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ABSTRACT
In mountain ecosystems, temperature and precipitation change along elevation and determine 
the lower and upper limits of tree species which form forests. Early life performance of tree 
species has been assessed along elevational gradients as a proxy for several environmental 
variables. Here, we attempt to answer the following question: How does elevation provenance 
influence seed mass, viability, and germination of Queñoa (Polylepis spp.)? We worked with four 
species from two contrasting environments from northwest Argentina. We gathered seeds along 
elevation gradients, seeds were weighed, tested for viability (Triphenyltetrazoliumchlorid; TTC) 
and germination percentage in a controlled environment. The analysis was performed using 
Generalized Linear Models (GLM). We found low germination percentages in all species, probably 
related to low seed viability. The two species from humid environments had lower seed mass and 
higher germination percentages than the two species from dry environments. The effect of 
elevational provenance negatively affected the germination of two species, while the other two 
species were not affected. We conclude that although the four species studied belong to the 
same genus, their early life characteristics differ between environments and along elevational 
gradients according to species. Trends regarding future temperatures suggest increases in 
germination for two of our study species and no effects on the other two species.

Resumen
En los ecosistemas de montaña, la temperatura y la precipitación cambian a lo largo de la elevación 
y determinan los límites superior e inferior de las especies de árboles que forman los bosques. El 
rendimiento en la vida temprana de las especies de árboles de montaña se ha evaluado a lo largo 
de gradientes de elevación como proxy de varias variables ambientales. En este trabajo contest
amos la siguiente pregunta: ¿Cómo influye la elevación sobre la masa, la viabilidad y la germinación 
de las semillas de Queñoa (Polylepis spp)? Trabajamos con cuatro especies de dos ambientes 
contrastantes del noroeste argentino. Recolectamos semillas a lo largo de gradientes de 
elevación y probamos la viabilidad (cloruro de trifeniltetrazolio; TTC) y la germinación (ambiente 
controlado). Pesamos las semillas e incluimos la variable individuo para desarrollar modelos lineales 
generalizados (GLM). Encontramos bajos porcentajes de germinación en todas las especies, proba
blemente relacionados con la baja viabilidad de la semilla. Encontramos diferencias significativas 
entre los porcentajes de germinación de ambientes contrastantes. El efecto de la procedencia 
elevacional afectó negativamente la germinación de dos especies, mientras que las otras dos 
especies no se vieron afectadas. Concluimos que aunque las cuatro especies estudiadas pertenecen 
al mismo género, sus características de vida temprana difieren entre ambientes y a lo largo de 
gradientes de elevación según la especie. Las tendencias con respecto a las temperaturas futuras 
sugieren aumentos en la germinación para dos de las especies de nuestro estudio y ningún efecto 
en las otras dos especies.
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Introduction

Elevational and latitudinal gradients are the main dri
vers of the global diversity patterns [1,2] and they are 
used as proxy for several environmental variables 
(namely temperature, UV exposure and precipitation). 
Temperatures and precipitation change along elevation 
and determine tree species distribution ranges [3,4]. 

Climate constraints seed production and explains the 
absence of trees at high elevations according to the 
“reproduction hypothesis” [5]. Various environmental 
variables, as temperature and precipitation, influence 
seed germination and seedling emergence directly [6], 
but also indirectly by influencing seed mass [7]. In con
trast to several studies addressing tree regeneration at 
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upper treelines [8,9], lower distribution limits are not 
profoundly studied, but it is assumed that they are 
determined by inter-specific competition rather than 
by climate [10].

Seed and fruit traits play a central role on under
standing ecological processes and how global environ
mental change will impact plants and ecosystems [11]. 
In particular, seed mass is a critical character of 
a plant’s life history as it may highly influence the 
regeneration process of a population [12,13]. 
Increasing seed mass within species was shown to 
correlate with an increase in seed germination 
[14,15], but not always [16]. Particularly in adverse 
conditions or with high competition pressure, larger 
seeds can have a higher establishment success, as they 
provide more reserves for seedlings [17]. Lighter seeds, 
instead, would be able to have larger dispersal dis
tance [17,18].

