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Abstract Current climate change affects the competitive
ability and reproductive success of many species, leading
to local extinctions, adjustment to novel local conditions by
phenotypic plasticity or rapid adaptation, or tracking their
optima through range shifts. However, many species have
limited ability to expand to suitable areas. Altitudinal gra-
dients, with abrupt changes in abiotic conditions over short
distances, represent “natural experiments” for the evalu-
ation of ecological and evolutionary responses under sce-
narios of climate change. Nothofagus pumilio is the tree
species which dominates as pure stands the montane forests
of Patagonia. We evaluated the adaptive value of variation
in quantitative traits of N. pumilio under contrasting condi-
tions of the altitudinal gradient with a long-term recipro-
cal transplant experimental design. While high-elevation
plants show little response in plant, leaf, and phenological
traits to the experimental trials, low-elevation ones show
greater plasticity in their responses to changing environ-
ments, particularly at high elevation. Our results suggest a
relatively reduced potential for evolutionary adaptation of
high-elevation genotypes, and a greater evolutionary poten-
tial of low-elevation ones. Under global warming scenarios
of forest upslope migration, high-elevation variants may be
outperformed by low-elevation ones during this process,
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leading to the local extinction and/or replacement of these
genotypes. These results challenge previous models and
predictions expected under global warming for altitudinal
gradients, on which the leading edge is considered to be the
upper treeline forests.
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Introduction

Modern climate change is producing radical changes in spe-
cies geographical distribution, timing of growth, and repro-
duction (Easterling et al. 2000; Hoffmann and Sgro 2011).
As a result species will respond by adjusting to novel local
conditions by phenotypic plasticity or rapid adaptation;
shifting their ranges tracking environmental optimums; or
become locally extinct (Chevin et al. 2010; Nicotra et al.
2010). The sessile nature of tree species, particularly those
taxa with restricted seed dispersal, makes them more prone
to suffer from climatic changes that occur in their natural
environments. Particularly, tree species with long genera-
tion times and narrow ecological amplitudes usually harbor
low levels of plasticity, and may not be able to withstand
climatic changes. Therefore, migration capacity will act as
a limiting factor in their response to such climate extremes.
Those species able to track their bioclimatic envelope will
expand towards coolest range margins (leading edge) while
retracting at the warmest opposite ends (rear edge) (Hill
et al. 2011). Nonetheless, the ability of species to track
future climate change is limited (Pearson 2006). In recent
years, an upward movement has been reported for many
species as a response to climate warming to escape rising
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temperatures (Lenoir et al. 2008; Jump et al. 2009). How-
ever, the migration rates estimated for several tree species
since the last glacial maximum (Lenoir et al. 2008; McLa-
chlan et al. 2005; Mathiasen and Premoli 2010) are slower
than the rates required to track the predicted warming of the
twenty-first century, as the required migratory responses far
exceed maximum post-glacial rates (Aitken et al. 2008).
Therefore, as many species are unlikely to migrate fast
enough to track the rapidly changing climate of the future,
adaptation must play an increasingly important role in their
response (Jump and Pefiuelas 2005). Adaptation to novel
environments may occur through selection on pre-existing
genetic variation or on new mutations, leading the former
to faster evolutionary change (Barrett and Schluter 2008).
In particular, under sustained directional change in the opti-
mum phenotype, a small amount of additive genetic vari-
ance always greatly reduces the total genetic load (Lande
and Shannon 1996). Therefore, the maintenance of genetic
variation in quantitative traits is a first priority as a mecha-
nism of adaptation and population persistence in a chang-
ing environment.

Range margins are currently the main focus of evolu-
tionary research due to the fact that most expansions of
populations searching for preferred habitats under chang-
ing climates will probably occur from edges [see review
of evolution and ecology at range margins in Sexton et al.
(2009)]. Different types of edges have been identified: the
rear edge, where populations persist throughout climate
oscillations (Hampe and Petit 2005), and the leading edge,
where populations expand from following climate changes
(Parisod and Joost 2010). Rear edges may consist of sta-
ble relict populations, older than others of the range, and
usually genetically depauperated due to isolation and small
population size (Hampe and Petit 2005). On the other hand,
the leading edge model of colonization states that range
expansions involve mostly populations from the coloniza-
tion front (Hampe and Petit 2005). Although these hypoth-
eses were put forward in relation to latitude, few empirical
examples analyze these models in elevation gradients.

