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ARTICLE INFO ABSTRACT

Keywords: In the tropical Andes climate change is expected to increase temperatures and change precipitation patterns. To
Polylepis microphylla overcome the lack of systematic weather records that limits the performance of climate models in this region, the
Andes

use of the environmental information contained in tree rings from tropical Andean species have been found
useful to reconstruct spatio-temporal climate variability. Because classical dendrochronology based on ring-
width patterns is often challenging in the tropics, alternative approaches such as Quantitative Wood Anatomy
(QWA) based on the measurement and quantification of anatomical traits within tree rings can be a significant
advance in the field. Here we assess the dendrochronological potential of Polylepis microphylla and its climate
sensitivity by using i) classic dendrochronological methods to generate the first Tree-ring Width (TRW) chro-
nology for this tree species spanning from 1965 to 2018; ii) radiocarbon (*“C) analyses as an independent
validation method to assess the annual periodicity of the tree growth layers; and iii) QWA to generate tree-ring
annual records of the number (VN) and size (VS) of vessels to investigate the climate sensitivity of these
anatomical traits. The annual periodicity in P. microphylla radial growth was confirmed by both dendrochro-
nological and *C analyses. We found that VN and VS are promising new proxies to reconstruct climate variability
in this region and that they provide different information than TRW. While TRW provides information at inter-
annual resolution (i.e., year-to-year variability), VN and VS generated with sectorial QWA provide intra-annual
resolution for each stage of the growing process. The TRW and the anatomical traits (i.e., VN and VS) showed
strong positive correlation with maximum temperature for different periods of the growing season: while VS is
higher with warmer conditions prior to the growing season onset, tree-rings are wider and present higher number
of vessels when warmer conditions occur during the current growing season. Our findings pointed out the
suitability of P. microphylla for dendrochronological studies and may suggest a good performance of this species
under the significant warming expected according to future projections for the tropical Andes.
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Quantitative wood anatomy
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1. Introduction

Weather and climate over the Andes is driven by the large-scale at-
mospheric circulation patterns over South America, which are influ-
enced by the Andean topography (Espinoza et al., 2020). The Andes
hosts a high biological diversity, agrobiodiversity, and endemism
(Buytaert et al., 2011; de Haan, 2009), as well as water provision to
mining, agricultural, energetic, and urban demands (Buytaert et al.,
2011; Buytaert and de Bievre, 2012; Vuille et al., 2008) conferring an
important ecological relevance to this region. It is expected that climate
change will decrease water provision in that region (Magrin et al., 2014)
due to the reduction of annual precipitation driven by the shortening of
the rainy season (Thibeault et al., 2010). Predictions also indicate that
precipitation will be less frequent but more intense, increasing the risk of
flood events and affecting the water regulation service (Thibeault et al.,
2010) and thus, jeopardizing the functionality of ecosystems and ser-
vices that they provide. On the other hand, projections of changes in the
21st century indicate significant warming in the tropical Andes, espe-
cially at high elevations (Urrutia and Vuille, 2009).

The understanding of climate variability and its drivers in the trop-
ical Andes has been limited by the lack of a sufficient number of well
spatially distributed ground-based meteorological stations recording
precipitation and temperature (Condom et al., 2020), as well as by
limitations from the Tropical Rainfall Measurement Mission (TRMM)
Multi-satellite Precipitation Analysis (TMPA) due to biases of daily
precipitation amounts and underestimation of rainfall events intensity
(Scheel et al.,, 2011). This data scarcity hampers the assessment of
trends, low-frequency variability and return time of extreme event
occurrence such as severe droughts and floods. In this context, the
development of new high-resolution precipitation and temperature
proxies to extent this information back in time is crucial to assess the full
range of climate variability in this region from inter-annual to decadal
and centennial time scales.

The central Andean highlands, located between 10°S and 30°S, offer
a great opportunity for dendrochronological studies due to a strong
rainfall seasonality associated to the seasonal variability of the South
American monsoon system (SAMS) (Carvalho and Cavalcanti, 2016),
which occurs when the establishment of the Bolivian High brings east-
erly, moist-laden winds from the interior of the continent (Garreaud,
1999). The percentage of precipitation received during the rainfall
season and its onset varies regionally in the Central Andes, with values
ranging between 80% and 90% of the total annual amount for the Al-
tiplano with a lower range (50-80%) in the Andean eastern slopes where
the rainy season starts earlier (in October or November) and lasts until
April (Vuille and Keimig, 2004). This marked seasonality in precipita-
tion induces a dormancy period in plants (Josse et al., 2009) that
translates in an annual formation of growth layers that register
year-to-year variation in their wood properties such as ring-width,
density, anatomical features and/or isotopic composition. Specifically,
the Central Andes in Peru sustain one of the most diverse forests in the
world (Josse et al., 2009). Several dendrochronological studies in the
region, and further south in the Altiplano, found significant relationship
between tree growth and environmental variables such as temperature
and precipitation (Soliz et al., 2009; Ballantyne et al., 2011; Brienen
et al., 2012; Requena-Rojas et al., 2020, 2021; Crispin Dela Cruz et al.,
2022; Rodriguez-Caton et al., 2021), as well as with El Nino Southern
Oscillation (ENSO) variability (Christie et al., 2009; Li et al., 2013;
Crispin Dela Cruz et al., 2022; Rodriguez-Caton et al., 2021), which
explain much of the inter-annual hydroclimate variability in the Andes
with reduced precipitation during ENSO warm phase and increase pre-
cipitation during ENSO cold phase (Garreaud et al., 2009).