At mid- and high-elevation regions of the Andean 
Cordillera of South America, from Venezuela to central 
Argentina, forests are dominated by 28 species of the 
genus Polylepis Ruiz & Pavon [19]. Like other mountain 
forests, Polylepis forests offer valuable environmental 
services and they harbour a rich endemic biota [20,21]. 
The elevational distribution ranges of Polylepis species 
are defined by both land-use and climatic factors, with 
the lower elevation limits being shaped mainly by 
climate and competition, but also by anthropic factors 
[22]. Human activities as logging, fire making or cattle 
raising [23] as well as several climatic factors [21] as 
temperature [24] and precipitation [25] control the 
upper distribution limit. Polylepis forests are increas
ingly at risk by habitat loss, fragmentation, and degra
dation, mining activities, cattle grazing and fire, and 
they face future threats from climate change [26,27].

The natural regeneration of the different Polylepis 
species is jeopardized by low germination (˂25%) for 
P. australis [2,28] and extremely low (˂10%) germina
tion for P. neglecta, P. incarum and P. pacensis [29]. The 
large production of non-viable seeds has been attrib
uted mainly to parthenocarpy and resource limitation 
[28,30]. Reforestation programs are limited by scarce 
knowledge about the ecology of the species, particu
larly information about reproductive biology, seed ger
mination and seedling habitat requirement [31,32].

The geographic and climatic variability of the 
Andean Cordillera creates conditions where organisms 
develop special adaptations [33]. Some species (for 
example, P. tomentella Wedd. and P. tarapacana Phil.) 
withstand a high amplitude of temperatures, in semi- 
arid or arid environments in the southern tropical 
Andes [34]. Other species, as P. australis and 
P. hieronymi, grow in more humid environments such 
as subtropical clouded forests [27]. Climate change can 
affect precipitation and temperature belts in mountain 
regions. Elevational gradients heavily influence the 
general performance of mountain tree species [1] and 

treeline ecotones are expected to be among the sys
tems most susceptible to the expected global climate 
changes worldwide [35].

In northwest Argentina two main climate types 
can be delimited: a cold arid or semi-arid climate in 
the western areas with higher elevations and warmer 
subtropical climate in the eastern lower elevations 
areas of the region [36]. Global scenarios available in 
Chelsa (http://chelsa-climate.org) predict warmer 
annual conditions and a decrease in annual precipi
tations for northwest Argentina. In this work, we aim 
to answer the following question: How does eleva
tion influence the seed mass, viability, and germina
tion of Queñoa (Polylepis spp.) originating from two 
contrasting environments; P. tarapacana and 
P. tomentella of semi-arid environments and 
P. australis and P. hieronymi of humid forests? We 
expect that our study can give insights to the poten
tial tree distribution shifts in response to climate 
change and we expect to provide information that 
may aid tree production for forest restoration 
purposes.

Methods

Study area

Our study area comprised the mountain range of the 
Central Andes (between −25 and −21° of latitude) in 
the Jujuy province of Argentina, considering three 
different eco-regions: Puna, High-Andes and Yungas 
[37,38].

The Puna ecoregion ranges between 3200 and 
3700 m asl. The climate is cold and dry with intense 
solar radiation and large daily and seasonal thermal 
variations. Mean annual temperature varies from 5 to 
7°C, with periods of night frost between March and 
October. Rainfall is scarce and largely seasonal, mean 
annual precipitation is 250 mm [39]. P. tomentella is 
present in the Puna ecoregion.

The High-Andes encompasses all the mountainous 
areas that are higher than the Puna region and range 
in general between 3700 and 5000 m asl but the high
est peaks can exceed 6000 m asl and have permanent 
snow. Mean annual temperature varies from 0 to 4° 
and monthly average temperatures tend to be below 
zero degrees for more than half of the year. There is 
high solar radiation, the thermal amplitude is very 
large and mean annual precipitation is about 190 mm 
[38]. The only arboreal component is P. tarapacana, 
which generally grows as a shrub.