In montane habitats environmental conditions may vary
widely along the altitudinal gradient over a few hundred
meters, leading to major changes in the selection pressures
acting on plant life history traits. Thus, altitudinal gradi-
ents are among the most powerful “natural experiments”
for testing ecological and evolutionary processes linked
to geophysical influences (Korner 2007). It is now clear
that upward shifts of species ranges have occurred across
a wide range of taxonomic groups and geographical loca-
tions during the twentieth century in response to warming
(Walther et al. 2002). Nonetheless, responses to contrasting
environmental settings along elevation gradients may differ
between species (Vitasse et al. 2009; Bresson et al. 2011)
which may be the result of adjustments via phenotypic
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plasticity (adjustment to different environments) or adapta-
tion (selection of genotypes) to particular local conditions
(Vitasse et al. 2014). While several studies have analyzed
genetic and phenotypic variation of plant species along
altitudinal gradients (Ohsawa and Ide 2008) only transloca-
tion experiments may aid in differentiating between the two
(Clausen et al. 1940; Huenneke 1991; Linhart and Grant
1996; Joshi et al. 2001).

South American temperate forests occur along a nar-
row but latitudinally extensive strip of land between 32
and 55°S considered a biogeographic island (Armesto
et al. 1998). High-altitude temperate forests of Patagonia
are dominated by a single tree species that forms continu-
ous stands, Nothofagus pumilio (Poepping et Endlicher)
Krasser. To decipher how this species will respond to cli-
mate change is a first priority because it is the only tree
species that dominates ca. 2500 km of montane forest envi-
ronments. N. pumilio presents cline variation in several
plant architectural and ecological traits, as well as genetic
variation across the altitudinal gradient (Barrera et al. 2000;
Cuevas 2000; Premoli 2004). Common garden experiments
of N. pumilio plants of contrasting elevation provenances
demonstrated that some of these traits have a genetic basis
(Premoli and Brewer 2007; Premoli et al. 2007). However,
none of these studies has evaluated whether such differ-
ences are adaptive, nor predicted how these populations
would respond to changing environments through long-
term experiments. The aim of this study is to evaluate the
extent of phenotypic plasticity and/or adaptive responses
of N. pumilio under a reciprocal transplant experiment at
contrasting elevations of the altitudinal gradient. Because
many plant traits are triggered by temperature-related cues,
changes may relate to the timing of events (phenology) and
growth features (leaf and whole plant levels). We tested the
hypothesis that rapid responses to contrasting environmen-
tal conditions may be possible through phenotypic plastic-
ity or genetic advantage by morphological and functional
adjustments. On the other hand, relatively low adaptive
potential and/or plasticity may impose severe limitations to
plant performance under changing climates. Under scenar-
ios of climate change better performers will be able to track
their climatic optimum and hence keep pace with predicted
warming trends.

Materials and methods

Study site

The study was carried out in two experimental sites at con-
trasting elevations of the altitudinal gradient (i.e., low- and

high-elevation altitudinal limits) in the Challhuaco Valley
(41°15'S, 71°18'W), within the Nahuel Huapi National
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Park in northwestern Patagonia (Bariloche, Argentina).
Both experimental sites consist of pure stands located
towards the northern range of N. pumilio. The study area is
situated in the ecotone between humid temperate forest and
the Patagonian steppe. Precipitation mainly falls in autumn
and winter as rain or snow (approximately 1000 mm/year).
Registered mean annual temperatures are 5-6 °C for low
elevation (Kitzberger et al. 2005), and 3—4 °C for high
elevation (Rusch 1993). Soil types of both sites correspond
to Andisols, which are mainly derived from volcanic ash
(Singer and Morello 1960; Veblen and Ashton 1979). These
soils have a high capacity to retain phosphorus and to sta-
bilize organic matter, which often leads to nitrogen and
phosphorus deficiencies (Mazzarino et al. 1998). High-ele-
vation sites inhabited by N. pumilio are deficient in avail-
able organic elements in the soil, where organic C and total
N can be as low as 2.8 and 0.11 %, respectively, compared
to 17 and 0.80 % at lower elevations, respectively (data
extracted from Premoli et al. 2007). At the low-elevation
site N. pumilio grow as erect trees. Dominant canopy trees
were up to 26-28 m tall, 80-120 cm in diameter at breast
height, and at least 280 years of age (Heinemann et al.
2000; Mathiasen and Premoli 2013). The high-elevation
site is located below the timberline and individuals are
mostly dwarf plants with small leaves, due to harsher envi-
ronmental conditions, not exceeding 2 m tall, 8 cm diam-
eter, and 62 years in age (Mathiasen and Premoli 2013).