Despite significant progress, tree-ring based climate reconstructions
are still scarce in the tropical Andes (see the International Tree-Ring
Data Bank; Grissino-Mayer and Fritts, 1997). Tree growth in the trop-
ical Andes is influenced by multiple physical, biological, and climatic
factors that lead to difficult interpretations of TRW patterns, challenging
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the crossdating methods based on matching tree-growth patterns among
distinct trees (Stahle, 1999; Groenendijk et al., 2014), and thus
hampering the development of robust TRW chronologies in the Tropics.
A promising alternative approach is the so called dendroanatomy,
defined as the analysis of xylem-cell features within dated tree rings
which can provide a long-term perspective on the wood formation
process (Fonti et al., 2010). Quantitative Wood Anatomy (QWA) refers
to the methodology that involves the generation of time series based on
the measurement of anatomical traits within tree rings. Long histologi-
cal sections allow for the characterization, quantification and analysis of
wood anatomical traits of xylem throughout the plant’s life and provide
crucial insights into tree functioning and responses to past climate (e.g.,
Fonti and Jansen, 2012; Gartner et al., 2014; von Arx et al., 2012). At the
same time QWA allows for an intra-annual resolution not available when
measuring the width of the rings (Wang et al., 2002). Up to date most
QWA tree-ring chronologies have been mainly generated using boreal,
Mediterranean and/or temperate tree species (e.g., Akhmetzyanov et al.,
2019; Gartner and Nievergelt, 2010; Gartner et al., 2015a, 2015b; Iva-
nova et al., 2015), and to our knowledge only a few recent studies have
explored QWA in tropical species in Brazil (Quintilhan et al., 2021;
Ortega-Rodriguez et al., 2022).

One of the most important dendrochronological advances in South
America has been the development of Polylepis spp. tree-ring chronolo-
gies. The genus Polylepis comprises small- to medium-sized evergreen
angiosperm trees that cover large high-elevation areas about ~1800 to
5200 m a.s.l. (Simpson, 1979) along the Andes in South America from
northern Venezuela to northern Chile and adjacent Argentina (8° N to
32° S) (Fig. 1a; Gosling et al., 2009; Zutta and Rundel, 2017; Cuyckens
and Renison, 2018). Polylepis tarapacana has been the species most
studied of the genus from a dendrochronological point of view (Argollo
et al., 2004; Christie et al., 2009; Soliz et al., 2009; Morales et al., 2004,
2012, 2015; Moya and Lara, 2011) and it has been proven useful for
reconstructing precipitation (Morales et al., 2012), ENSO variability
(Christie et al., 2009; Li et al., 2013) and drought, expressed as the
Palmer Drought Severity Index (PDSI), composing a tree-ring network
that has been key for the generation of the South America Drought
Atlases (Morales et al., 2020). The P. tarapacana network spans from
18°S to 23°S and was recently expanded north with a Peruvian chro-
nology (17° 24°S - 69° 39 “W; Crispin Dela Cruz et al., 2022). Other
Polylepis species used in tree-ring research from north to south include
P. rodolfo-vasquezii (11°43 “S — 75°8 “W; Requena-Rojas et al., 2020),
P. subsericans (13°12°S - 72°05°W; Jomelli et al., 2012), P. rugulosa (15°
40°S - 75° 48 'W; Jomelli et al., 2012), P. pepei (17° 00’ S - 65° 39’ W;
Roig et al., 2001), P. besseri (17° 44’ S - 65° 34’ W; Gareca et al., 2010)
and P. australis (~32° S; Chartier et al., 2016; Marcora et al., 2017;
Suarez et al., 2008). The success of this genus expanding the distribution
of dendrochronological proxy records into the tropical region is related
to the presence of well-defined annual rings and high climatic sensi-
tivity, as well as the longevity and unique geographical locations where
often no other tree species are present and/or show well-defined tree
rings (Boninsegna et al., 2009). Remarkably, Peru hosts the highest
number of species of the genus with a total of 23 Polylepis species (Boza,
2020), being many of them still uninvestigated from a dendrochrono-
logical point of view.

Polylepis microphylla has been reported to grow in several locations of
Peru and Ecuador between 3200 and 4300 m a.s.l. (Fig. 1a). It was first
described in 1861 as P. lanuginosa var. microphylla (Weddell, 1861), but
the classification of this species has changed several times since then. In
the year 1911 P. microphylla was classified as a tree species for the first
time (Bitter, 1911), but in 1979 a further review reclassified it as a va-
riety of P. weberbaueri (Simpson, 1979). Finally, P. microphylla was
accepted as tree species in 1996 (Romoleroux, 1996).

The objectives of this paper are the assessment of the dendrochro-
nological potential of Polylepis. microphylla and its climate sensitivity.
Specifically, we will use classic dendrochronology to generate the first
TRW chronology for P. microphylla and will assess the annual periodicity
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Fig. 1. a) Pink shaded area indicates the Polylepis spp. geographic distribution from 8°N to 32°S in an altitudinal range of ~1800 to 5200 m a.s.l. (Simpson, 1979;
Boza and Kessler, 2022) Polylepis microphylla specimens (green crosses) has been identified in sites at Ecuador and Peru growing between 3200 and 4300 m a.s.l.
(Boza 2020, Boza and Kessler, 2022). Blue square represents the study region. b) Map of the study region in the Peruvian Andes indicating the P. microphylla site in
Pomacanchi (red star) and the three closest meteorological stations to our study site (yellow triangles). c) Picture of P. microphylla leaves and flowers. d) Walter-Lieth
climatic diagram for the study site. Mean annual temperature is ~10 °C and mean total precipitation is 860 mm. Wet period (blue vertical lines) starts in late
September to early May with a rainfall peak (solid blue area, monthly precipitation > 100 mm) between November and March. The growing season, running from
November to April according to Servat et al. (2013), is highlighted in gray.

of the tree growth layers using radiocarbon (14C) analyses as an inde-

pendent validation method. Further, we will use a dendroanatomy
approach over well-dated rings to generate tree-ring time series of the 2.1. Study site
number and size of vessels to investigate if these anatomical traits can

provide distinct seasonal climate information than radial growth (i.e.,

TRW).