In contrast, P. australis and P. hieronymi appear in 
the subtropical Yungas ecoregion or Tucuman-Bolivian 
Forests where rainfall ranges from 700 to 2000 mm/ 
year [31]. Yungas are located on the eastern hillside of 
the Andes, ranging in elevation from 400 to 3400 m asl. 
Polylepis species appear in the highest parts of this 
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ecoregion in the Open Woodlands (2500–3000 m asl) 
and they sometimes appear above the treeline in the 
Foggy Montane Grasslands (˃3000 m asl). Yungas are 
seasonal with discontinuous precipitation regimes [40] 
and 80% of rain falls during summer. The Yungas 
ecosystem is considered vulnerable [41] as more than 
one-half of the original forest has disappeared, due to 
logging, agriculture, exotic Pinus invasion, road devel
opment, human colonization and tourism [42].

Species characteristics

The genus Polylepis belongs to the Rosaceae family 
and is distributed along the Andes from Venezuela to 
Northern Chile and in the Sierras de Córdoba in central 
Argentina. The fruit is an achene (hereafter called 
seed), with different types of protrusions that appear 
irregularly over the surface. We selected four Polylepis 
species present in northwest Argentina to study con
trasting ecological situations at a relatively small dis
tance. P. australis are small trees (mean height in the 
study area = 5.9 m), the glabrous leaves have 7 leaflets. 
The aches have undulating small ridges. The species 
conservation status is not reported by the International 
Union of Conservation Network (https://www.iucnred 
list.org/). P. hieronymi, assessed as Vulnerable by the 
IUCN, grows as bushes or small trees (mean 
height = 2.1 m), its leaves have 9 leaflets that are very 
tomentose. The seeds have spiny ridges. P. tarapacana 
grows as patches of small bushes, has 3 glabrous leaf
lets per leaf and seeds have tiny hooks. The species is 

classified as Near Threatened and inhabits the High- 
Andes. P. tomentella are small trees (mean = 3.4 m), 
and each tomentose leave has 5 leaflets. The ridges of 
the seeds are almost absent. The species was assessed 
as Near Threatened by the IUCN.

Seed collection

Seeds were collected during December 2017– 
January 2018 (P. australis and P. tomentella), 
November–December 2018 (P. hieronymi) and 
December 2019 (P. tarapacana) at four locations situ
ated 125 ± 12 km from each other: Yala (24.09112°S; 
65.50431°W) for P. australis, San Bernardo (23.79700°S, 
65.31133°W) for P. hieronymi, both in the Yungas ecor
egion. For P. tarapacana, we collected seeds at 
Lagunillas del Farallón (22.32640° S, 66.07960° W) in 
the High-Andes and for P. tomentella in Quebraleña 
(23.28077°S; 65.76641°W) in Puna. All locations are in 
the Jujuy province in the northwest of Argentina 
(Figure 1). At each location, we established an eleva
tional transect including the entire local elevation gra
dient of the species. We collected seeds ad libitum 
from different trees accordingly to seed offer. The 
number of trees sampled per gradient, number of 
forest fragments, elevational range, and mean number 
of seeds collected per tree is indicated in Table 1. We 
only selected trees with a mature seed offer of 25% of 
the total crown (visually estimated). We selected seeds 
based on criteria of coloration (fruits of light brown 
colour) and degree of adhesion (easily removable). The 

Figure 1. Map of study area. Scale of grey indicates relief. Black geometric figures indicate study sites for different species. Lines 
indicate country or province administrative divisions.
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collection of seeds was done manually. Because ger
mination varies highly for P. australis [43], we indivi
dualized each tree and incorporated individual tree as 
a variable in all studied species.