Reciprocal transplant experiment

In November 1999, during the austral growing season, 400
randomly selected recently born seedlings (bearing coty-
ledons) that had germinated under natural conditions were
collected from both low- and high-elevation source popu-
lations (approximately at 1200 and 1540 m a.s.l.). These
were transported to a naturally lit greenhouse at 876 m
a.s.l., located 10 km from source populations at the Labo-
ratorio Ecotono (Universidad Nacional del Comahue, Bari-
loche, Rio Negro, Argentina). Seedlings were cultivated for
5.5 years under homogeneous conditions, e.g., similarly
watered and relocated periodically within the greenhouse
to minimize the differences due to micro-environmental
effects. In autumn 2005, a total of 220 of the remaining
greenhouse-grown saplings were relocated to the field fol-
lowing a reciprocal transplant experimental design (Fig. 1).
Experimental plots were established in suitable areas, with
similar characteristics of canopy trees at their home sites
in source populations, at 1258 and 1549 m a.s.l. (low-
and high-elevation experimental sites, respectively) in the
Challhuaco Valley. Within each experimental site a total
of 110 saplings (55 from each provenance) were trans-
planted into the field and randomly positioned so that low
and high plants were all intermixed. Transplanted saplings

were fenced to exclude grazing by hare and other mammals
(Fig. 1). Digital data loggers (HOBO Pro RH/Temp; Onset)
were set on each site to record ambient temperature and
relative humidity every 3 h during the first 4 years of meas-
urements, to obtain biologically relevant climatic variables
(bioclimatic variables). The information on the bioclimatic
characterization of both experimental sites is provided in
the Electronic Supplemental Material (Text S1; Table S1).

Measurements on seedlings

Plant architecture was evaluated in the field by size and
shape traits. Plant size variables included plant height (cen-
timeters) measured on the longest stem with a measuring
tape, and the basal diameter (millimeters) with a digital
electronic caliper 723Z-6/150MM (Starrett, USA). We
counted the total number of branches greater than 1 cm
long on the main stem, and the total number of leaves of
the whole sapling. Plant shape (no. per centimeter) was
calculated as the ratio between the number of branches
and plant height. Initial plant height was measured in the
field at the time of transplantation in order to evaluate dif-
ferences in the relative growth rates (RGR) (Premoli et al.
2007). Plant mortality was recorded each year as live (1)
or dead (0) plants, and quantified as the proportion of dead
plants in 2010 relative to the total number of relocated
plants at the beginning of the experiment in 2005. Some
plants presented partial death of the main stem and/or lat-
eral branches, while some portion of the plant remained
alive, which can be commonly observed in seedling and
also adult Nothofagus plants. Therefore we recorded
whether plants presented partial death of the main stem (1),
a secondary stem (0.5), or none (0).

Leaf measurements were performed on ten leaves ran-
domly selected from different positions within each sap-
ling, so as to represent a sample of the entire individual.
Leaves were harvested at two different times, after the
growing season in March 2008 and at the end of the experi-
ment in March 2013. All leaves were digitalized with an
Epson CX5600 Scanner (Epson America). Images were
used to measure size and shape leaf traits by automatic
recognition using the program SigmaScan Pro 5.0 (Systat
Software). Leaf size was assessed by means of: total leaf
area (squared centimeters), leaf perimeter (centimeters),
and maximum leaf width and length (centimeters). Leaf
shape was described as the width/length ratio, and by the
shape factor, which is a measure estimated by the software
of the relationship between leaf width and the length from
the insertion point of the petiole to the maximum width.
The dissection index was estimated dividing the perimeter
by the square root of leaf area. Leaf functional traits were
measured by means of leaf dry mass (grams) after drying
leaves at 70 °C for 48 h, and specific leaf area (squared
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: High elevation
Source gltes (1549 m a.s.l.)
of seedlings B

(Challhuaco Valley)

Low elevation
(1258 m a.s.l.)

Fig. 1 Scheme of the reciprocal transplant experimental design
showing the location of source populations where Nothofagus
pumilio seedlings from two provenances (source sites) were harvested
(Challhuaco Valley, Patagonia, Argentina). After cultivation under
controlled conditions, saplings were relocated to the field into fenced
plots set up at the low- and high-elevation experimental sites, with the
same characteristics of source populations where seedlings were har-

centimeter per gram), calculated as leaf area per unit of dry
mass.

Leaf phenology observations were made during the leaf-
ing process of saplings from bud burst, at the beginning
of the growing season, until full leaf expansion was com-
pleted. Measurements were carried out during the austral
spring in 2005, 2006, and a final measurement in 2012, i.e.,
after 7 years of plant growth under the reciprocal transplant
experiment. The phenological state of all surviving sap-
lings was recorded weekly from early September to late
November (i.e., from snowmelt until all saplings had fully
expanded leaves) following Premoli et al. (2007). Observed
phenological stages included: resting buds, swollen buds,
unfolded leaves, and fully expanded leaves. Each plant
was assigned to a determined phenological stage when at
least one bud and/or leaf had reached a given phenophase
(all buds/leaves present on each sapling were examined).
We also recorded phenological periods defined as: leaf
unfolding date, as the average date when leaves of sap-
lings reached the unfolded leaf stage; leaf expansion date,
as the average date on which the sapling reached the fully
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Common garden
Lab. Ecotono
(856 m a.s.l.)