2. Material and methods

This study was carried out at the Pomacanchi district in the Peruvian

Central Andes (14° 4.02°S —71° 35.15 W) at 4295 m a.s.l. in the Cuzco
region (Fig. 1a, b). The study site belongs to the high altitude Puna
phytogeographical region that encompasses a latitudinal range between
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6°S to 23°S and an elevation above 3500 m a.s.l. in the Central Andes.
This region is characterized by hosting diverse ecosystems of grasslands
and open shrub lands. Polylepis microphylla grows as shrub or small
multi-stem trees that may reach 1.5-8 m tall; leaves are compound
imparipinnate with 3-6 pairs of lateral small leaflets and strongly con-
gested at the branch tips (Fig. 1¢); the inflorescences present from 1 to 3
small green flowers; the fruits have variable numbers of long spines.
Polylepis microphylla have been found as isolated populations (Fig. 1a)
located in the Ecuadorian Andes on the slopes of the Chimborazo vol-
cano (Romoleroux, 1996) and in Peru at the northwestern region in the
high Andes of Cajamarca, the Cordillera Blanca and the adjacent
Cordillera of Huayhuash, at the boundaries of Ancash and Lima regions,
and at the southern region in Arequipa and Cusco (Boza, 2020). It grows
mainly in arid zones where it usually creates small groves with most of
the patches formed by small young shrubs in areas strongly affected by
human activities at 3150-4550 m a.s.l. (Boza, 2020; Boza and Kessler,
2022). At Pomacanchi, the mean annual temperature is ~10 °C and the
annual total precipitation oscillates between 1070 and 603 mm based on

the closer meteorological station (Pomacanchi station, 14° 2’S —71° 34"

W; 3690 m a.s.l.) with a rainfall season spanning from late September to
early May, being the rainiest period from November to March (Fig. 1d).

2.2. Sample collection and preparation

Sample collection was done in July 2019 in a random scheme
selecting the larger individuals along an altitudinal range between 3995
and 4017 m a.s.l. Using a manual hand saw we collected cross sections
from one stem of 26 multi-stem living and dead trees. We discarded trees
with evident physical damages associated to fires or another disturbance
(i.e., cattle, windstorms, etc). For this study, we used samples from the
nine older living trees, which also exhibited the clearest ring growth
pattern. We acknowledge the low number of samples but due to the
exploratory nature of this work we consider this number sufficient to test
the objectives of this study. The remaining samples are being analyzed
and they will be added to the master chronology in the near future. The
samples were dried at air temperature and polished with increasingly
finer sandpaper (from 80 to 1500 grit) to allow for a good visualization
of ring boundaries and anatomical features under a stereomicroscopy
(Orvis and Grissino-Mayer, 2002; Gartner et al., 2015a).

2.3. Tree-ring Width chronology development

We first visually cross-dated tree rings under a stereomicroscope
considering TRW patterns. Following the Southern Hemisphere
convention annual rings were assigned to the calendar year in which
their formation began (Schulman, 1956). In our case since the samples
were collected in July 2019, the last complete ring next to the bark was
assigned to 2018. We scanned the samples with a 3200 dpi resolution
using an EPSON Expression 11000XL scanner and measured the width of
the tree rings using CooRecorder 9.6 software. Then, we performed a
statistical quality control of the crossdating to solve possible errors in
relation to absent or false rings using the COFECHA software (Holmes,
1983).

To build the chronology the individually dated TRW time series were
detrended and standardized using a cubic-smoothing spline with a 50%
frequency response of 20 years to minimize short-period growth ex-
cursions associated with non-climatic (Fritts, 1976) dynamics using the
‘dplR’ package for R software (Bunn, 2008). The resulting individual
TRW time series were averaged using the chron function of the same
package. This function builds a mean value chronology that uses a
robust mean to obtain the TRW chronology expressed as a Ring-width
Index (RWI). To validate the strength of the TRW chronology, we
calculated summary statistics, including the mean inter-series correla-
tion (r), Expressed Population Signal (EPS), and Subsample Signal
Strength (SSS). The inter-series correlation is calculated by removing
each core from the chronology to correlate it with a master chronology
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generated with the rest of individual time series over the common in-
terval. The EPS and SSS are both metrics of the strength of a common
signal shared by the time series within the trees and between the trees.
Usually, a value of EPS > 0.85 is considered good for dendroclimatic
reconstructions and a threshold value of SSS > 0.85 determines the most
reliable time span of the chronology (Wigley et al., 1984).

2.4. Radiocarbon analyses

We performed an independent validation of our dendrochronological
dating using high-precision 1*C bomb pulse dating of selected Polylepis
microphylla tree rings. The 1*C bomb pulse refers to the sudden increase
of 'C in the Earth’s atmosphere as a consequence of multiple above
ground nuclear bombs tests occurring during the late 1950s and early
1960s and posterior decrease associated to the partial Nuclear Test Ban
in 1963, which tagged all living organisms (Hua et al., 2021 and refer-
ences therein). We chose four consecutive calendar years 1970, 1971,
1972 and 1973 (i.e., years when the tree growth started; Schulman,
1956) from the post-bomb period which were tested through '*C anal-
ysis of a-cellulose extracts. Extraction of a-cellulose was attained by a
recently implemented procedure at the Lamont-Doherty Earth Obser-
vatory (LDEO; Andreu-Hayles et al., 2019) with the addition of one
additional step of 1 N HCl 70 °C for 30 min to eliminate residues of
acetic acid and COj, that could be captured during the extraction process
(Santos et al., 2020). The sample preparation for 1*C analysis consisted
first in a careful separation of each tree ring from the main wooden block
using a scalpel. Tree rings were further chopped into wood slivers of
about < 1 mm and the dry weight was measured. For P. microphylla a
minimum of 5mg of wood was requested to obtain about 1 mg of
a-cellulose after chemical proceedings with a minimum extraction yield
of 19% (see Table 2 for all the values). Then the wood material was
placed in individual funnels to undergo several chemical treatments.
Background corrections and quality control determinations for
high-precision *C measurements were achieved through analysis of
a-cellulose extracts of reference materials, such as FIRI-J (post-bomb
barley mash), FIRI-H (sub-fossil wood) and AVR (wood-blank). More
details about the cellulose extraction proceeding can be found in
Andreu-Hayles et al. (2019) and Santos et al. (2020), while further de-
tails about subsequent analytical procedures of '*C samples at Keck
Carbon Cycle Accelerator Mass Spectrometer (KCCAMS) at the Univer-
sity of California, Irvine (UCI) are described in Santos and Xu (2017) and
in Beverly et al. (2010).

