
Tree Physiology 00, 1–19

https://doi.org/10.1093/treephys/tpab021

Research paper

Different climate sensitivity for radial growth, but uniform for

tree-ring stable isotopes along an aridity gradient in Polylepis

tarapacana, the world’s highest elevation tree species

Milagros Rodriguez-Caton 1,11, Laia Andreu-Hayles 1,2,3, Mariano S. Morales4,5, Valérie Daux6,

Duncan A. Christie 7,8, Rafael E. Coopman 9, Claudio Alvarez7, Mukund Palat Rao 1,10,

Diego Aliste7,8, Felipe Flores7 and Ricardo Villalba 4

1Lamont-Doherty Earth Observatory, Columbia University, 61 Route 9W, Palisades, NY 10964, USA; 2CREAF, Bellaterra (Cerdanyola del Vallés), Barcelona, Spain; 3ICREA, Pg.

Lluís Companys 23, Barcelona, Spain; 4Instituto Argentino de Nivología, Glaciología y Ciencias Ambientales (IANIGLA), CONICET, Av. Ruiz Leal s/n, Mendoza 5500, Argentina;
5Laboratorio de Dendrocronología, Universidad Continental, Av. San Carlos 1980, Huancayo 12003, Perú; 6Laboratoire des Sciences du Climat et de l’Environnement,

CEA/CNRS/UVSQ/IPSL, Gif-sur-Yvette, France; 7Laboratorio de Dendrocronología y Cambio Global, Instituto de Conservación Biodiversidad y Territorio, Universidad Austral

de Chile, Campus Isla Teja, Valdivia 5110566, Los Ríos, Chile; 8Center for Climate and Resilience Research, (CR)2, Blanco Encalada 2002, Santiago 8370415, Chile;
9Ecophysiology Laboratory for Forest Conservation, Instituto de Conservación, Biodiversidad y Territorio, Facultad de Ciencias Forestales y Recursos Naturales, Universidad

Austral de Chile, Independencia 631, Valdivia 5110566, Los Ríos, Chile; 10Department of Earth and Environmental Sciences, Columbia University, 5th Floor Schermerhorn

Extension, 1200 Amsterdam Ave., New York, NY 10027, USA; 11Corresponding author (milagros@ldeo.columbia.edu; milagrosrodriguezc@gmail.com);

Received December 7, 2020; accepted February 2, 2021; handling Editor Lucas Cernusak

Tree growth is generally considered to be temperature limited at upper elevation treelines, yet climate factors controlling

tree growth at semiarid treelines are poorly understood. We explored the influence of climate on stem growth and stable

isotopes for Polylepis tarapacana Philipi, the world’s highest elevation tree species, which is found only in the South

American Altiplano. We developed tree-ring width index (RWI), oxygen (δ18O) and carbon (δ13C) chronologies for the last

60 years at four P. tarapacana stands located above 4400 m in elevation, along a 500 km latitude aridity gradient. Total

annual precipitation decreased from 300 to 200 mm from the northern to the southern sites. We used RWI as a proxy of

wood formation (carbon sink) and isotopic tree-ring signatures as proxies of leaf-level gas exchange processes (carbon

source). We found distinct climatic conditions regulating carbon sink processes along the gradient. Current growing-

season temperature regulated RWI at northern-wetter sites, while prior growing-season precipitation determined RWI

at arid southern sites. This suggests that the relative importance of temperature to precipitation in regulating tree

growth is driven by site water availability. By contrast, warm and dry growing seasons resulted in enriched tree-ring

δ13C and δ18O at all study sites, suggesting that similar climate conditions control carbon-source processes along the

gradient. Site-level δ13C and δ18O chronologies were significantly and positively related at all sites, with the strongest

relationships among the southern drier stands. This indicates an overall regulation of intercellular carbon dioxide via

stomatal conductance for the entire P. tarapacana network, with greater stomatal control when aridity increases. This

manuscript also highlights a coupling (decoupling) between physiological processes at leaf level and wood formation as

a function of similarities (differences) in their climatic sensitivity. This study contributes to a better understanding and

prediction of the response of high-elevation Polylepis woodlands to rapid climate changes and projected drying in the

Altiplano.
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Introduction

The highest treelines in the world are located in mid to low
latitudes in the rather dry mountains of the South American Alti-
plano and eastern Tibet. The existence of trees at these extreme
locations has been associated with higher solar radiation and
warmer mean temperature (T) compared with high-elevation
humid tropics (Körner 1998). At upper elevation treelines, tree
radial growth is generally limited by growing season T, which
restricts meristematic activity (Shi et al. 2008). However, tree
growth can be regulated by water availability at drier treelines
(Morales et al. 2004, Piper and Fajardo 2011, Liang et al.
2014). In addition, the tree-growth response to summer T
has weakened or even disappeared in the last few decades at
some high-latitude Northern Hemisphere forests (D’Arrigo et al.
2008), suggesting that moisture stress induced by increasing
temperature could have gained relevance.

In the last decades, persistent warming and drying trends
have been observed at high-elevation mountains in the Central
Andes (Vuille and Bradley 2000, Vuille et al. 2015) and are
expected to continue into the future (Minvielle and Garreaud
2011, Thibeault et al. 2012, Neukom et al. 2015). Under
this scenario, a potential significant reduction of the spatial
distribution of Polylepis tarapacana Philipi is expected to occur
during the present century, especially for drier or lower-elevation
stands (Cuyckens et al. 2016). Therefore, a better ecological
and physiological understanding of P. tarapacana forests is
urgently needed to more accurately predict its climate sensi-
tivity and improve conservation policies for these high-elevation
ecosystems.

The genus Polylepis comprises small- to medium-sized ever-
green angiosperm trees that span large high-elevation areas in
the Andes in South America from 8◦ N to 32◦ S (Gosling et al.
2009, Zutta and Rundel 2017, Cuyckens and Renison 2018).
Among all Polylepis species, P. tarapacana (Figure 1a) occurs in
the harshest conditions in the semiarid Central Andean Altiplano
(Toivonen et al. 2014) and forms the highest-elevation treeline
worldwide (∼5100 m above sea level (a.s.l.), Braun 1997) with
some individuals reaching up to 5255 m a.s.l. (Salar de Surire,
Chile, personal observations). P. tarapacana is a small evergreen
tree species of 0.5–4 m height. It is distributed in monospecific
patches of open woodlands on the slopes of mountains and
volcanoes across the Altiplano region from 17.5◦ S to 23.5◦ S in
Peru, Bolivia, Chile and Argentina above 4000 m a.s.l. (Cuyckens
et al. 2016).

P. tarapacana has species-specific traits that aid its survival
in extremely dry, cold, windy and high solar radiation environ-
ments. It has advanced photoprotective mechanisms to reduce
photodamage (García-Plazaola et al. 2015). Its leaves are thick
and small, and are covered by waxes and a thick pubescent
layer (Gonzalez et al. 2002, Macek et al. 2009). It is an
isohydric species that rapidly closes its stomata when soil mois-
ture decreases and air vapor pressure deficit (VPD) increases.