Reciprocal transplant

experiment
(Challhuaco Valley)

vested. Top left photographs show seedlings bearing cotyledons, col-
lected at the low- and high-elevation source populations. Bottom left
photograph shows saplings cultivated at the common garden at the
Laboratorio Ecotono. Top right photographs show the fenced plots
set up in low (below) and high (above) experimental sites (photos by
P. Mathiasen and A. C. Premoli)

expanded leaf category; phenological extension, as the time
elapsed since onset until total leaf expansion; and pheno-
logical development, as the time elapsed since snowmelt
until total leaf expansion date.

Statistical analysis

The effects of the reciprocal transplant experiment on
plant, leaf, and phenological traits were assessed by gen-
eralized linear models (GLM). The statistical model for
each trait was run with the altitude of origin (source popu-
lations), the destination (experimental sites), and their
interaction as fixed effects, thus each experimental site
represents a different environment (different altitude).
The model for all traits has normal error structure and
an identity link function, except for mortality which is a
binary trait (alive/dead) and has binomial error structure
and a logit link function. A significant main effect of ori-
gin (O) indicates genetically driven differences among
treatments; whereas a significant main effect of destina-
tion (D) suggests environmentally induced phenotypic
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plasticity for the studied trait; and a significant interac-
tion (D x O) reveals home-site advantage or disadvantage
(Vitasse et al. 2010). The relationship between biocli-
matic variables and growth and leaf traits were also ana-
lyzed by stepwise multiple regression analyses. Phenolog-
ical differences among treatments at each date were tested
by x>-tests between the frequencies of saplings at each
phenological state. In addition, phenological lags of high-
elevation saplings were analyzed by y’-tests between the
frequency of high-elevation plants at each phenophase at
T ;, against the frequency of low-elevation saplings in the
same phenophase at T(;_,), where T is time. All statistical
analyses were run using the program STATISTICA ver-
sion 7.0 (StatSoft).

To measure the relative performance of N. pumilio
seedlings under different experimental sites for each trait
we calculated Hedges’ effect size (d ) (Hedges and Olkin
1985), as the difference between the mean performance of
local (L) plants compared to foreign (F) ones on each exper-

imental site divided by their pooled SD (d = Xt]i“szl)és) and

multiplied by a correction term (1 - (4(NL+N3FZ)])2 to
account for small sample bias (Mgller and Jennions 2002;
Leimu and Fischer 2008). Absolute values of Hedges’ d of
|d] = 0.2 are considered a small effect, |d| = 0.5 an inter-
mediate effect, and |d| = 0.8 a large effect (Cohen 1988).
A positive effect size indicates that local plants outperform
foreign plants in a given environment, whereas a negative
effect indicates better performance of foreign plants.

Results
Plant traits

Overall, after 8 years of the reciprocal transplant experi-
ment, plant architecture differed with elevation. The GLM
analyses for plant architectural traits yielded significant
results for most measured variables (Fig. 2; Table S2).
No significant effect of plant provenance was observed
in initial plant height between low- and high-elevation
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Fig. 2 Average (SE) plant traits measured on N. pumilio saplings
from different treatments [origin (O) x destination (O)] during the
reciprocal transplant experiment at Challhuaco Valley. The signifi-
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plants at each experimental site (Fig. 2a). Saplings from
low elevation attained significantly larger final height and
basal diameter than high-elevation ones at both experimen-
tal sites (Figs. 2b, c). This was reflected in the significant
effect of origin, i.e., provenance of saplings, suggesting a
better performance of thee genotypes (selective advantage)
in both environments for these traits. In addition, low- and
high-elevation saplings at their home environment had
more branches and higher whole plant performance traits
such as RGR, as well as lower partial death and mortality
than the transplanted saplings. The significant destination
x origin interaction for these traits indicates local adap-
tation (Fig. 2d, g-i). In contrast, other plant characters
such as the total number of leaves, plant shape, number of
branches, and basal diameter yielded a significant effect of
destination, i.e., growing conditions during the experiment,
which suggest plastic responses for such traits (Fig. 2c—
f). The homogeneity of slopes test for RGR of seedlings
yielded significant differences [F 3 53, = 7.090; P < 0.001]
among slopes for the different treatments of the reciprocal
transplant experiment, indicating different growth patterns

of plants from contrasting origins growing at the low-eleva-
tion experimental site (Fig. S1; Table S3).