2.5. Quantitative wood anatomy (QWA)

The cell anatomical measurements were performed on a sub-sample
of five trees as its common practice in QWA (von Arx et al., 2016). The
selected cross sections were cut into 4-cm long pieces, boiled in water in
order to soften the wood and sliced into 10-12 pm thick transversal
sections using a core-microtome (Gartner and Nievergelt, 2010). The
samples were stained with safranin (1%) and astrablue (0.5%), both
diluted in distilled water, and rinsed with water and ethanol. Afterwards
they were fixed on permanent slides with Eukitt® Quick-hardening
mounting medium (Sigma-Aldrich). Digital images were captured
using an AmScope 12 MP Color CMOS Digital Eyepiece Microscope
Camera installed in a light transmission microscope (Leitz, Laborlux 11,
Type 020-435.028) using magnifications of 40X, 100X and 200X. The
obtained images went through a semi-automatically analysis using the
ROXAS v3 software (von Arx and Carrer, 2014). ROXAS provided
measurements of cells regarding lumen area and cell-wall thickness
while assigning to each measured cell its relative position within five
equal segments along the dated annual ring (Fig. 2a).

We focused on vessel cells that correspond to cells bigger than
300 um?2. This threshold was a breakpoint of cell size distribution that
efficiently separated the bigger vessel cells from the smaller fiber cells
within each ring (Fig. 2b). Our approach was based on the assumption
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Fig. 2. a) ROXAS output sample showing the five sectors analyses. Vessels > 300 ym? are highlighted in light blue and the ring boundaries in yellow. b) Histogram
illustrating the average cells distribution by size and highlighting the breakpoint at 300 um?

that cells of larger diameter may have a more important functional role
in relation to water transportation vertically along the tree stem and
thus, yearly variations in their size and number can potentially be sen-
sitive to climate variability. Since early and latewood are not visible in
Polylepis microphylla each tree ring was divided into five sectors of equal
relative width, named S1 to S5 (Fig. 2a), and each vessel was assigned to
its corresponding sector. This division allows us to measure and analyze
the number and size of vessels formed during successive periods over the
growing season (Castagneri et al., 2017).

Time series of number of vessels (VN) and mean size of vessels (VS)
were generated for each sector and every ring separately for the entire
time span for each tree, and then the individual timeseries were aver-
aged. The VN was calculated as a percentage for each single sector and
ring at each sample (Eq. 1). Similarly, the mean individual VS was
calculated by each ring (or sectors), as a regular average of the cells with
areas bigger or equal to 300 um?, divided by the total number of cells
bigger or equal to 300 um? (Eq. 2). For calculating the metric VS, was
necessary normalizing (ZVS) each time series using the mean (XVS) and
standard deviation (cVS) of each tree for the period 1968-2018 (Eq. 3)
to account for relative TRW differences between rings and give equal
importance to the five trees.

VN(%) = (n°cells > 300pm* x 100) /Total ~ cells (¢))
VS = Z(area cells > 300um?*) / (Total cells > 300ﬂm2) (@3]
ZVS = (VS —XVS)/oVS (3)

2.6. Climate and tree growth relationship

There are three meteorological stations relatively close to the study
site with available monthly records of precipitation, maximum tem-
perature (Tpax) and minimum temperature (Tp,) (see station locations
at the map in Fig. 1a and Table 1 for more details; data available at

Table 1
Meteorological stations (see also Fig. 1b).

http://www.senamhi.gob.pe/?p = download-hydrometeorological
data). Data from these three datasets correlated well. We selected data
from the Pomacanchi station because it may better represent the climate
variability at our study site due to its closer proximity. From this station
we used the last 20 years of climate data (1993-2013) without data
gaps. Based on phenological studies from other Polylepis species (Servat
et al., 2013) and on the onset of the wet season (Fig. 1d), we assumed
that the growing season may span approximately from November to
April at our study site.

To define the relationship between Polylepis microphylla growth and
local climate, we computed Pearsons correlations between the tree-ring
time series (i.e., TRW, VN and VS) and climate variables (i.e., precipi-
tation, Tmax and Tpin) using the “dec” function from the Treeclim R
package (Zang and Biondi, 2015). The level of significance and confi-
dence intervals of the correlation coefficient was assessed by bootstrap
correlation analysis (Politis and Romano, 1994). Our analysis was done
over two consecutive growing seasons spanning from August of the
previous year to May of the current year to account for potential lagged
effect of precipitation and temperature from previous year on the cur-
rent tree growth (Fritts, 1971).