Physical and physiological quality

We weighed 100 seeds per tree. Seeds were separated 
manually and weighed in an analytical balance. For 
P. australis, P. hieronymi and P. tarapacana, we tested 
the viability of applying Triphenyltetrazoliumchlorid 
(TTC) [44] to 50 seeds of each tree. Due to the small 
amount of P. tomentella seeds collected we did not 
measure viability, but prioritized germination experi
ments. For all four species, we measured germination 
(%) in germination chambers under controlled envir
onmental conditions of humidity, temperature, and 
light. We performed germination experiments accord
ing to availability, sowing 30 seeds per Petri dish. For 
each tree of P. australis and P. hieronymi, we used 4 
Petri dishes per treatment, with a total of 156 and 216 
Petri dishes, respectively, or a total of 4680 seeds for 
P. australis and 3120 seeds for P. hieronymi. For 
P. tarapacana, we used 3 Petri dishes per treatment 
per tree, with a total of 72 Petri dishes and 3150 seeds. 
For P. tomentella, we used 1, 2 or 3 Petri dishes per 
treatment with a total of 54 Petri dishes and 1590 
seeds. Preliminary studies with a small amount of 
seeds from a previous year (Cuyckens and Hensen, 
unpublished data) for P. australis and P. hieronymi test
ing four treatments: 1. 8°C/4°C (day/night), 2. 20°C/10° 
C (day/night), 3. 32°C/20°C (day/night) and 4. at 
a constant of 23°C, indicated that germination was 
highest for treatment 2 and 3 and nearly 0 for treat
ment 1. For P. australis, temperatures of 20°C/10°C are 
known to reflect optimum temperatures [43]. No refer
ences exist on optimum temperatures for 
P. tarapacana and P. tomentella. For other species in 
arid environments (P. neglecta, P. incarum y P. pacensis) 
Vega et al. [29] used a constant temperature of 25°C 
and Gareca et al. [45] used a constant of 16.6°C for 
P. subtusalbida. We selected a temperature and light 
regime with daily changes because constant tempera
ture and continuous light conditions are not encoun
tered frequently in nature and these conditions are not 

recommended in experimental conditions [44]. For 
logistic reasons, we used the same temperature treat
ments for all the species. Each germination experiment 
had 45 days of duration. During this period, germi
nated seeds and non-germinated seeds were recorded 
twice weekly.

Data analysis

To compare seed mass, viability, and germination 
between species, we performed Analysis of Variance 
(ANOVA). When the ANOVA indicated difference, we 
performed post-hoc tests, multiple pairwise compari
sons between species to identify which species were 
different. To test if elevation affected seed mass, viabi
lity, and germination, we developed generalized linear 
models (GLM) for each species. The GLM is a flexible 
generalization of ordinary linear regression that allows 
for response variables that have error distribution 
models other than a normal distribution [46]. We 
included individual as a random factor, as germination 
could differ significantly between individual trees [28]. 
Individuals were nested within elevation. We explored 
the associations between seed mass, viability, and ger
mination with linear regressions. For all models, the 
normality of the residuals and the absence of over- 
dispersion were verified. We used the software R [47] 
for all statistical analyses and graphic representation.

Results

Seed masses were similar for the two species from the 
humid environments, P. australis and P. hieronymi 
(p = 0.45880) and around 0.57 and 0.43 times smaller 
as compared to P. tarapacana (p ˂ 0.001) and 
P. tomentella, respectively, from the arid environments 
(p ˂ 0.001; Table 2). Along the elevation gradient, seed 
mass increased with elevation for P. hieronymi 
(F = 5.353, df = 23, p-value = 0.03) and there was no 
significant relation between seed mass and elevation 
for the other three species (Figure 2; Table 3). We 
found differences in seed mass between individuals 
for P. australis, P. tarapacana and P. tomentella and no 
significant differences for P. hieronymi.

Seed viabilities were similar for P. australis, 
P. hieronymi and P. tarapacana, while we had no data 
for P. tomentella. Along the elevation gradient, seed 
viability did not significantly differ in any of the species 
studied. For P. hieronymi, the model detected differ
ences between individuals, but not for the other two 
species (Table 3).

Germination percentages for P. australis and 
P. hieronymi were similar and around 3.7 times higher 
as compared to P. tarapacana and P. tomentella for the 
20°C/10°C treatment (p = 0.001) and around 10 higher 
for the 32°C/20°C treatment (p = 0.05; Table 2). Along 
the elevation gradient, seed germination response 

Table 1. The number of trees sampled per gradient, number of 
forest fragments, elevational range, and mean number of 
seeds collected per tree.