Leaf traits

The GLM results for leaf traits yielded significant differ-
ences among treatments (Fig. 3; Table S4). Saplings grow-
ing at the high-elevation experimental site produced leaves
that were significantly smaller, narrower, and lighter than
those of the low-elevation experimental site (P < 0.001;
Fig. 3a—e). The significant destination x origin interaction
for most leaf size traits such as total leaf area, leaf perim-
eter, maximum width, maximum length, and the functional
leaf trait dry mass, suggest local adaptation (Fig. 3a—e).
Signals of these adaptive adjustments were found for
all leaf-size traits and dry mass particularly at low eleva-
tion where local plants attained greater values than high-
elevation ones. Moreover, saplings from contrasting ori-
gins attained similar leaf-size traits at the high-elevation
experimental site suggesting environmental, i.e., plastic,
adjustments to extreme conditions. Leaf shape characters
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Fig. 3 Average (SE) leaf traits measured on N. pumilio saplings
from different treatments (O x D) from the reciprocal transplant
experiment at the Challhuaco Valley. The significance of each main
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Table 1 Summary of the main results yielded by leaf phenological
observations presented as dates (day of the year) on which at least
80 % of N. pumilio reached a given stage for saplings from the recip-
rocal transplant experiment between contrasting elevations in the
Challhuaco Valley

Experimental siteSapling prov- RB date SB date UL date EL date

enance
Low elevation Low 254%261%* 273%* 287*
High 261%267* 281* 293*
High elevation Low 281%287 293 308
High 287%287 300 314

See Online Fig. S2 for detailed results

RB Resting buds, SB swollen buds, UL unfolded leaves, EL fully
expanded leaves

# P < 0.05 (significant results for ¥ >-tests between low- and high-ele-
vation sites)

and the functional trait SLA reached similar values under
each growing condition suggesting plastic adjustments
(Fig. 3f-i).

Leaf phenology

Phenological patterns of N. pumilio differed with altitude.
Leaf expansion of saplings at the low-elevation experimen-
tal site started 21 days earlier than that of high-elevation
ones (Table 1; see Fig. S2 for detailed results of y>-tests).
A significant delay in leaf expansion of high-elevation sap-
lings was measured within both experimental sites. Conse-
quently, high-elevation plants presented a significant delay
of 1 week in phenology initiation relative to low-elevation

ones independently of the destination site (Table 1; Fig.
S2).

The GLM analyses for phenological traits show a strong
significant effect of altitude (destination) on leaf unfolding
and expansion dates (Fig. 4a, b; Table S5). In addition, a
significant main effect of provenance (origin) was found
for these two variables, as evidenced by the earlier dates
for the leafing process measured on plants from low-eleva-
tion origin at both experimental sites (Fig. 4a, b), indicat-
ing also genetic differences. The length of leaf unfolding
period (phenology extension) showed a significant main
effect of destination (i.e., altitude, environmentally induced
phenotypic plasticity), while the time elapsed since snow-
melt until total leaf expansion (phenological development)
yielded a significant main effect of origin (i.e., source pop-
ulation, genetically driven differences) (Fig. 4c, d).

The multiple regressions among phenological traits and
climatic variables yielded significant relationships for all
measured traits (Table S6). Leaf unfolding date and phe-
nology extension are significantly correlated with the mean
annual temperature, whereas the leaf expansion date and
the phenological development are significantly correlated
with the chilling degree days during spring.

Effect size

Effect size analysis for most plant architectural and leaf
traits (Fig. 5; Tables S7, S8) show that the low-elevation
site presented intermediate to large effect size whereas at
high elevation the effect was small to moderate. This means
that low-elevation plants have an overall better perfor-
mance than high-elevation ones in both experimental sites
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Effect size

Plant traits

Fig. 5 Effect size (Hedges’ d) of the interaction (O x D) on plant
and leaf morphological traits measured on N. pumilio saplings from
the reciprocal transplant experiment at Challhuaco Valley. Absolute
values of Hedges’ d (Idl) = 0.2 are considered a small effect, ldl = 0.5
an intermediate effect, and |dl = 0.8 a large effect (Cohen 1988). A
positive effect indicates better performance of local plants compared
to foreign plants at a given site. PHi Initial plant height, PH final

(Fig. 5a, b). However, the effect size for specific leaf area
showed that foreign plants outperformed local plants in the
low-elevation site (Fig. 5b).