3. Results
3.1. The Tree-ring Width chronology and annual growth periodicity

Polylepis microphylla presented clearly distinguishable growth rings,
delimited by a line of large vessels at the beginning of the earlywood and
by the occurrence of thick-wall latewood fibers with elongated lumen
area parallel to the boundary (Figs. 2a and 3a). Vessels were mostly
solitary and with no presence of tyloses (i.e., vessel occlusion due to the
overgrowth of the protoplast of adjacent living parenchyma) distributed
in a semi-ring pattern of porosity. Rays were heterogeneous with cells
showing uni-seriate and multi-seriate patterns up to four-cell wide.
These features facilitated the visual identification of the individual rings

Name Climate data Data period Latitude (S) Longitude (W) Elevation (m a.s.l.) Distance to study site (Km)
Cuzco P 1937-2016 13031 71055° 3249 70
Acomayo P, Tmax> Tmin 1964-2013 13055° 71041" 3212 20
Pomacanchi P, Timax> Tmin 1985-2013 1402" 71034" 3716 5
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and the application of dendrochronological techniques.

The Polylepis microphylla TRW chronology spanned 54 years from
1965 to 2018 and is based on twelve radii from nine trees (Fig. 3c).
Visual synchronization of TRW patterns and statistical crossdating
validation showed that the nine individuals shared similar growth var-
iations. The series had an inter-correlation of 0.563 and a mean sensi-
tivity of 0.326. The EPS and SSS indicated a relatively high common
signal among trees, particularly from 1974 to 2018 when the SSS values
overpassed the 0.85 threshold (Fig. 3c).

The dendrochronological calendar dates agreed with the results ob-
tained using the high-precision *C bomb pulse dating of selected Pol-
ylepis microphylla tree rings (Table 2). This confirms the annual
periodicity of this tree species. The P. microphylla F**C values measured
for the rings 1970, 1971, 1972 and 1973 (year t corresponding to year
when growth starts according to Schulman convention) matched very
well with the atmospheric F1*C values from the South Hemisphere (SH)
curve Zone 1-2 rather than to values from SH Zone 3 curve (Fig. 3b). The
tree-ring F1*C values agreed well to any of F**C curve value of SH Zone
1-2 for the months corresponding to the growing season from November
(t) to April (t + 1). For plotting purposes, our samples were visually
matched to February F1C SH curve value because this month approxi-
mately may represent the middle of the growing season. However, tree-
ring F14C values are also very close to the November-April average FC
curve (Fig. 3b, Table 2). After chemical proceedings, cellulose extraction
yield for P. microphylla ranged between 19.9% and 31.1% (Table 2).
Radiocarbon results from reference materials, FIRI-J, FIRI-H and AVR,
which undergo the LDEO a-cellulose extraction, returned values within
expected ranges (Santos et al., 2020).

3.2. Quantitative wood analysis

We analyzed a total of 25,790 vessels (cells > 300 pmz) from five

a)

Ring-Width Index
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trees, with an average of 5158 vessels per tree (absolute maximum and
minimum values of 6203 and 4401 vessels, respectively). Fig. 4 repre-
sents the VN and VS tree-ring records with the TRW chronology in the
background. The correlation coefficients (R) between the time series are
indicated in the Table 3 and in Fig. 4 (top left).

The Polylepis microphylla VN, represented as percentage, exhibited a
positive trend over time with a minimum vessel number of 2.58% in
1980 and a maximum vessel number of 8.13% in 2018 (Fig. 4a). The
variability between trees represented by the error bars, remained pretty
constant over the study period. The proportion of vessels by sector
changed over time with more variability from 1968 to 1992 becoming
more regular after 1992 until the end of the period (Fig. 4b). In general,
the presence of vessels progressively decreased from S1 (Minimum
20.9%, maximum 30%) to S5 (minimum 4.28%, maximum 17.7%).
Correlation coefficients between RWI and VN by sector (red values
Fig. 4b) were the highest in S1 and S5 with negative and positive values,
respectively.

The Polylepis microphylla VS values averaged for all trees ranged
from 357 pm? in 1970-1022 pm? in 2016 (Fig. 4c) with absolute mini-
mum and maximum values of 300 ym? and 2599 ym?, respectively. The
VS showed a strong upward trend in time. The variability between trees
changed with two periods of high variability between 1982 and 1987
and 2005-2018. On average the VS was higher in sector S1 and it
decreased towards sector S5 (S1: 690.85 pmz; S2: 630.43 pmz; S3:
590.78 ym?%; S4: 521.39 um?; S5: 431.87 um?) keeping this proportion
between sectors year to year (Fig. 4d). The VS anomalies by sector
changed throughout time (Fig. 4e) with negative anomalies before 1995;
a 7-year period (1995-2001) with low anomalies: positive in S4 and S5
and negative in S1-S3; and a final period of positive anomalies starting in
2002. However, the VS variability between sectors fluctuates between
years with peaks of strong negative and positive anomalies in S5
(negative: 1970, 1974, 1976, 1980, 1981, 1983, 1991, 1992; positive:

b)
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1,7 4 ‘ @  P.microhylla tree rings

SH Zone 1-2
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Calendar Year (AD)
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Fig. 3. a) Wood characteristics of P. microphylla. Growth rings are defined by the presence of big vessels at the beginning of the annual band and by fibers with
thicker walls at the end (yellow arrows). b) Plot shows individual FC values of selected annual tree rings (red circles) from P. microphylla and the atmospheric Fl4C
values from SH Zone 1-2 and Zone 3 (Hua et al., 2021). For direct comparisons between selected annual tree rings and calendar dates derived from F*C signatures,
we added 1 year to Schulman’s calendar year as well as a monthly adjustment of 0.125 that correspond to the month of February (see Table 2 for details). ¢) The
P. microphylla TRW chronology (black line) is represented by the Ring-width Index with a 10-yr spline (grey dotted line). The SSS (yellow line), the 0.85 EPS critical
value (dashed red line) and the total number of tree ring series, ranging from 2 to 12 series, included in the chronology (grey area) are shown.



