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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 in uence 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 ( 180) and carbon ( 12C) 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

13c and 180 at all study sites, suggesting that similar climate conditions control carbon-source processes along the
gradient. Site-level 13C and 180 chronologies were signi cantly 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 (di erences) 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 (K rner 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 signi cant 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 monospeci ¢
patches of open woodlands on the slopes of mountains and
volcanoes across the Altiplano region from 17.5 Sto23.5 Sin
Peru, Bolivia, Chile and Argentina above 4000 m a.s.l. (Cuyckens
et al. 2016).

P. tarapacana has species-speci c traits that aid its survival
in extremely dry, cold, windy and high solar radiation environ-
ments. It has advanced photoprotective mechanisms to reduce
photodamage (Garc a-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 de cit (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 e ciency via enhanced boundary layer
resistance and facilitates di usion 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 in uences 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-
ci ¢ microsites near or under rocks (L pez 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 K rner 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 (Garc a-Plazaola et al. 2015).

Dendrochronological studies at di erent 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
e ect 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
in uence 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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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 correlation between PP and T during summer months, since the
PP seems to be growth detrimental (Argollo et al. 2004, presence of clouds decreases T considerably at these high-
Christie et al. 2009, Moya and Lara 2011). Part of this elevation environments (Figure S1 available as Supplemen-
contrasting pattern may be explained by the strong negative tary data at Tree Physiology Online). However, the underlying
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