Discussion
Plastic adjustments vs. local adaptation

Our results show a combination of adaptive and plas-
tic responses of N. pumilio plants from different origins
when growing in contrasting conditions of the altitudinal
gradient. Adapted genotypes have adjusted to such differ-
ent environmental settings. Thus local plants had higher
growth rates and lower mortality and partial death, as well
as significantly different leaf-size traits and leaf dry mass
in their local environment. Physical conditions of the alti-
tudinal gradient, such as greater chilling and water deficit
degree days at high elevation, impose severe restrictions on
growth. As a result, local plants outperformed foreign ones
particularly at the low-elevation site, while plants of differ-
ent origins growing at high elevation tend to phenotypically
converge. In addition, foreign plants were able to acclimate
to novel environmental settings through plasticity (e.g.,
total number of leaves and branches). Nonetheless, while
some traits may directly adjust through plasticity, others
may be the result of tradeoffs. In addition, some traits, such
as total height and to some extent basal diameter, showed
selective advantage in low-elevation genotypes under both
growing conditions.

Common garden experiments developed for N. pumilio
evidenced that differences in plant and leaf traits between
low- and high-elevation saplings are under genetic con-
trol (Premoli et al. 2007). The results of the reciprocal
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| I | L 1 1 ! 1
PHi PHf NB BD NL PS PD PM RGRMean

LA LP MW ML SF WL LT DM SLA Mean
Leaf traits

plant height, NB number of branches, BD basal diameter, NL number
of leaves, PS plant shape, PD partial death, PM plant mortality, RGR
relative growth rate, LA leaf area, LP leaf perimeter, LW maximum
leaf width, LL maximum leaf length, SF shape factor,, DI dissection
index, DM dry mass, SLA specific leaf area; for other abbreviations,
see Fig. 2

transplant experiment presented here suggest that the norm
of reaction of those genotypes may allow plastic adjust-
ments under field conditions. This also shows that tradeoffs
may exist between the number of leaves, their shape, and
mass per unit area in response to contrasting physical con-
ditions along elevation gradients. As such, low-elevation
plants have a lower number of leaves but of greater size and
mass. On the other hand, high-elevation plants may develop
a larger number of relatively smaller leaves to avoid self-
shading under increased irradiance (Givnish 1987) and in
response to prevailing strong winds that may increase bud
damage (Smith et al. 2003).

Phenological events, such as the initiation and the end
of seasonal growth, are thought to be under strong evolu-
tionary control because of their influence on tree fitness
(Vitasse et al. 2013). Early leafing in spring may increase
light capture and carbon gain prior to canopy closure
(Lopez et al. 2008), thus conferring a competitive advan-
tage to translocated plants at high elevation. It has been
argued that early leafing may increase exposure to freez-
ing, which could damage buds and leaves resulting in a
maladaptive trait, the so-called frost damage hypothesis
(reviewed by Martin et al. 2010). However, other studies
demonstrated that frost injury varies across species and
throughout their distribution, and may even decrease with
climate change (Morin and Chuine 2014). Under such sce-
narios of global warming where less frequency of freezing
events is expected, survival of early leafing genotypes may
be increased, conferring on them a competitive advantage.

Leaf phenological traits of N. pumilio related to the ini-
tiation of the leafing process are genetically controlled and
showed a strong relationship with the mean annual tem-
perature. The length of the leaf unfolding process was con-
trolled by the altitude (environmentally induced phenotypic
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plasticity) which is significantly related to chilling degree
days, indicating a trade-off between maximizing growing
season length and the avoidance of frost damage (Vitasse
et al. 2013). The physiological mechanisms trees adopt to
escape, avoid, and tolerate freezing temperatures include
a cold acclimation in autumn, a dormancy period during
winter (leafless in deciduous trees), and the maintenance
of a certain freezing tolerance during dehardening in early
spring (Vitasse et al. 2014). Nonetheless, the results pre-
sented here clearly show that leaf phenology, although
under genetic control in response to extreme environmen-
tal conditions (Premoli et al. 2007), may also acclimate
as depicted by phenological shifts in response to growing
conditions.