C. Rodriguez-Morata et al.

Table 2
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The *C analysis for the Polylepis microphylla selected years. The dendrochronological calendar dates indicate the two calendar years when P. microphylla is growing,
starting approximately in November- December (year t = Schulman year) and stopping around April (year t + 1). A monthly adjustment based on the decimals values
provided in the Supplementary material in Hua et al. (2021) was used. In our case, we used the decimals corresponding to February 15th (i.e., 0.1250) to plot the
tree-ring F1*C over the SH 1*C curves. The F**C values from the SH G curves Zone 1-2 are indicated for February 15th and for the average from November to April that
corresponds to the growing season (GS). The tree-ring F'*C values measured for this study are shown together with the uncertainty ( + 1c) and UCIAMS#, which are
the numeric codes for future reference at the UCI-KCCAMS facility. Finally, the amount of wood, cellulose material and the extraction yield are reported. All post-bomb
14C results are shown as F'*C signatures (Fraction Modern Carbon) as recommended in Reimer et al. (2004).

DENDROCHRONOLOGICAL CALENDAR DATES

RADIOCARBON INFORMATION

CELLULOSE EXTRACTION DETAILS

T Year when tree start t 4+ 1 Year when “Monthly F!*C curve values (Hua Radiocarbon tree-ring results Wood Cellulose Extraction
growing in austral spring tree stop growing adjustment et al., 2021) SH Zone 1-2 and sample code. (mg) (mg) yield (%)
-Schulman convention - austral summer- fall. Feb Average (GS) PG 1o UCIAMS#
t+1) Nov (t) to Apr
(t+1)

1970 1971 1971.1250 1.5062 1.5073 1.5096 0.0021 256189 5.1 1.0 19.9

1971 1972 1971.1250 1.4803 1.4908 1.4872  0.0021 256190 10.1 3.0 30.0

1972 1973 1971.1250 1.4511 1.4582 1.4469  0.0019 256192 20.8 6.5 31.1

1973 1974 1971.1250 1.421 1.4208 1.4257 0.0019 256193 20.6 6.1 29.7

" Decimals of the monthly adjustments correspond to February 15th as provided in Hua et al. (2021) Supplementary data.

2018) and positive in S1-S3 (S1: 2007, 2008, 2010; S2 and S3: 2017)
(Fig. 4e).

3.3. Relationship of TRW, VS and VN chronologies with climate

The Pearson correlation coefficients between the TRW chronology
and climatic variables for the period 1993-2013 are shown in Fig. 5.
TRW exhibited a positive relationship with Ty during most of the
months of the current growing season, albeit they were only significant
in October (R: 0.43) and in March (R: 0.53) (Fig. 5a). The correlation
with the T, was only significant with previous year January (R: —0.5),
however there was a clear pattern of negative correlation coefficients
prior to the current growing season becoming positive during the
growing season (Fig. 5b). Regarding precipitation, there is a positive
significant correlation between TRW and precipitation with current year
September (R: 0.3) and November (r-value: 0.51) as well as with pre-
vious year September (R: 0.38) and December (R: 0.42) (Fig. 5c).

Figure 6 illustrates the correlation matrix summarizing relations
between the TRW, VN and VS chronologies and the climatic variables (i.
e., precipitation, Tpyax and Tpiy). Regarding temperature (Fig. 6 a-f), the
strongest correlation coefficient was found with Tp,ax where VN and VS
exhibited significant positive correlation with current year August (VN
R=0.5; VS R= 0.54), while TRW positively correlated with current year
October (R= 0.44) and March (R= 0.52) (Fig. 6 a). At intra-annual scale,
the VN (Fig. 6 b) in sectors S1 and S2 were significantly negative
correlated with current year November (S1, R= -0.52) and October (S2,
R= -0.4), while S3, S4 and S5 were positively correlated (i) with pre-
vious year August, September, October, November and April with sig-
nificant correlation coefficients ranging between 0.7 (September in S4)
to 0.44 (April in S3); (ii) in S4, with current year August (R= 0.43) and
November (R= 0.4); and (iii) in S5, with current year October (R= 0.46),
January (R= 0.5), March (R= 0.62) and April (R= 0.64). The VS in each
sector (Fig. 6 c) consistently (positive) correlated across sectors and
across months with Tpax, with significant values particularly high for
current year August ranging from 0.57 and 0.5 (S1 to S4) and for
November with values of 0.5 (S1 and S2). From November onwards the
Tmax only correlated with VS in the sector S5 with current year January,
March and April (R values between 0.3 to 0.36). Correlations with T
exhibited a significant (negative) coefficient values regarding TRW with
previous year January (R= -0.48) (Fig. 6 d) as well as with VN in some
sectors (Fig. 6 e) with previous year August (52, R= 0.52), February (S4,
R= 0.56), April (S3, R= 0.56) and May (S4, R= 0.39) and with current
year for the sector S5 in February (R= 0.55) and March (R= 0.5). The
correlations between VS and Tpi, (Fig. 6 f) were not significant, how-
ever, there was a positive correlation pattern across all sectors with
previous year November and December, as well as with the current

growing season from November to April. Regarding precipitation, cor-
relation coefficients with TRW (Fig. 6g) indicated a significant positive
values in previous year September (R= 0.38) and December (R= 0.42)
and with current year September (R= 0.3) and November (R= 0.5).
Significant correlation was also found for VS associated to previous year
April (R= 0.32) and to current year August (R= -0.35) and October (R=
-0.4) (Fig. 6 g). The VN record did not show any significant correlation
with precipitation. In contrast, considering the sectors, the strongest
correlations were found for VN in S3 and S4 (Fig. 6 h) with significant
values for previous year August to October (R values between -0.61 and
-0.42). Significant positive correlations were only detected in S1 with
previous year September (R= 0.5) and December (R= 0.53). The rela-
tionship between precipitation and VS (Fig. 6 i) was limited to current
year August and October when all sectors exhibited negative significant
correlation coefficients ranging from -0.39 to -0.33.