P. tarapacana’s stomata are arranged in crypts with trichomes, a
trait often considered a xerophytic adaptation to aridity. This fea-
ture increases water-use efficiency via enhanced boundary layer
resistance and facilitates diffusion of carbon dioxide (CO2) to
mesophyll cells (Jordan et al. 2008, Hassiotou et al. 2009). Due
to these adaptations, the photosynthetic activity of P. tarapacana
can occur under higher VPD levels than other treeline species
(Simpson 1979, Haworth and McElwain 2008). P. tarapacana
also has frost tolerance and frost avoidance mechanisms. It can
resist temperatures up to approximately −20 ◦C without tissue
damage (Rada et al. 2001, Azocar et al. 2007). Its supercooling
capacity avoids freezing and keeps an active metabolism at
temperatures from −3 to −6 ◦C and from −7 to −9 ◦C
during the dry-cold and wet-warm seasons, respectively (Rada
et al. 2001). Similar to other Polylepis species, the bark of
P. tarapacana has multiple layers that insulate the stem from
freezing temperatures.

Both precipitation (PP) and T exert large influences on P.

tarapacana, but assessing which is the dominant limiting factor
governing growth and ecophysiological patterns remains chal-
lenging. P. tarapacana tree establishment occurs mainly at spe-
cific microsites near or under rocks (López et al. 2021). Rocks
protect Polylepis seedlings against desiccant winds and low
temperatures, provide shading that decreases evaporation and
collect water down slope (Kleier and Rundel 2004). Polylepis
tarapacana’s maximum tree height, annual shoot increment
and mean tree-ring width have been shown to decrease with
elevation, therefore with decreasing T (Hoch and Körner 2005,
Kessler et al. 2007, Domic and Capriles 2009, Macek et al.
2009). However, at daily scales, higher T and midday maxi-
mum VPD limit carbon assimilation in this species by inducing
stomatal closure (García-Plazaola et al. 2015).

Dendrochronological studies at different elevations have
reported a high coherency of interannual growth variations
among a wide spatial network of P. tarapacana ring-width
chronologies over the past centuries (Argollo et al. 2004,
Soliz et al. 2009). These studies have indicated previous
growing-season PP as the main driver of interannual ring-
width variability. This moisture signal in tree-ring width has
been leveraged to reconstruct hydroclimatic variability for the
last centuries in this region (Morales et al. 2012, 2015, 2020).
The P. tarapacana ring-width network also showed a negative
effect of previous-growing season T over radial growth (e.g.,
Soliz et al. 2009). As higher T reduces soil moisture by
increasing evaporation, this is consistent with the negative
influence of dry conditions on radial growth (Morales et al.
2004). This response of tree growth to moisture conditions
agrees with P. tarapacana’s arid environment with ∼100–
450 mm of total annual PP along its distribution (Kessler 1995,
Cuyckens et al. 2016).

Surprisingly, and contrary to the observed relationships with
climate of the previous growing season, current growing-season
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Radial growth and stable isotopes in P. tarapacana 3

Figure 1. (a) Polylepis tarapacana in Uturunco, Bolivia (22◦18′ S, 67◦14′ W, 4600 m a.s.l.). (b) Location of the four Polylepis tarapacana study
sites (green triangles): Guallatire (GUA), Frente Sabaya (FSA), Irruputuncu (IRR) and Uturunco (UTU), and meteorological stations for precipitation
(PP) (light blue diamonds) and temperature (T) (dark blue circles). Background colors represent elevation in meters above sea level (m a.s.l.). (c)
Annual cycle of T (red line) and PP (blue line) for each site based on the ERA interim product (1979–2018) and CHIRPS data set (1981–2018),
respectively; mean total annual precipitation for each site is reported on the top right-hand corner of each panel.

T seems to favor radial growth and current growing-season
PP seems to be growth detrimental (Argollo et al. 2004,
Christie et al. 2009, Moya and Lara 2011). Part of this
contrasting pattern may be explained by the strong negative

correlation between PP and T during summer months, since the
presence of clouds decreases T considerably at these high-
elevation environments (Figure S1 available as Supplemen-
tary data at Tree Physiology Online). However, the underlying

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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physiological processes associated with the lagged response
of growth as well as the apparent opposite growth-climate
sensitivities between previous and current year remain unex-
plained. Exploring other tree-ring parameters such as stable iso-
tope ratios across environmental gradients represents an alter-
nate and promising approach to better understand P. tarapacana

ecophysiology.
Oxygen (δ18O) and carbon (δ13C) stable isotopes in tree

rings provide complementary information on ecophysiological
responses to environmental changes and have been shown to
be more sensitive to current growing-season climate than tree-
ring width index (RWI) for a variety of species and sites (e.g.,
Andreu et al. 2008, Lavergne et al. 2018, Awada et al. 2019).
Tree-ring δ18O reflects source water δ18O that is modulated
by evaporative enrichment occurring at leaf level during tran-
spiration. This enrichment depends on the vapor pressures of
the intercellular air spaces of the leaf, the leaf surface (which
depends notably on the stomatal conductance) and the bulk
air (e.g., Roden et al. 2000, Barbour 2007, Gessler et al.
2014). The δ13C ratios in tree-ring cellulose are inherited from
the original values of δ13C in the atmospheric CO2 modified by
fractionation occurring at the leaf level and, to a lesser extent,
by postphotosynthetic processes. During CO2 diffusion through
stomata, 12C-bearing molecules exhibit higher diffusivity than
13C, resulting in a higher carboxylation rate of 12C relative to 13C.
If the stomatal conductance is high compared with the velocity
of Rubisco carboxylation, the internal concentration of CO2 in
the leaf is high, and there is strong discrimination against 13C
that leads to low δ13C ratios. Conversely, when the stomatal
conductance is low compared with the rate of CO2 assimilation,
the discrimination against 13C is lower, leading to high δ13C
(e.g., Cernusak et al. 2013). Hence, fractionation processes
are related to the ratio of internal to external concentrations of
CO2 in the leaf and thus reflect a balance between velocity of
Rubisco carboxylation and stomatal conductance (e.g., Farquhar
et al. 1982, Cernusak et al. 2013). Combining δ13C and δ18O
provides insights into a plant’s CO2 assimilation rate in relation
to its stomatal conductance (Scheidegger et al. 2000, Grams
et al. 2007).

Here, we analyzed P. tarapacana responses to climate for
the period 1950–2008 using RWI, δ18O and δ13C tree-ring
chronologies developed at four sites along a 500 km latitudinal
aridity gradient. The specific questions we address are as
follows: (i) How and when do climate conditions influence
interannual variation in P. tarapacana radial growth and stable
isotopes ratios? (ii) Are climate controls on wood formation
(carbon sink) and leaf-level gas exchange (carbon source) sim-
ilar along the gradient? (iii) Which mechanisms can explain the
relationships between growth and prior-year climate conditions?
Addressing these questions will help us to understand the
potential sensitivity of high-elevation Polylepis populations to
climate change.

Materials and methods

Study sites and climate

Along the South American Altiplano (16◦ S—23◦ S), there is a
significant decrease in PP from north to south (Vuille and Keimig
2004). In the northern and wetter regions of the species distri-
bution, P. tarapacana forest patches cover wider areas than in the
south. While in the north the patches are uniformly distributed
around the volcanoes, in the south, they are mostly located
in north, northeast and east facing slopes. The P. tarapacana

patchy distribution seems to be more related to topographic and
microclimatic conditions than to human activities, as has been
described for other Polylepis species (Kessler 1995).