Species

Number of 
trees 

sampled per 
gradient

Number 
of forest 

fragments

Elevation 
range (m 

asl)

Mean number 
of seeds col

lected per tree

P. australis 23 7 2100–2700 2153
P. hieronymi 27 7 2300–2850 1431
P. tarapacana 12 9 4250–4600 569
P. tomentella 10 5 3600–4050 214
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differed among species (Table 3, Figure 3 and Figure 4). 
For P. australis, germination decreased with elevation 
for both temperature treatments (p = 0.01 at 20°C/10°C 
and p = 0.05 at 32°C/20°C). For P. hieronymi we found 
no significant effects on both germination treatments. 
For P. tarapacana, germination decreased with eleva
tion for one temperature treatment (p = 0.01 at 20°C/ 
10°C) and germination differences were detected 
between individuals (p = 0.05 at 20°C/10°C), but no 
significant differences at 32°C/20°C. Finally, for 
P. tomentella, our models detected no significant dif
ferences. For P. tarapacana, the model detected 

differences between individuals, but not for the other 
three species (Table 3).

In all four species, a high percentage of non- 
germinated seeds were found to be without embryo. 
Based on linear regressions (Figure 4), there was no 
effect of seed mass on germination in any of the four 
species. We detected associations between viability 
and germination values for P. australis: R2 = 0.17, 
F = 4.277, df = 22, p-value: 0.047 for treatment (20°C/ 
10°C), R2 = 0.24, F = 6.606, df = 22, p-value = 0.017 for 
treatment (32°C/20°C) and P. hieronymi: R2 = 0.31, 
F = 1.22, df = 26, p-value = 0.00257 for treatment (20° 

Table 2. Species, means ± standard deviation and range (lowest and highest tree values in parenthesis) of mass per 100 seeds (g), 
viability (%), and germination (%) at 20°C/10°C (day/night) and 32°C/20°C (day/night) of four Polylepis species in northwest 
Argentina. Different letters within a column indicate significant differences in Post-hoc tests and results from Analysis of Variance 
(ANOVA) are indicated.

Species Mass per 100 seeds (g) Viability (%) Germination (%) 20°C/10°C Germination (%) 32°C/20°C

P. australis 0.25 ± 0.07 
(0.20–0.46) 

A

27.0 ± 13.4 
(12 to 64) 

A

14.9 ± 16.6 
(0 to 57.5) 

A

9.7 ± 14.2 
(0 to 53.3) 

A
P. hieronymi 0.32 ± 0.10 

(0.14 to 0.58) 
A

26.7 ± 11.1 
(8 to 50) 

A

14.7 ± 9.0 
(2 to 42) 

A

10.4 ± 6.6 
(0 to 27) 

A
P. tarapacana 0.50 ± 0.10 

(0.37 to 0.69) 
B

22.9 ± 14.4 
(0 to 50) 

A

4.3 ± 4.4 
(0 to 14.4) 

B

1.4 ± 1.3 
(0 to 3.3) 

B
P. tomentella 0.65 ± 0.12 

(0.43 to 0.82) 
C

3.8 ± 3.1 
(0 to 8.33) 

B

0.6 ± 1.0 
(0 to 2.5) 

B
ANOVA: F = 41.8, df = 3, p � 0.001, 

n = 72
F = 0.742, df = 2, p = 0.48, 

n = 62
F = 4.7, df = 3, p = 0.00483, 

n = 72
F = 9.7, df = 3, p = 0.002960, 

n = 72

Figure 2. Seed mass (for 100 seeds) for P. australis, P. hieronymi, P. tarapacana and P. tomentella from different elevations. The blue 
line indicates a significant trend and grey shading the estimated 95% confidence interval.

Table 3. Results of GLM of four Polylepis species in northwest Argentina for seed viability, germination percentage at 20°C/10°C 
(day/night) and 32°C/20°C (day/night). Significance level: “**” < 0.01, “*”< 0.05.