4. Discussion

Here we assessed the dendrochronological potential of Polylepis
microphylla, a tree species never tested before from the Andean high-
lands of Peru and Ecuador. We developed the first TRW chronology of
this species, as well as investigated its response to climate at seasonal
and monthly scales. Polylepis microphylla exhibits clearly visible rings
delimited by continuous rows of vessels at the beginning of the growing
season contrasting with a narrow band of thick-wall fibers at the end of
the ring which forms the latewood. These anatomic features are similar
than those described to other species of the Polylepis genus such as
P. rodolfo-vasquezii (Requena-Rojas et al., 2020), P. tarapacana (Argollo
et al., 2004) and P. pepei (Roig et al., 2001). The annual periodicity of
P. microphylla growth was first supported by the successful cross-dating
of the TRW patterns among the selected trees. The statistics used to
verify the TRW chronology quality reported values of 0.563 for series
inter-correlation, 0.326 for mean sensitivity and 0.738-0.85 for EPS,
which indicated a relatively high common signal among trees, particu-
larly in the chronology from 1974 to present (Fig. 3c). Other TRW
chronologies from the Andes, previously documented similar values
(Christie et al., 2009; Gareca et al., 2010; Jomelli et al., 2012; Morales
et al., 2004; Moya and Lara, 2011; Roig et al., 2001; Soliz et al., 2009)
pointing out P. microphylla as a promising Andean species to carry out
dendrochronological studies. Furthermore, the results obtained with the
measurement of high-precision %C in four selected rings further
confirmed the annual periodicity in P. microphylla growth.

We found that Polylepis microphylla radial growth represented by the
TRW is actively modulated by the inter-annual variations of both, pre-
cipitation and temperature in this region (Figs. 5 and 6a, d, g). The re-
sults indicate that Tpay is the primarily limiting factor controlling TRW
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Table 3

Pearson correlation coefficients between the TRW, vessel number and the vessel
size records. Significant correlation coefficients (p < 0.05) are indicated by black
asterisks.

Correlation Ring-width Index Vessel number Vessel size
coefficients (RWD) (VN) (vs)
Tree-ring Width 1 - -

(TRW)
Vessel number (VN) 0.22 1 -
Vessels size (VS) 0.09 0.75*

during the current growing season (i.e., warm temperature may enhance
growth) (Figs. 5a and 6a). These results are consistent with findings for
other Polylepis species in Peru and the northern Bolivian Altiplano. For

example, Requena-Rojas et al. (2020) showed that P. rodolfo-vasquezii
exhibited a solid positive relationship with current growing season
temperature. Those chronologies were located in the Peruvian Andes
farther north that our site (11°43’ S — 75° 8’ W), but at similar elevation
(4360 to 4390 m a.s.l.) and equivalent total annual precipitation
(~900 mm). South to our study site, populations of P. tarapacana
growing at the southern border of Peru at 17°24 S — 69°39 W (4657 m a.
s.l; ~523 mm/ year precipitation) (Crispin-DelaCruz et al., 2022), as
well as in Chile at 18°28' S — 69° 04’ W (4600 m a.s.l.) and Bolivia at
19°06’ S — 68° 27' W (4550 m a.s.l) receiving ~300 mm of total annual
precipitation (Rodriguez-Caton et al., 2021) also showed a strong tem-
perature signal in the current year. In contrast, in southern P. tarapacana
populations growing at 20°S and below (4400 — 4650 m a.s.l.) exposed
to more arid conditions (~200 mm/year), tree growth was found to be
more influenced by water availability with the TRW records positively
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Fig. 5. Correlation coefficient between TRW and a) Tpax, b) Tmin and c) precipitation. The gray shaded areas represent the growing seasons from November to April.
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correlated with previous growing season precipitation (Argollo et al.,
2004; Morales et al., 2004; Christie et al., 2009; Soliz et al., 2009;
Rodriguez-Caton et al., 2021; Crispin-DelaCruz et al., 2022). In partic-
ular, the ecophysiology response of Polylepis spp. was found to vary
being more sensitive to precipitation or temperature depending on the
site location along a north-south aridity gradient with less water avail-
ability towards the south (Rodriguez-Caton et al., 2021). In other words,
it seems that, when water requirements are meet, the dominant factor
controlling Polylepis spp. radial growth at high elevation in the Andes is
temperature as commonly described in alpine treelines in extratropical
forests (Oberhuber, 2007).

The Polylepis microphylla study site receives about 860 mm of annual
precipitation (Fig. 1b), which is a considerably higher amount compared
to other Andean locations further south. In addition, our site is located
on a south-facing hillside receiving limited solar radiation, thus high
levels of evapotranspiration and soil evaporation are not expected.
Under this environmental condition water availability may not be a
limiting factor for P. microphylla, thus radial growth can benefit from
higher Tpax, which may be also associated with more solar radiation,
even though this implies less rainfall (i.e., less cloudiness). The associ-
ation we found between TRW, previous growing season precipitation
(Fig. 5 ¢) and current growing season Tpax (Fig. 5 a) is consistent with
results reported for P. rodolfo-vasquezii (Requena-Rojas et al., 2020) and
P. tarapacana (Crispin-DelaCruz et al., 2022) that also pointed out that a
wet spring-summer in the previous growing season together with warm

conditions during current season spring-summer is a favorable scenario
for Polylepis spp. growing in sites without a limitation in water
availability.