Four P. tarapacana open woodland locations were selected
along the latitudinal aridity gradient spanning from 18◦ S to
22◦ S in the Altiplano in South America (Figure 1b, Table 1).
Sampling sites were located above 4400 m a.s.l. on moderate
slopes and rocky volcanic soils. At this elevation, air temper-
atures are frequently below 0 ◦C during the night, even in
summer (Macek et al. 2009). Additionally, daily diurnal thermal
amplitudes (∼17 ◦C) are larger than seasonal amplitudes
(∼4–10 ◦C) (Patacamaya weather station, Garcia et al. 2007).
The sampling strategy targeted woodland patches without evi-
dence of human disturbance such as logging and/or fire.
We sampled multistemmed adult trees ∼1.5 to 2 m height
(Figure 1a), located on sunny exposed slopes at mid-elevations
of the species local altitudinal distribution, avoiding depressions,
ravines or gullies. Cross sections were obtained from one of
the multiple stems of the selected living trees and from relict
dead wood.

We generated ombrothermic diagrams at each study site
(Figure 1c) using a 1◦ grid resolution ERA Interim product
(1979–2018, Dee et al. 2011) obtained from KNMI Climate
Explorer (https://climexp.knmi.nl), and CHIRPS data for PP
(1981–2018, Funk et al. 2015) obtained from the IRI/LDEO
Climate Data Library (https://iridl.ldeo.columbia.edu). CHIRPS
data are based both on remote sensing and meteorological
stations. CHIRPS is a gridded product with limited time span
(1981–2018), but high spatial resolution (0.05× 0.05◦) and it
is considered a very high-quality product for precipitation for the
tropical regions. Although no meteorological data were available
on the study sites, CHIRPS data are a good choice to represent
the features of each site in our gradient in a reliable way for the
recent decades. Most PP in the Altiplano falls during the austral
summer months, with 80–90% concentrated from December
to March consistent with the South American Summer Monsoon
circulation (Garreaud et al. 2003, Vuille and Keimig 2004). This
agrees with January being the rainiest month at our four study
sites (Figure 1c). The north-south PP gradient, along which the
sites are distributed, ranges from ∼300 mm year−1 of mean
total annual precipitation at the GUA and FSA sites, to ∼200 mm
year−1 at the IRR and UTU sites (Figure 1c).

Tree Physiology Volume 00, 2021
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Radial growth and stable isotopes in P. tarapacana 5

Table 1. Polylepis tarapacana sites for tree-ring width index (RWI), δ13C and δ18O isotope chronologies.

Site Code Country Latitude
(South)

Longitude
(West)

Elevation
(m a.s.l.)

Slope N trees RWI N trees stable
isotopes

Guallatiri GUA Chile 18◦28′ 69◦04′ 4600 SW 44 5
Frente Sabaya FSA Bolivia 19◦06′ 68◦27′ 4550 E-SE 49 5
Irruputuncu IRR Chile 20◦43′ 68◦34′ 4400 W 60 5
Uturunco UTU Bolivia 22◦18′ 67◦14′ 4650 E-NE 40 5

Table 2. Statistics for RWI, δ18O and δ13Cc chronologies.

Site code Period RWI ≥ 5
series

Average ± SE
raw ring width
(mm)

Mean
rsite RWI

EPS RWI Period δ18O
and δ13Cc

Mean rsite
δ18O

EPS δ18O Mean rsite
δ13Cc

EPS δ13Cc

GUA 1395–2015 0.53 ± 0.02 0.43 0.97 1950–2015 0.77 0.94 0.15 0.47
FSA 1463–2008 0.58 ± 0.03 0.36 0.92 1950–2008 0.86 0.97 0.30 0.68
IRR 1348–2009 0.55 ± 0.01 0.31 0.97 1950–2008 0.58 0.87 0.19 0.53
UTU 1430–2013 0.44 ± 0.01 0.69 0.94 1950–2013 0.69 0.92 0.34 0.72

Longer climate records were used to assess the relation-
ships between the tree-ring chronologies and climate. Monthly
regional PP and T records from 1950 to 2008 were obtained
averaging anomalies from 32 and 7 meteorological stations,
respectively (Figure 1b, Table S1 available as Supplementary
data at Tree Physiology Online). Considering that the spatial
variation of air T anomalies over the Altiplano is small (Vuille
et al. 2000), we used the four best T series (i.e., less missing
data and longer coverage) from a total of seven T weather
stations (Table S1 available as Supplementary data at Tree

Physiology Online). We also compared tree-ring chronologies
with a monthly regional self-calibrating Palmer Drought Severity
Index (PDSI) (van der Schrier et al. 2013). See Supporting
Information Appendix S1 for detailed methods for developing
the climate series used.

The ring-width, oxygen and carbon tree-ring chronologies

Ring widths were measured on cross sections from 40 to 60
stems of individual P. tarapacana trees (Christie et al. 2009,
Morales et al. 2012, Table 2). The raw measurements were
transformed into RWI by fitting negative exponential curves
to each individual series using dplR (Bunn 2008). This stan-
dardization is a relatively conservative method for removing
nonclimatic variability from the ring-width series, such as tree
age or size trends (Cook et al. 1990).

At each P. tarapacana location, we selected five trees
to develop the δ18O and δ13C individual tree-ring isotopic
time series, which were averaged to obtain the site isotopic
chronologies from 1950 to the last available year (2008–
2015, Table 2). We analyzed individual rings from each
tree; therefore, no sample pooling was performed. At the
laboratory, wood slices ∼2.0–3.0 mm thick were cut from
the selected cross sections. Each tree ring was carefully

separated using a scalpel under the microscope and the
resulting wood was chopped into wood slivers ∼2.0–3.0 mm
long and 0.5–1.0 mm wide. In this angiosperm species tree
rings are small (∼0.5 mm, Table 2) and earlywood and
latewood are not easily discernible. Therefore, the whole
tree ring was used for cellulose extraction. Alpha cellulose
was extracted from wood samples, homogenized using an
ultrasound bath and freeze-dried, and 200 µg of cellulose from
each ring was encapsulated in silver capsules (Andreu-Hayles
et al. 2019). The δ18O and δ13C ratios were measured at
the same time using a dual method approach (see details
in Andreu-Hayles et al. 2019), in which cellulose samples
were converted to CO gas through high-temperature pyrolysis
at 1400 ◦C using a high-temperature conversion elemental
analyzer (TC/EA, Thermo Scientific Finnigan, Bremen, Germany)
interfaced with a Thermo Delta V plus mass spectrometer
(Thermo Scientific, Waltham, Massachusetts, United States
of America) (Gehre and Strauch 2003). We used primary
standards IAEA-601 and IAEA-602 for δ18O, and IAEA-C3,
IAEA-CH6 for δ13C (International Atomic Energy Agency, Vienna,
Austria) to convert the raw values from the IRMS in δ notation
as per mil (‰) in relation to the international materials: the
Vienna Standard Mean Ocean Water for δ18O (VSMOW) and
the Vienna Pee Dee Belemnite for δ13C (VPDB). We also used
the secondary standards USGS-54 (United States Geological
Survey, Reston, Virginia, United States of America) and Sigma
Alpha-Cellulose and Sigma Sucrose (Sigma-Aldrich Chemicals,
St Louis, Missouri, United States of America) to check the quality
and precision of our extrapolation. The analytical precision of
our isotope measurements is ±0.15 for δ18O and ± 0.13 for
δ13C.

