represents the ‘end-month’ of the season, for example, lowercase ‘f” in
panel (A) represents correlations between RW and prior-year December-February precipitation (lag=1). Significance

was inferred from 95% bootstrapped confidence intervals. Non-significant seasonal correlations are faded, while

significant correlations are solid-colored bars.
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Figure AS5. Long-term temperature anomalies for the Keara site (1901-2015). The grey timeseries represents annual
(A) and seasonal (B-C) diurnal temperature range for the nearest gridpoint from CRU TS 4.08. 1901 is the earliest year
of available data for CRU. Linear trends in DTR anomalies were estimated using Sen’s slope. The significance of the
1960-2015 trend was evaluated using a two-tailed Mann-Kendall test. The mean slope is reported as the average change
in DTR per decade (°C). Seasonal anomalies for Tmax (red) and Tmin (blue) are represented as vertical bars for the
1901-2015 period (B-C).
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970  Figure A6. Ridgeline distributions of daily temperature and relative humidity between October—April for the 2011—
971  2012,2012-2013, 2013-2014, and 2021-2022 seasons at the site. This data was resampled from hourly measurements
972  recorded in situ from dataloggers installed near the Keara open-canopy site in 2011 (see section 2.1). The top row (A-
973 Q) represents daily minimum (Tmin), maximum (Tmax), and mean (Tavg) temperature. The bottom row (D-F) displays
974 minimum, maximum, and mean relative humidity (RH; bottom row). Colored ridges represent daily observations
975  within each season, and bold values at the right margin indicate seasonal means for each year.
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