The newly generated QWA records of Polylepis microphylla vessel
traits have been used to provide further insight on tree response to
climate. The ROXAS software (von Arx and Carrer, 2014) quantifies in a
very precise way the number, spatial distribution and size of the vessels.
We observed a positive marked trend in the VN tree-ring record
(Fig. 4a), which stabilized after 1992. Transversal and axial increases in
conduit size have been proposed as the most efficient anatomical
adjustment for stabilizing hydraulic path-length resistance during
ontogeny of vascular plants, independent from species and plant size
(Anfodillo et al., 2013; Carrer et al., 2015 and references therein).
However, this increasing trend related to age-size growth is not the only
signal retained in the conduit-dimension time series because certain
environmental signatures can also be imprinted (Carrer et al., 2015). In
this work we propose how to calculate two metrics, vessels size and
vessel number, from all the anatomical trait data generated by the
ROXAS software to generate annual and intra-annual vessel tree-ring
records. Further investigations should focus on exploring additional
metrics and detrending approaches to avoid potential biases and better
retrieve environmental information from these new proxies.

The climate-vessel correlation analyses (Fig. 6) indicate that Polylepis
microphylla vessels are more abundant (i.e., higher VN) with warmer
conditions during the previous year spring-summer, especially for the
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Fig. 6. Fig. 6 Correlation matrix illustrating associations between Tree-ring Width (TRW), vessel number (VN) and vessel size (VS) and the climatic variables (i.e.,
monthly precipitation, Tmax and Tmin). Pearson correlations are shown from previous year August to current year May. Plots a), d) and g) show the correlation with
TRW, VN and VS considering the average of the five sectors. Plots b, c, e, f, h and i represent the correlations using the VN and VS time series for the five sectors
defined from the earlywood (S1) to the late latewood (S5). Significant correlation coefficients (p < 0.05) are indicated by black asterisks. Grey shaded areas hide
sectors no longer affected by climate throughout the growing season. Dotted squares represent current (black) and previous (red) growing seasons.

mid sectors of the ring (i.e., S3 and S4), while the last sector (i.e., S5) is
correlated with the Tp,x during the current growing season (Fig. 6b). At
the same time, the VN in sectors S1 and S2, exhibit negative correlations
with Tpay in October and November that may be linked to the slightly
positive, not significant, correlation with precipitation in October, at the
onset of growth (Fig. 6h). Similarly, the vessels are bigger (i.e., larger
VS) with warmer (Fig. 6¢) and drier (Fig. 6i) conditions prior to the
growing season onset. In fact, this result contrasts with previous findings
in other Polylepis species regarding VS and water-scarcity adaptation to
avoid cavitation risk that reported a production of smaller but more
abundant vessels related to low temperatures, low precipitation, and
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high radiation levels (Camel et al., 2019). The negative correlation
observed between precipitation and VS (i.e., bigger vessels when less
precipitation) could be an artifact associated with temperature, which
co-varies with precipitation, as reflected by the significant positive
correlations found between VS and Tp,x during the previous dry season.
In other words, it could be possible that P. microphylla VS did not benefit
directly from less rainfall rather than high temperatures associated to
clear skies (i.e., no rainfall).

Polylepis microphylla radial tree growth seems to be modulated by
temperature thresholds controlling the start of cambial activity and
modulating xylem cell differentiation during the growing season. This
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temperature control over cambial activity has not been specifically
tested in Polylepis spp., however has been reported in alpine treelines in
extratropical regions of the world. For example, in a study comparing
species growth from cold climates in Europe and Canada, Rossi et al.
(2008) found that wood formation in conifers occurred when specific
minimum daily temperatures were reached during the growing season.
Values below this threshold, while still favorable for photosynthesis,
could inhibit the allocation of assimilated carbon to xylem growth.
Another point of view in line with other studies in the Amazonian cloud
forests is that higher temperatures during the current growing season are
actually reflecting higher solar radiation (less cloud cover) which has
been proved to enhance photosynthesis (Letts and Mulligan, 2005).
During photosynthesis trees produce and assimilate carbohydrates, with
some of these being used to build cellulose, favoring xylem production.
The coupling of these two processes (i.e. photosynthesis and xylem
formation) could be also related to being similarly favored by warmer
conditions during the growing season in northern P. tarapacana sites
(Rodriguez-Caton et al., 2021). However, same authors pointed out that
both processes may decouple further south where xylem formation
seemed to be limited by prior-climate conditions (Rodriguez-Caton
et al., 2021).

5. Conclusions

Our study reports that Polylepis microphylla shows annually resolved
well-defined tree rings which are suitable for dendrochronological
studies. Here we developed the first P. microphylla TRW chronology,
confirming this specie as a strong candidate to develop centennial
chronologies if older individuals are found. In addition, the fact that this
specie is sensitive to climate variability provides a new opportunity to
fill gaps in a region with a noticeable lack of long-term instrumental
records and tree-ring chronologies.

The incorporation of wood anatomy has proven to be a valuable
addition to the classic dendrochronological approach, which is solely
based in measuring the width of the tree rings. QWA is providing unique
information at intra-annual scale on climate sensitivity and different
tree hydraulic strategies depending on environmental conditions. Our
results suggest that physiological processes determining VN and VS are
mostly positively linked to Tpax a few months before and during the
growing season, as have been reported for in other Polylepis species. At
the same time, precipitation occurring at the onset of the current
growing season seems to positively influence the number of vessels
generated during the first growth phases. Our findings suggest that
P. microphylla could be an Andean tree species that may have good
chances to adapt well to the warming expected for the 21st century for
the central tropical Andes (Pabon-Caicedo et al., 2020). However, this
adaptation would depend on future water availability for this region and
climate projections show a large spread of precipitation among models,
associated to as well as important uncertainties (Vera et al., 2006;
Urrutia and Vuille, 2009).
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