The δ13C values were corrected (δ13Cc) for the effect of
declining atmospheric δ13C (δ13Ca) due to anthropogenic fossil

Tree Physiology Online at http://www.treephys.oxfordjournals.org

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/tre
e
p
h
y
s
/a

d
v
a
n
c
e
-a

rtic
le

/d
o
i/1

0
.1

0
9
3
/tre

e
p
h
y
s
/tp

a
b
0
2
1
/6

1
4
4
5
5
7
 b

y
 C

o
lu

m
b
ia

 U
n
iv

e
rs

ity
 u

s
e
r o

n
 0

7
 J

u
ly

 2
0
2
1

https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpab021#supplementary-data
https://academic.oup.com/treephys/article-lookup/doi/10.1093/treephys/tpab021#supplementary-data


6 Rodriguez-Caton et al.

Figure 2. (a) The ring-width index (RWI), (b) oxygen (δ18O) and (c) corrected carbon (δ13Cc) tree-ring chronologies at each site. Individual tree-ring
series are represented by gray thin lines, and the site chronologies by thick colored lines. Average values of δ18O and δ13Cc for the 1950–2008
common period are shown by horizontal dashed lines.

fuel burning (i.e., the ‘Suess Effect’, Suess 1955) by subtracting
from annual raw measurements the annual changes in the δ13Ca
for the Southern Hemisphere (Leuenberger 2007), linearly
interpolated over 2007–2015.

The RWI, δ18O and δ13Cc individual tree time series available
at each site were averaged to generate the RWI, δ18O and
δ13Cc site chronologies, respectively (Figure 2). For each site
chronology, mean values of raw ring width (Table 2), δ18O
and δ13Cc and their standard errors were calculated for the
common period 1950–2008 (Figure 3a). For each proxy, the
agreement among tree-ring series was represented by the mean
Pearson correlation coefficients between individual trees within
sites (mean rsite, Table 2) and between site chronologies (mean
rregional, Figure S2 available as Supplementary data at Tree

Physiology Online). At each site, correlations between RWI, δ18O
and δ13Cc chronologies were also calculated (Figure 3b). The
quality of the chronologies was measured by the Expressed
Population Signal (EPS, Wigley et al. 1984). The EPS represents
the total common signal in a chronology in relation to an
infinitely replicated chronology (Wigley et al. 1984, Cook et al.
1990). EPS values close to or >0.85 indicate that the number
of samples that integrate the chronology in a given period

represents a significant amount of the theoretical signal present
in an infinitely replicated chronology.

In order to obtain the CO2 concentration within intercellular
spaces (Ci) (Figure S3 available as Supplementary data at Tree
Physiology Online), the tree-ring cellulose δ13C (δ13Ccell) and the
atmospheric δ13Ca isotopic values were used following Francey
and Farquhar (1982):

Ci = C∗
a

(

δ13Ccell − δ13Ca + a
)

/ (a − b) , (1)

where Ca is the atmospheric CO2 concentration and a (4.4‰)
and b (27‰) represent the fractionation associated with diffu-
sion of CO2 through stomata and the fractionation associated
with carbon fixation, respectively.

Relationships between climate and tree-ring parameters

Pearson correlation coefficients were performed between the
RWI, δ18O and δ13Cc tree-ring chronologies and the monthly
regional T and PP anomalies from August of the previous year
to May of the current year (Figures 4 and 5). The analyses
were conducted using the R package treeclim (Zang and Biondi
2015), and the significance of the correlation coefficients
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Radial growth and stable isotopes in P. tarapacana 7

Figure 3. (a) Mean values of δ18O (black circles) and δ13Cc (gray triangles) for each site chronology for the common period 1950–2008. The
standard error of the mean is shown as horizontal bars below each value. (b) Pearson correlation coefficients among tree-ring width index (RWI),
δ18O and δ13Cc at each site for the common period 1950–2008. Circle size and color intensity indicate absolute values and significance levels of
the correlations, respectively.

was assessed by stationary bootstrapped confidence intervals
(Biondi and Waikul 2004).

Since PP and T in the Altiplano are anticorrelated on seasonal
and interannual scales, particularly during the growing season
(Figure S1 available as Supplementary data at Tree Physiology

Online) (Vuille and Keimig 2004), partial correlations that
remove the influence of the covariance between these two
variables were computed. The partial correlation coefficients
between climate and the tree-ring chronologies were estimated
using seascorr function from treeclim (Meko et al. 2011, Zang
and Biondi 2015). The partial correlations between climate and
the tree-ring chronology were estimated as follows:

rPP.Cr|T =

[

rPP.Cr – r
∗
T.PPrT.Cr ]/[ sqrt

(

1 – r2T.PP
)∗

sqrt
(

1 – r2T.Cr
)

]

(2)

rT.Cr|PP=
[

rT.Cr – rT.PP
∗rPP.Cr ]/[ sqrt

(

1– r2T.PP
)

∗sqrt
(

1– r2PP.Cr
)]

(3)

in which rPP.Cr|T (rT.Cr|PP) is the partial correlations between
PP (T) and the tree-ring chronology without the influence of T
(PP); rT.Cr and rPP.Cr are Pearson correlation coefficients between
the tree-ring chronology and T and PP, respectively; and rT.PP
is the Pearson correlation coefficient between T and PP. Note
that the absolute values of partial correlation coefficients
are lower than the ones of Pearson correlation coefficients
by design. Partial correlations were calculated month-by-
month from August of the previous year to May of the
current year (Figures 4 and 5). Based on the significance
of Pearson correlations between the RWI chronology and
climate, we defined the growing season from November to
March and calculated partial correlations for the previous
and current growing seasons (Figure 6). Pearson correlations

were also calculated between the tree-ring chronologies and
PDSI. All correlations were performed for the common period
1950–2008.

Years with extremely narrow (25th percentile) and wide rings
(75th percentile) were selected over the common period 1950–
2008 and the associated climate conditions and isotopic values
were determined. To eliminate the interdependence of current-
and prior-year in tree rings in this analysis, we selected the
extreme years from residual chronologies (Figure S4 available
as Supplementary data at Tree Physiology Online). The resid-
ual chronologies were obtained by applying an autoregressive
model (Cook 1985) that removes the intrinsic internal autocor-
relation of the RWI data while enhancing high-frequency vari-
ability. Monthly PP and T departures during the extreme years
were averaged for the growing season. Statistical differences
between the narrowest and widest rings were evaluated using
Kolmogorov-Smirnov tests for climate conditions and isotopic
values. All analyses were performed using R (R Development
Core Team 2020).

Results

The ring-width, oxygen and carbon tree-ring chronologies

The width of the tree rings was around 0.5 mm in average for
all four sites (Table 2). The mean values of the δ18O and δ13Cc
chronologies for the common period (1950–2008) showed
differences along the latitudinal gradient (Figure 3a). More
enriched mean δ18O values were found at the southern sites
(31.7‰ for IRR and 32.9‰ for UTU) than at the northern
sites (28.9‰ and 26.6‰ at GUA and FSA, respectively). The
mean δ13Cc values for all the sites (Figure 3a) were around

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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8 Rodriguez-Caton et al.