Ecological implications of adaptive plasticity

Many taxa have had to shift their distributions to track
recent climate changes. Range shifts usually take place at
the leading edge of range expansion via long-distance dis-
persal of small numbers of migrant individuals (Hill et al.
2011). Populations inhabiting distribution margins, such
as those that occur at high elevation, may be the result
of former upslope migration events resulting in a genetic
depauperation due to bottlenecks produced during founder
events. In addition, plant taxa at high elevation may face
strong directional selection which results in local adapta-
tion with somewhat reduced acclimation potential. In par-
ticular, if genes are subjected to natural selection, high
gene flow can be overcome by selection among hetero-
geneous environments, producing clines associated with
physical gradients (Mitton 1995). Premoli (2003) found
continuous clinal genetic variation in populations of N.
pumilio along the altitudinal gradient, as a result of adap-
tive responses to ecological gradients and/or restrictions
for gene flow. Other tree species have shown these same
patterns of strong local adaptation to heterogeneous envi-
ronments, resulting in genetically different populations
(Rehfeldt 1983, 1989, 1995; Rehfeldt et al. 1999, 2002;
Ishizuka and Goto 2012). Lack of genetic variation pre-
cludes adaptation to novel environmental conditions pre-
vailing at range limits. While phenotypic plasticity (i.e.,
fine tuning) and adaptive (i.e., long-term) responses allow
populations to cope with climate change (Salmela 2014),
taxa with restricted evolutionary potential (i.e., genetically
adapted to local conditions) may be at risk of not keep-
ing pace with rapidly changing conditions, because of
their relatively low plasticity (Ishizuka and Goto 2012).
The evidence presented here shows that high-elevation
plants present lower performance in their local environ-
ment, and also in the low-elevation experimental site (i.e.,
higher temperatures), being outgrown by low-elevation
plants for most plant and leaf traits as shown by near zero

or negative Hedges’ d effect sizes. Molecular studies on N.
pumilio along elevation gradients show that genetic diver-
sity by means of isozymes and microsatellite markers sig-
nificantly decrease with elevation (Premoli 2003; Mathi-
asen and Premoli 2013).

At its northern distribution, N. pumilio is restricted to
mountain environments that probably suffered from genetic
erosion due to in situ survival as small populations within
ice-free areas (Mathiasen and Premoli 2010). In addition
to a complex evolutionary history at its northern range,
ecological factors impact on the gene pool of N. pumilio.
Reduced germination rates at high elevation (Premoli 2004)
in combination with limited opportunities for seed estab-
lishment (Barrera et al. 2000; Cuevas 2000; Heinemann
et al. 2000) favors vegetative propagation which results
in genetically poor populations near the treeline. To some
extent this may translate into limited potential responses
of high-elevation individuals to changing local grow-
ing conditions. In contrast, low-elevation populations are
genetically diverse (Premoli 2003), which may correlate
to a greater capacity for adaptive and plastic adjustments
of these plants in their home environment. For most traits
high-elevation plants were outperformed by low-elevation
ones even at high elevation, as shown by, e.g., greater
total height and early onset of leafing phenology of low-
elevation plants. Thus, under relaxed selection pressures at
upper altitudinal limits such as those predicted under cli-
mate warming, high-elevation plants would be potentially
outgrown by low-elevation ones.

Upslope migration

It is widely known that under global scenarios of range
shifts of species, communities and ecosystems due to cli-
mate change, plants from lower elevations will be more
prone to suffer from the negative consequences of such
changes (see review in Parmesan and Yohe 2003). In spite
of this, the results presented here suggest that N. pumilio
may potentially have the ability to grow higher on moun-
tains to endure global warming, which in turn may primar-
ily involve populations from low elevations. The higher
adaptive and plastic response of low-elevation plants will
favor their persistence under environmental changing con-
ditions allowing these populations to track their phenotypic
optimum. However, the relatively lower response capac-
ity of high-elevation plants shows that phenotypic plastic-
ity may reach a physiological limit and saturate in extreme
environments (Premoli and Mathiasen 2011). In addi-
tion, the reduced neutral genetic diversity of these plants,
and thereby low evolutionary potential, suggest that they
will be more prone to suffer from local extinctions under
warmer trends. In contrast, low-elevation populations
with higher genetic diversity may have greater plastic and
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adaptive potential in benign environments for establish-
ment and growth.

Models of migration fronts may be more complex than
previously thought, and should be revised. High-eleva-
tion plants adapted to harshness have potentially limited
responses to changing conditions. Although little mortality
has been reported for high-elevation plants, the poor per-
formance of translocated plants in the low-elevation experi-
mental site (i.e., higher temperature), suggests that low-
elevation plants may outperform them under warmer trends
(i.e., warmer high-elevation environments). The global
mean temperature has risen 0.9 °C over the last 100 years
(Jones et al. 2001; IPCC 2013). The projected change in the
global mean surface air temperature for the near term will
likely be in the range of 0.3-0.7 °C, and for the long term,
if net CO, emissions do not stop rising, the temperature is
expected to rise to 2 °C, or even 3.5 °C higher than the cur-
rent mean temperature (Hulme et al. 2002; IPCC 2013).
The expected increases in extreme weather events under
scenarios of climate change (Easterling et al. 2000) will
lead to biological responses. If altitudinal shifts predicted
under warming occur, it is unlikely that the migration front
will take place from the expansion of local populations
located in the upper altitudinal limit (Daniels and Veblen
2003), but through the gradual migration of genotypes from
lower altitudes with greater fitness performance instead.