Seed mass Viability 20°/10° 32°/20°

Estimate P-value Estimate P-value Estimate P-value Estimate P-value

P. australis Elevation 1.294E-04 0.115 5.05E-03 0.789 −3.89E-02 0.01123 * −0.02955 0.00731 **
Individual:Elevation −8.228E-07 0.487 4.55E-04 0.151 2.30E-04 0.30428 3.10E-04 0.14161

P. hieronymi Elevation 3.333E-04 0.00847** −1.34E-03 0.9354 −1.43E-03 0.924 1.25E-02 0.261
Individual:Elevation 2.117E-06 0.04156 * 2.83E-04 0.0414 * 6.07E-05 0.612 8.59E-05 0.33

P. tarapacana Elevation −3.340E-04 0.273 −1.34E-03 0.605 2.65E-02 0.03368 * 5.04E-03 0.337
Individual:Elevation 5.953E-07 0.820 2.83E-04 0.945 −3.30E-04 0.00532 ** −2.78E-05 0.512

P. tomentella Elevation −6.994E-04 0.599 −1.17E-02 0.74 −3.84E-03 0.724
Individual:Elevation 4.036E-06 0.722 5.89E-06 0.984 1.37E-05 0.881
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C/10°C) and R2 = 0.20, F = 6.014, df = 26, 
p-value = 0.002152 for treatment (32°C/20°C). Only 
for P. tarapacana viability and germination were not 
significantly associated: F = 0.5857, df = 11, 
p-value = 0.4618 for treatment (20°C/10°C) and 
F = 0.002585, df = 11, p-value = 0.9604.

Discussion

In accordance with previous studies [2,28,29,48], we 
found low germination percentages for all species 
and presumably the low seed viability is the main 
reason for low germination percentages. The germina
tion percentage for P. australis was similar to 20.3% 
and 23.0% ± 15.7 reported for the southern part of its 
distribution [28,43], and P. tarapacana germination 
percentages were in the range of 2–10% found in 
Bolivia [49]. We could not find published results on 
P. hieronymi, but Hensen (unpublished) found 20% of 
the viable seeds in Peru, similar to our germination of 
14%. Surprisingly, viability (TTC test) of P. tarapacana 

was high (23%) when compared to germination, this 
suggests the possibility of dormancy in a part of the 
seeds. In contrast, the average germination percentage 
for P. tomentella (3.8%) was lower than 7.4 ± 7.9% [48] 
and 13.5–23.5% found in Bolivia for that species [50] 
but similar to other species of dry environments; 
P. incana (2 to 4%) in a dry Andean region in Puno 
(Peru) [51] and P. incarum (2%) at 3860 m asl in 
Bolivia [49].

We found differences between germination percen
tages for species from contrasting environments but 
not within the same environment (Table 2). 
Environmental conditions experienced by plants dur
ing seed development and maturation have been 
reported to affect seed germination [52,53]. At our 
study sites at High-Andes and Puna, precipitation of 
wettest quarter was of 116 and 334 mm, respectively, 
in contrast to 570 and 635 mm at Yungas (values 
extracted from http://chelsa-climate.org [54]). 
Therefore, low precipitation at Puna and High-Andes 
could be responsible for lower germination 

Figure 3. Germination at 20°/10° (day/night) as estimated under laboratory conditions in relation to elevation for four Polylepis 
species. Blue lines indicate significant trends, and grey shading the estimated 95% confidence intervals.

Figure 4. Germination at 32°/20° (day/night) as estimated under laboratory conditions in relation to elevation for four Polylepis 
species. The blue line indicates a significant trend and grey shading the estimated 95% confidence interval.
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percentages of P. tomentella and P. tarapacana when 
compared to P. australis and P. hieronymi. Seed germi
nation is influenced by water availability which was 
shown to be an important regulator in P. besseri [55].

Contrary to our findings, seed mass is mentioned to 
vary between individuals of the same species [56,57]. 
We did not find a general pattern of seed mass varia
tion with elevation within one species which was in 
line with a study analysing 29 Alpine species [58]. 
Variation in seed mass could be an indirect measure 
of reproductive success, but in this study higher seed 
mass did not translate into higher germination, so seed 
mass could be responding to different environmental 
conditions. In mountainous regions, temperature and 
insolation varies with topography, even between very 
close localities [59]. Between species, seed mass dif
fered due to the responses to selective pressures of the 
environment [58]. Species at higher elevation, 
P. tomentella followed by P. tarapacana, had higher 
seed mass than P. australis and P. hieronymi at lower 
elevations.