−22‰ (Ci = 170 mmol CO2 mol air−1, Figure S3a available as
Supplementary data at Tree Physiology Online), only higher for
IRR reaching −20.7‰ (Ci = 150 mmol CO2 mol air−1). A pro-
portional rate of increase between Ci and Ca (constant Ci/Ca)
was observed for the four sites in the last 60 years (Figure S3a
available as Supplementary data at Tree Physiology Online).

The agreement among individual trees at each site was
assessed by the mean Pearson correlation coefficients (mean
rsite) and the EPS (Table 2). The RWI mean rsite ranged from
0.31 to 0.69, the δ18O mean rsite ranged from 0.58 to 0.86,
and the δ13Cc mean rsite had lower values ranging from 0.15
to 0.34 (Table 2). Based on EPS and mean rsite, all the δ18O
chronologies, composed by five trees, shared almost as much
common variance as the RWI chronologies, composed by 44 to
60 trees, demonstrating an adequate level of sample replication
in the δ18O chronologies.

When we compared the regional coherence among chronolo-
gies for each proxy along the gradient, the results were sim-
ilar to those found within site. The RWI mean rregional was
0.44 (range = 0.17–0.58), the δ18O mean rregional was 0.70
(range = 0.62–0.77) and the δ13Cc mean rregional was 0.33
(range = 0.20–0.41) (Figure S2 available as Supplementary
data at Tree Physiology Online). Hence, overall common local
and regional interannual variability was highest for oxygen
isotope chronologies.

Within each site, the δ18O and δ13Cc chronologies shared
common variance as indicated by the positive and significant
correlation coefficients (Figure 3b). While the southernmost
site UTU showed the highest Pearson correlation coefficients
between δ18O and δ13Cc chronologies (r = 0.55), the north-
ernmost site GUA showed the lowest (r = 0.28) (Figure 3b,
Figure S5 available as Supplementary data at Tree Physiology

Online). Correlations between RWI and δ18O were significant
only at GUA and those between RWI and δ13Cc were significant
only at the two northern sites (Figure 3b).

Relationship between ring-width, oxygen and carbon

tree-ring chronologies and precipitation

Figure 4 shows the monthly Pearson correlation coefficients
between PP and the RWI, δ18O and δ13Cc chronologies for the
four study sites along with the partial correlation coefficients
with PP after removing PP covariability with T. The northern
GUA and FSA RWI chronologies showed negative correlation
coefficients with current growing-season PP during January,
February and March (JFM), the rainiest months. These coef-
ficients were significant only for GUA (vertical solid lines in
Figure 4a). However, after removing the covariance with T, the
negative association between current growing-season PP and
RWI at GUA was not significant (bars in Figure 4a). By contrast,
all RWI chronologies showed consistently positive relationships
with previous-year PP, with distinct levels of significance from

previous November to previous March and increasing partial
correlation coefficients toward the south (Figures 4a and 6a).
The higher correlation values at the two southern sites indicated
that RWI was mostly favored by previous growing-season PP
(Figure 6a) than current PP (Figure 6b), as well as more humid
conditions in both previous and current growing seasons as
indicated by positive and significant correlations between RWI
and PDSI (Figure 6e and f).

The δ18O chronologies showed significant and negative rela-
tionships with PP during current JFM at all sites (Figure 4b).
Correlation coefficients were approximately −0.6, particularly
strong in January, and also significant for partial correlations. The
strength of the negative relationship between δ18O chronologies
and current growing-season moisture conditions (PP and PDSI)
decreased from north to south (Figure 6b and f). Weaker neg-
ative correlations were also found between δ18O and previous-
growing season PP except for UTU (Figure 4a), albeit nonsignif-
icant for any site from previous November to March (Figure 6a).

The four δ13Cc chronologies also showed negative relation-
ships with PP during current JFM (Figure 4c). Negative and
significant correlations between δ13Cc and previous spring and
prior autumn PP were also found for both Pearson and partial
correlations in three of the sites. Positive correlations were also
found between δ13Cc and previous November to December PP
for GUA and FSA (Figure 4c).

Relationship between ring-width, oxygen and carbon

tree-ring chronologies and temperature

After removing the covariance between PP and T, the GUA
RWI chronology showed the highest and longest-lasting pos-
itive relationship with current-year T, indicated by significant
correlation coefficients from October to May with the highest
value in January (r = 0.7, Figure 5a). For GUA RWI, current
growing-season T had the highest partial correlation coefficients
among previous and current growing-season climate variables
(GUA RWI in Figure 6d versus GUA RWI in Figure 6a–c,e,f).
The FSA RWI chronology showed significant relationships with
current growing-season T during January and February, albeit
lower coefficients than for GUA RWI (Figure 5a). By contrast, the
southernmost IRR and UTU RWI chronologies did not show any
significant relationship with current growing-season T, but they
did correlate negatively with T from previous October to prior
August (Figure 5a). Similar results were obtained using T data
from seven stations (Figure S6 available as Supplementary data
at Tree Physiology Online), showing that this lack of sensitivity
of growth to current growing-season T in the southern sites was
not due to the use of northern weather stations.

In concordance, when removing autocorrelation, the widest
rings in the northern sites were produced during warm and
dry conditions in the current growing season, whereas the
widest rings in the southern sites corresponded to wet and cold
conditions in the prior growing season (Figure S7a available as
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Radial growth and stable isotopes in P. tarapacana 9

Figure 4. Correlation coefficients between monthly regional precipitation and (a) ring-width index (RWI), (b) δ18O and (c) δ13Cc tree-ring chronologies
from August prior-year (lowercase) to May current-year (uppercase). Vertical lines represent bootstrap monthly correlations with solid lines indicating
significant (sig.) and dashed lines nonsignificant correlations (ns). Bars represent partial monthly correlations where the relationship of each tree-ring
variable (RWI, δ18O, δ13Cc) and precipitation was computed after removing the covariability between precipitation and temperature. Colored bars
indicate significant coefficients (partial sig.) and gray bars nonsignificant partial correlations (partial ns). Duration of the growing season is indicated
by a green horizontal line.

Supplementary data at Tree Physiology Online). The widest rings
showed more enriched (higher) values of δ18O at GUA and more
enriched δ13Cc at the northern-wetter GUA and FSA sites than
the narrowest rings (Figure S7b available as Supplementary
data at Tree Physiology Online).

All the δ18O chronologies exhibited consistent and posi-
tive relationships with current growing-season T from October
to May, reaching the highest values in January (r ∼ 0.7;
Figure 5b). Similar to the relationships with PP, the northern δ18O
chronologies showed higher correlations with current growing-
season T than the southern δ18O chronologies (Figure 6d).
Note that correlation coefficients with T were also positive for
prior-growing season and stronger in the northern sites, albeit
not significant for partial correlations (Figures 5b and 6d).

For δ13Cc chronologies, we also found positive relation-
ships with current growing-season T at all sites (Figure 5c),
but the correlation coefficients were lower than between the
δ18O chronologies and current growing-season T (Figure 5b).
The δ13Cc chronologies showed significantly higher coefficients
with current November–March PDSI at the southern-drier sites
(Figure 6f).

Discussion

A future reduction in the spatial distribution of P. tarapacana

woodlands is predicted by the end of the 21th century
associated to the projected warming and drying trends
for the South American Altiplano (Cuyckens et al. 2016).