In recent years, a growing body of evidence shows that
retraction of the trailing edge of the distribution of vari-
ous woody species is now underway on mountains world-
wide (Jump et al. 2009). Global warming has resulted in
a significant upward shift in species optimum elevation
averaging 29 m/decade (Lenoir et al. 2008), and the rate of
northward tree migration is approaching 100 km/century
for many species (McLachlan et al. 2005; Woodall et al.
2009). We estimated latitudinal postglacial migration rates
of 40 m/year for pollen and 0.4 m/year for seeds (based on
nuclear and chloroplast DNA markers, respectively) under
optimum conditions for N. pumilio regeneration (Mathi-
asen and Premoli 2010), which correspond to 0.46 m/year
in elevation (following Jump et al. 2009). Populations of
N. pumilio occupy altitudinal gradients along which they
show gradual variation in several functional and genetic
traits (Rusch 1993; Premoli 2003). Given its limited dis-
persal ability, upslope migrations will probably occur as
a slow stepping stone process from nearby low-elevation
yet genetically distinct populations that will gradually out-
compete local plants. However, field observations of phe-
nological rhythms in adult trees at mid-elevations evidence
the presence of early leafing trees (P. M. and A. C. P, per-
sonal observation), which may indicate that upslope migra-
tion of low-elevation plants is already ongoing at Chall-
huaco Valley. Studies developed on several species have
demonstrated that plants that possess greater phenotypic
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plasticity outperform native species (Porte et al. 2011), and
frequently invade new habitats by competitive advantage
(Matesanz et al. 2012). Therefore, better performer neigh-
boring lower-elevation genotypes may gradually replace
the high-elevation ones, which in turn have a relatively
reduced potential for evolutionary adaptation (Fig. 6).
Under the assumption that all species are in equilibrium
with the climate, their range limits should be determined
by climatic factors, more specifically temperature-driven
factors (Randin et al. 2013). In spite of its wide latitudinal
range, N. pumilio has a narrow climatic niche, as it only
grows along the upper tree line of the Chilean and Argen-
tinean Andes (Lara et al. 2005), and is the dominant and
almost unique tree species of such montane habitats. The
low-elevation limit of N. pumilio forests is represented by
a sharp line below which it is never found, particularly at
low latitudes (i.e., northern range limit). Abiotic stress will
be the limiting factor of range limits in abiotically stressful
places (Louthan et al. 2015). The significant negative rela-
tionship between the mean temperature and precipitation of
the warmest months and the lower altitudinal limit along
the entire latitudinal range of N. pumilio (data not shown),
suggests that it poorly performs under hot and dry condi-
tions (Fig. 6). As a typical cold-tolerant species, N. pumilio
better performs in cooler habitats and hardly survives in
warmer ones. N. pumilio have drought-induced faculta-
tive leaf abscission (A. C. P., personal observation) to pre-
vent plant death, and may also suffer partial death of their
peripheral branches (dieback) under intense drought condi-
tions (Veblen et al. 2003). Therefore, we may conclude that
the lower altitudinal limit of N. pumilio forests is mainly
controlled by abiotic factors, particularly under high stress
conditions, i.e., drought. In addition, increased folivory in
dry forests may negatively affect N. pumilio performance
due to serious leaf damage by insects inhabiting warmer

Precipitation

Lower

Higher
Latitude

Fig. 6 Distribution of the lower altitudinal limit (elevation) of N.
pumilio forests, showing the variation in the bioclimatic variables:
mean temperature of the warmest quarter (BIO10) and precipitation
of the driest quarter (BIO17) with latitude (°S)
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clinal variation X
local adaptation
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migration + adaptation

local extinction?

/ range retraction?

Rear edge
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Migration front

)

rate 0.4m/yr

Fig. 7 Illustration showing the general global trend of upward move-
ment of the lower elevation treeline in mountains. Current distribu-
tion (a) and potential future migration (b) of N. pumilio forests along

zones (Mazia et al. 2012). We would expect that herbivory
will have larger effects under stressful conditions because
of a plant’s decreased ability to recover.

Therefore, under scenarios of global warming N.
pumilio will most probably retract its range from current
low-elevation (i.e., warmer) locations, tracking less harsh
environments towards higher elevations (Fig. 7). Nonethe-
less, the use of complex modeling approaches are needed
to improve predictions of climate change impacts on
pure N. pumilio stands, as well as on other high-elevation
forests.
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