Furthermore, concerning the relationship between 
seed mass and germination, published results have 
been rather inconsistent [60–62]. For example, most 
classic studies [62–64] indicate a positive relationship 
between seed mass and germination, also found for 
P. tomentella in Bolivia and P. australis in central 
Argentina [2,43,48]. Nevertheless, Bu et al. [16] found 
a significant negative correlation in 570 alpine species. 
In many cases where clear patterns in the relationship 
between germination characteristics and seed mass 
were found, these patterns differed both between 
species and between populations [65]. In our study, 
species with the heaviest seeds (P. tomentella and 
P. tarapacana) had the lowest germinations.

For P. hieronymi and P. taracapana, individual 
affected germination. For these species, we found 
both arboreal and individuals with a bushy growth. 
Most bushy individuals reproduce by ramets and form 
widespread patches. Localized clonal spread may inter
fere with sexual reproduction by reducing pollen trans
fer and mating between genets [66], so it is possible that 
those bushy “islands” concentrate on asexual reproduc
tion. A better understanding of trade-offs between sex
ual and clonal reproduction in Polylepis could be 
fundamental to understand patterns in germination.

Neither seed viability nor germination did peak at 
intermediate elevations. In the subtropical mountains 
from North-western Argentina tree growth at high 
elevations in the region may be seriously limited by 
water supply as annual precipitation decreases with 
elevation from 1500 mm at 1200–1500 m asl, to 
200 mm above 4000 m asl [25]. According to the 
reproduction hypothesis, limited reproduction could 
be limiting the upper treeline. Cierjacks et al. and 
Wesche et al. [8,67] reported decreasing sexual repro
duction at the upper altitudinal limit for other Polylepis 

species. Our results adjust to this hypothesis, as for 
P. tarapacana and P. australis we found a decrease in 
germination percentage with elevation in the 20°C/10° 
C treatment. In the southern limit of its distribution, 
Marcora et al. [2] found the opposite trend for 
P. australis, i.e. an increase for in-vitro germination 
with elevation, contrary to our study where germina
tion decreased. As these two contrasting patterns are 
difficult to explain, it would be interesting to integrate 
results of germination experiments along the entire 
latitudinal gradient for P. australis.

Climate change is one of the main factors modify
ing high mountain vegetation and may result in spe
cies migration, adaptation, or extinction in the 
coming decades [68,69]. In particular, models predict 
50% distribution reductions for P. tarapacana [68,69]. 
Instead, our germination data for P. australis and 
P. tarapacana (lower germination at higher eleva
tions) suggest that higher future temperatures could 
have a positive impact. Nevertheless, they could be 
limited by water supply as aridness will increase. In 
particular, the differing tendencies with climate 
change for P. tarapacana between modelling [68,69] 
and germination experiments (in the present study) 
are probably due to the potential importance of 
future droughts which we did not evaluate in the 
present study but is taken into account in the model
ling approach. Furthermore, germinations being only 
a small part of all the tree life cycle. We recommend 
more experimental studies on the effects of climate 
change on the genus and on all the important stages 
of the tree life cycle

In conclusion, we did not find evidence of negative 
global environmental change on the seed germination 
in our study species and region. The patterns in seed 
germination which we report with elevation and 
between individuals may be used to better direct 
seed collection for forest restoration purposes. To 
enhance germination, seeds could be collected at the 
lower elevations for P. australis and P. tarapacana, and 
individuals with seeds that have higher germination 
could be identified for P. tarapacana. Decreased ger
mination may hamper reforestation measures which 
are being undertaken with Polylepis species along the 
Andes https://www.globalforestgeneration.org/our- 
work. Our results are only a first step to further studies 
on how ecological strategies are constructed by differ
ent Polylepis species that habitat contrasting ecological 
situations. Other plant functions that should be inves
tigated [11] are seed dispersal, persistence, germina
tion timing, seedling, juvenile and adult establishment, 
growth and survival patterns.
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