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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10 Rodriguez-Caton et al.

Figure 5. Correlation coefficients between monthly regional temperature and (a) ring-width index (RWI), (b) δ18O and (c) δ13Cc tree-ring chronologies
from August prior-year (lowercase) to May current-year (uppercase). Vertical lines represent bootstrap monthly correlations with solid lines indicating
significant (sig.) and dashed lines nonsignificant correlations (ns). Bars represent partial monthly correlations where the relationship of each tree-ring
variable (RWI, δ18O, δ13Cc) and temperature was computed after removing the covariability between temperature and precipitation. Colored bars
indicate significant coefficients (partial sig.) and gray bars nonsignificant partial correlations (partial ns). Duration of the growing season is indicated
by a green horizontal line.

To better understand P. tarapacana ecophysiology and its
potential future behavior under climate change, we tested
the relationships between P. tarapacana radial growth, δ18O
and δ13C stable isotope chronologies and climate along a
latitudinal aridity gradient. As discussed below, the climate
responses estimated using P. tarapacana ring-width and stable
isotope chronologies suggest that for these high-elevation
trees: (i) radial growth (carbon sink) can be limited by
precipitation or temperature depending on site location along
the aridity gradient; (ii) current growing-season climatic factors
influence stable isotopes (carbon source) similarly at all the
sites; (iii) stomatal conductance appears as the dominant
mechanism that controls intercellular CO2 concentration at all
sites showing higher strength when aridity increases; (iv) carbon
sink and carbon source processes seem to be coupled in the

northern-wetter sites due to similar and synchronous climate
sensitivity, while they may be decoupled at southern-drier
sites due to different and asynchronous sensitivity to climate
conditions.

Contrasting climate factors limiting radial growth along the

aridity gradient

Turgor pressure, which depends on available moisture, and T
have to reach certain thresholds to trigger xylem cell division,
expansion and differentiation (Muller et al. 2011, Körner 2015).
In temperate and boreal forests, annual tree rings are well
defined due to the dormancy of the vascular cambium as
T decreases during winter (Begum et al. 2018). Conversely,
in tropical regions, T is more uniform all year around and
the formation of annual ring boundaries is usually related to

Tree Physiology Volume 00, 2021
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Radial growth and stable isotopes in P. tarapacana 11

Figure 6. Correlation coefficients between the tree-ring width index (RWI), δ18O and δ13Cc chronologies and previous and current growing-season
climate from November to March at the four study sites. For (a, b) precipitation and (c, d) temperature bars represent partial correlations that remove
covariance between both climate variables, while correlations with (e, f) palmer drought severity index (PDSI) are simple Pearson correlations.
Statistically significant correlations are indicated with stars (alpha = 0.05).

a dry season (Rahman et al. 2019). In the high-elevation
mountains in the Central Andes, more than 80% annual rainfall is
concentrated in the austral summer (December to March), while
there is almost no precipitation during austral winter. Minimum
T is higher during summer coincident with this wet season (see
Figure 1 in García-Plazaola et al. 2015). Therefore, the well-
defined annual tree rings of P. tarapacana, characterized by
vessels arranged in semicircular porosity (Requena-Rojas and
Taquire Arroyo 2019), may be modulated by seasonal changes
in both PP and T. Correlations between RWI and climate provide
information on the environmental factors controlling interannual
variations in stem growth. Our results using partial correlations

demonstrated the independent influence of both PP and T on
radial growth. This agrees with findings in other high-elevation
semiarid areas where tree-ring formation of Juniperus przewalskii
also depended on both PP and T (Ren et al. 2018).

In order to facilitate the discussion on the three tree-ring
proxies and the climate relationships along the aridity gradient,
we summarized in Figure 7 the 24 plots shown in Figures 4
and 5. We found that RWI was positively correlated with PP
and negatively correlated with T during the previous growing
season, particularly at the driest sites at the southern portion of
our gradient (Figure 7). This is consistent with previous studies
showing P. tarapacana ring-width positively correlated with

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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12 Rodriguez-Caton et al.

Figure 7. Summary of Pearson correlation coefficients between monthly regional (a) precipitation and (b) temperature and ring-width index (RWI),
δ18O and δ13Cc tree-ring chronologies from August prior-year (lowercase) to May current-year (uppercase). Circles represent significant correlations
and gray vertical shading highlight previous- and current-growing seasons.

previous growing-season water availability (Argollo et al. 2004,
Morales et al. 2004, Christie et al. 2009, Soliz et al. 2009).

At the southern sites, RWI also seems to be favored by wetter
conditions during the current growing season as suggested by
the significant and positive response to the drought index PDSI
(Figure 6f). In this arid high-elevation environment, intense solar
irradiance combined with low cloud cover causes daily maximum
T to reach 25 ◦C in austral spring and summer (Hoch and
Körner 2005). High daytime T likely exacerbates both soil water
evaporation and evapotranspiration, increasing water deficit and
limiting radial growth. Under this scenario, we would expect a
strong negative influence of current growing-season T on radial
growth. Instead, we found a positive relationship with current
growing-season T, albeit nonsignificant at these southern sites
(Figure 6d, Figure 7b). The positive effect of T on xylogenesis
(Rossi et al. 2008) in this cold environment may explain this
pattern. In other words, T influence on ring width could be
simultaneously negative (indirectly through desiccation at a daily
scale) and positive (directly regulating xylogenesis at seasonal
scale, which can be particularly relevant for the onset of growth).

These responses can potentially mask each other, explaining the
lack of a current growing-season T signal in the southern-drier
sites.

Climate sensitivity is different at the northern-wetter sites,
where current growing-season T significantly limits tree growth
(Figure 7b). To test if this was true for a wider geographical
region, we used 14 ring-width chronologies of P. tarapacana

from Soliz et al. (2009) (Figure 8a). Based on principal
component analysis, Soliz et al. (2009) found shared variance
between ring-width chronologies located below and above
20◦ S. Taking into account this latitudinal threshold, we
correlated our regional T series with the 14 residual ring-width
chronologies from Soliz et al. (2009). Consistent with the RWI
climate sensitivity observed in our four study sites, there was a
higher positive influence of current growing-season T on radial
growth at the northern-wetter sites of this network of RWI
chronologies (Figure 8b). Conversely, previous growing-season
moisture moisture (i.e., negative correlation with T) favored
stem growth at the southern-drier sites along the network
(Figure 8b). These correlation patterns highlight the distinct

Tree Physiology Volume 00, 2021
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Radial growth and stable isotopes in P. tarapacana 13

Figure 8. (a) Network of Polylepis tarapacana ring-width chronologies
from this study (green triangles) and from Soliz et al. (2009) (white
circles). Background colors represent mean total annual precipitation for
the period 1981–2018 from CHIRPS data set; note the north-south arid-
ity gradient. (b) Correlation coefficients between the residual ring-width
chronologies from each of the 14 Polylepis tarapacana chronologies and
mean monthly regional temperatures. We divided the total number of
chronologies located north of 20◦S (northern chronologies) and south
of 20◦S (southern chronologies). The criterion for defining 20◦S was
based on the results of the principal component analysis performed by
Soliz et al. (2009). Dashed horizontal lines represent significance level
(alpha = 0.01).

climate sensitivity between northern-wetter and southern-drier
sites along the network and may explain the spatial variability
observed by Soliz et al. (2009).

At similar elevations to our study sites but with higher annual
PP (around 900 mm), Polylepis rodolfo-vasquezii, a species
growing in the Peruvian highlands, shows a strong positive
relationship with current growing-season T (Requena-Rojas
et al. 2020). Together with our results, this indicates that
current growing-season T controls growth at high elevations

to the extent as water needs are met. Our findings suggest that
wetter sites of P. tarapacana behave like T-limited treeline sites
in less arid regions, where higher T enhances meristematic
activity (Shi et al. 2008). However, if low-water availability
periods are expected to be more frequent and persistent in a
more arid and warmer Altiplano (Minvielle and Garreaud 2011,
Thibeault et al. 2012, Neukom et al. 2015), northern-wetter
sites could start behaving as PP-limited treelines, similar to the
present-day southern more arid sites.

Insights from oxygen and carbon stable isotope signatures in

tree rings

The mean values of tree-ring δ13Cc measured in this study
were around −22 and −20‰ (Figure 3a), which are in the
‘enriched’ end for C3 plants and even reaching C4 plant values
(site IRR) (O’Leary 1988). These values are higher than those
in most species consistent with lower discrimination rates
observed in higher elevation habitats (Körner et al. 1988).
Mean δ13Cc values of approximately−20.5‰ were reported for
Juniperus tibetica and Picea balfouriana tree rings in the Tibetan
Plateau at similar elevations than our study sites (Grießinger
et al. 2019). Leaf measurement of δ13C in P. tarapacana has
yielded values from −23 to −26‰ (Macek et al. 2009),
which increased with elevation (Hoch and Körner 2005). The
observed difference between these more depleted δ13Cc values
in leaves (e.g., −23 to −26‰, Macek et al. 2009) and our
tree-ring δ13Cc values (approximately −22 to −20‰) in P.

tarapacana is expected based on carbon fractionation processes
that favor 12C during phloem transport, starch metabolism and
trunk respiration, with a remaining more enriched δ13C to be use
for cellulose production (Gessler et al. 2014).

We found that current growing-season PP and T influenced
both δ18O and δ13Cc chronologies at the four study sites.
Unlike δ18O, δ13Cc data exhibited lower correlations and higher
variability between trees. Individual trees or stems may have
specific carbohydrate allocation patterns and/or priorities that
may dilute the common signal. Despite this, δ13Cc chronologies
showed shared variance both within and among sites (Table 2,
Figure S2 available as Supplementary data at Tree Physiology

Online), indicating a common environmental factor influencing
δ13C values at local and regional scales. For future analyses, we
recommend increasing tree replication for δ13C to improve the
chronologies and potentially enhance this climate signal.

The δ18O values had a strong PP signal during current JFM,
shared between trees within and across the four sites. This
suggests that the dominant air masses bringing rain at the
four sites have a common origin in the tropical Atlantic Ocean
and the Amazon Basin, likely related to the South American
Summer Monsoon variability (Vuille et al. 2003). Therefore, the
δ18O signal imprinted in tree rings have a great potential to
reconstruct hydroclimatic variability in this region.

According to Rayleigh distillation (Dansgaard 1964), δ18O
in rainfall should be more depleted with increasing distance

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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from the source water, and more depleted tree-ring δ18O values
would be expected toward the south. However, we found
more enriched tree-ring δ18O in the southern sites (Figure 3a).
Because southern sites are drier, higher evaporation of soil
water and lower stomatal conductance could explain the
observed enriched tree-ring δ18O values. Although most of
the local source water comes from the northeast as mentioned
above, the contribution of water vapor with more enriched δ18O
signatures coming from other regions could be another factor
to consider (Samuels-Crow et al. 2014).

Stomatal conductance as the primary mechanism controlling

intercellular CO2 concentration

A significant and positive relation between δ18O and δ13Cc can
reflect a strong control of the isotopic composition of both
oxygen and carbon by the stomatal conductance to water vapor
(gs). This postulate is the basis of the dual isotope model
(Scheidegger et al. 2000, Grams et al. 2007). At all the sites we
found such positive and significant relationships between δ13Cc
and δ18O (Figure 3b, Figure S5 available as Supplementary data
at Tree Physiology Online). However, an underlying assumption
of the dual isotope model is that source water δ18O should
be invariant so that the majority of δ18O variation is driven by
evaporative enrichment, allowing the interpretation of the δ18O–
δ13C correlation in terms of gs. While the absence of a relation-
ship between δ13Cc and δ18O may not be interpretable (because
δ18O variations may be controlled primarily by source variation
obscuring the stomatal effect), stomatal control is the principal
mechanism that could explain a strong relation between the two
ratios. Therefore, the positive relations we observed between
δ13Cc and δ18O are consistent with a control of their variations
by the evaporative conditions through the modification of the
gs. A corollary to this conclusion is that the net assimilation
rate (AN) may only be a second-order control on δ13Cc in
this environment. Accordingly, the observed increase in iWUE
(Figure S3b available as Supplementary data at Tree Physiology
Online), known to be proportional to AN/gs, is consistent with a
limited or no increase in AN and a decrease in gs.

At the four sites, we observed a constant ratio Ci/Ca

(Figure S3a available as Supplementary data at Tree Physiology
Online). Through stomatal regulation, plants may keep similar
rate of increase in Ci than the increase in Ca, which is the
most common response observed for in situ studies across the
world (Saurer et al. 2004, Frank et al. 2015). This agrees with
the least-cost optimality hypothesis, which predicts that leaves
minimize the summed costs of transpiration and carboxylation
and tend to keep Ci/Ca constant (Wright et al. 2003, Prentice
et al. 2014, Lavergne et al. 2020). Overall, our results and
the known limitation that VPD exerts on P. tarapacana carbon
assimilation at hourly and daily scales (García-Plazaola et al.
2015) indicate that gs is likely the dominant factor controlling
the intercellular concentration of CO2.

The negative (positive) relationship between δ13Cc and cur-
rent growing-season PP (T) found along the gradient is consis-
tent with a δ13Cc enrichment due to a reduction of the gs when
aridity increases. In addition, our southern-drier sites showed
significant δ13Cc enrichment during dry years (lower PDSI,
Figure 6f) and higher correlation coefficients between δ18O and
δ13Cc chronologies compared with northern sites (Figure 3b,
Figure S5 available as Supplementary data at Tree Physiology

Online). These results suggest increasing strength of stomatal
regulation in the southern arid sites. The lower gs measured
in P. tarapacana at the Sajama Volcano (18◦7′S and 68◦57′W,
4300 m a.s.l.) during the dry-cold season in comparison with
the wet-warm season (Garcia-Nuñez et al. 2004) agrees with
the higher stomatal regulation when aridity increases in these
high-elevation evergreen forests.

Linking carbon sink and carbon source processes

At the northern sites, we found similar and synchronous climate
response between radial growth and stable isotopes (i.e., higher
current growing-season T favors RWI and leads to enriched
δ18O and δ13Cc) (Figure 7). Higher T may enhance meristematic
activity leading to wider rings, in line with the sink limitation
hypothesis (Körner 2003, 2015, Hoch and Körner 2005,
Palacio et al. 2014). In this scenario, the positive and significant
relationship between RWI and δ13Cc observed in the northern
sites (Figure 3b) may be due to a higher chance of collecting
a stomata-driven enriched δ13C when wider rings are formed.
Indeed, at the northern sites, the widest rings were significantly
more enriched in δ13Cc and associated with higher T than the
narrowest rings (Figure S7 available as Supplementary data
at Tree Physiology Online). These results suggest a coupling
between carbon sink and carbon source processes at the
northern sites. By contrast, in the southern-drier sites, the
climate response for radial growth and tree-ring isotopes was
opposite and lagged in time. While wider rings occurred when
the previous year was wet and cold (higher water availability),
more enriched δ18O and δ13Cc were associated with warmer and
drier current growing-season climate (Figure 7). This opposite
and asynchronous climate sensitivity between radial growth
and isotopes and nonsignificant correlations between RWI and
δ13Cc (Figure 3b) reflect a decoupling between carbon sink and
source processes in more arid environments such as in the
south.

Understanding growth response to previous climate

conditions

The role of carbon reserves for growth initiation The lagged
response of growth to previous climate conditions could be
related to the use of previously synthesized carbon reserves
(e.g., starch) for radial growth (Fritts 1971, Dietze et al. 2014).
Therefore, relationships between tree-ring δ13C and prior-year
climate could be expected. However, our results indicated that

Tree Physiology Volume 00, 2021
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tree-ring δ13Cc values in P. tarapacana responded mainly to
current growing-season climate. This suggests that although
some previous-year sugars might have been used for growth
initiation, most of the sugars used for tree-ring cellulose synthe-
sis were fixed at leaf level during the current growing season.
Cellulose is typically accumulated at the end of the growing
season as the principal component of cell walls (Rathgeber
et al. 2016). Indeed, the strongest climate signal in δ13Cc
chronologies occurred later in the growing season (JFM). It has
been shown that different portions of the ring may be formed
from distinctly different carbon and water sources (Belmecheri
et al. 2018, Szejner et al. 2018). Thus, a potential bias toward
mid- to latewood in our results may be masking the prior-
to early-growing season signal. In Polylepis, unfortunately, the
extremely small size of the rings (Table 2) may prevent intra-ring
analysis of δ13C.

Previous-year conditions may also indirectly determine stem
growth over the current growing season, although this may not
be imprinted in cellulose material. In evergreen species, older
foliage or twigs can have an important role in providing carbon
reserves and freshly produced photoassimilates to new shoots
and leaves at the beginning of the growing season (Hansen and
Beck 1994, Palacio et al. 2018). The preformation of tissues,
such as buds (Magnin et al. 2014), foliage or root system in
a favorable prior-year could lead to greater carbon assimilation
during the current growing season (Loescher et al. 1990, Bréda
and Granier 1996). In other words, the importance of prior-year
PP on current-year growth could be related to the use of carbon
reserves that may improve the canopy and root apparatus for an
early and vigorous onset of the growing season. Despite this,
our results highlight the importance of current growing-season
carbohydrates for mid- to late-season xylem formation.

Tracking P. tarapacana photoassimilate pathways using
labeled δ13C and δ18O (e.g., Kagawa et al. 2006) or radiocarbon
(14C) ‘bomb spike’ dating (Carbone et al. 2013) should be
considered for future studies to understand the temporal
allocation of carbon to distinct tree components such as buds,
foliage, roots or trunk.

Soil moisture as a possible buffer for growth initiation Mois-
ture is essential for the initiation of growth in spring. Water accu-
mulated in the soil after a favorable previous growing season
may act as a buffer, allowing trees to use soil water reserves at
the start of the growing season before the rainy season starts.

Similar to the climate response of tree-ring δ13Cc, in all
the study sites, the correlation between tree-ring δ18O and
climate was strongest with current growing-season climate
conditions indicating that trees mostly used water from current
growing-season rainfall for cellulose synthesis. Albeit weaker
than in the current season, δ18O also showed a previous
growing-season climate signal. This may indicate some use
of prior-year water for cellulose synthesis. Given that previous
growing-season climate determines in large proportion how

much the trees will grow, accumulated water reserves in the
soil from previous season may be important for allowing trees
to start growing in spring. These soil water reserves may be
key for triggering cell division and elongation when temperature
threshold for meristematic activity is achieved, probably around
October–November, before the actual arrival of rain during the
wet season in December. Therefore, this soil water may allow
for the initiation of annual growth that will finally determine
the total ring width during the growing season, particularly in
arid environments. The more the PP and the lower the T in the
previous seasons, the greater the water buffer.

Close to our GUA site, P. tarapacana grows on sandy soils
where water is retained during winter (personal observations).
Our field observations indicate that on the sampling sites the
trees have shallow root system and grow on shallow rocky
soils with low water-holding capacity, but no measurements
have been performed on these variables. If some water is
retained from one year to the next at our study sites, it can
be hypothesized that xylem activity may rely on the climate
conditions during the previous year that regulate the availability
of water at the start of the growing season. The observed
higher dependence on previous-year water availability at the
southern-drier sites compared with the northern-wetter sites
can be expected since soil water reserves are probably much
lower in the south due to lower cloud cover, less PP and
higher evaporation. More information is needed regarding P.

tarapacana root system and soil depth to test this hypothesis.
Planned experimental designs including observations of root
depth, seasonal changes in cambial activity and soil water
content will significantly enhance our understanding of the
temporal relations between climate and xylogenesis.

Conclusions

● Both temperature and precipitation exerted a significant influ-
ence on tree growth for Polylepis tarapacana, the species
that constitutes the world’s highest treeline. Interannual radial
growth of P. tarapacana was primarily influenced by water
availability during the prior growing season at the drier sites,
while T in the current growing season limited radial growth at
the northern-wetter sites. This indicates that current growing-
season T controls growth at high elevations to the extent as
water needs are met.

● We observed a shared response to current climatic conditions
for both δ13Cc and δ18O tree-ring data, which indicates
that tree-ring cellulose is built mainly using carbohydrates
assimilated during the current growing season at the four
study sites.

● Significant correlations between δ13Cc and δ18O chronologies
at all study sites may indicate an overall regulation via stom-
atal conductance of carbon assimilation for P. tarapacana.

The strength of this stomatal dominance is greater at the
southern-drier sites when aridity increases.

Tree Physiology Online at http://www.treephys.oxfordjournals.org
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● The coupling between carbon source and sink processes
(i.e., strong correlations between RWI and δ13Cc) in the
northern sites may be related to synchronous current-climate
conditions influencing wood formation and leaf gas exchange.
By contrast, the decoupling in the southern sites (i.e., non-
significant correlations between RWI and δ13Cc) could be the
result of prior- and current-climate driving wood formation
and leaf gas exchange, respectively.

● While tree growth at drier sites may be more limited under a
potentially drier and warmer Altiplano, northern-wetter sites
may be more resilient, increasing their stomatal regulation and
becoming more PP limited, more similar to the present-day
southern sites.

● Carbon reserves and soil water remaining in the soil could be
critical factors for growth initiation after cambium dormancy
and thus explain two possible mechanisms for understand-
ing growth response to climate conditions in the previous
year.

Supplementary data

Supplementary data for this article are available at Tree Physiol-
ogy Online.
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