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Chile: evidence for evolutionary
convergence in a harsh habitat
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Introduction: High elevation plants experience cold temperatures and short
growing seasons that constrain their owering window. These environmental
limitations are expected to promote strong overlap in owering phenology
among co-occurring species. Whether similarity in  owering times arises from
environmental Itering of lineages preadapted to cold conditions or from
evolutionary convergence in response to shared selective pressures remains
unclear. We hypothesize that owering phenology of high alpine communities
is the result of convergence due to strong selective pressure imposed by the
environment rather than environmental Itering for conserved ancestral traits.
Methods: To test this hypothesis, we analyzed the functional and phylogenetic
structure of phenological traits, as well as their phylogenetic signal, using a
molecular phylogeny across four sites spanning subalpine to high alpine zones
in the central Chilean Andes. A total of 86 species were included. Observed
patterns were compared against null model expectations to evaluate functional
convergence, phylogenetic structure, and trait conservatism.

Results: High alpine sites exhibited earlier owering following snowmelt, greater
functional convergence in phenological traits, and signi cant phylogenetic signal
in a smaller subset of oral traits compared to subalpine sites. Additionally, both
high alpine communities showed signi cant terminal phylogenetic clustering.
Discussion: Our results suggest that environmental Itering of preadapted
lineages plays a minor role in shaping high alpine community structure. Rather,
intense environmental pressures at higher elevations appear to drive trait
convergence in owering phenology. We conclude that the general trend for
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phylogenetic conservatism in oral phenology has been overridden by the harsh
environmental conditions in the high Andes. The high alpine environment can be
seen as an evolutionary promoter of convergent phenological strategies rather
than a gatekeeper of lineages preadapted to cold conditions.
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1 Introduction

Species composition in communities re ects species-speci ¢
tolerance and performance under the multiple challenges posed
by both their physical and biological environments (Baraloto et al.,
2012). Because such tolerance depends on functional traits (Violle
et al., 2007; Caruso et al., 2020), these traits de ne the taxonomic
composition of any community by setting the boundaries of
tolerable conditions (Krishna et al., 2021). Nonetheless, while
some traits are conserved and remain functional across various
abiotic and ecological contexts, others are likely to change over
evolutionary timescales due to adaptive processes (Burns and
Strauss, 2012). For example, certain oral structures, such as the
presence of two fused thecae and an outer integument in the ovule,
are widespread across plants, whereas traits such as the number of

oral parts, sexual expression (e.g., hermaphroditism), and ower
shape are highly variable (Bateman et al., 2006).

Numerous studies have shown that traits of closely related
species tend to resemble each other more than those of distantly
related species (Davies et al., 2013). At the same time, closely related
species tend to remain in the same biome (Crisp et al., 2009). These
patterns assume that members within lineages inherit trait states
from their common ancestors and that traits evolve through small
and random changes due to genetic drift, resulting in variation
proportional to divergence times (Blomberg and Garland, 2002). A
close relationship between phylogenetic distance among taxa and
trait similarity indicates a strong phylogenetic signal. Conversely,
when similar traits occur in distantly related taxa or are randomly
distributed across the phylogeny, phylogenetic signal is weakened.
In such cases, evolutionary forces such as adaptation may have
played a signi cant role.

Nonetheless, there is disagreement regarding whether
phylogenetic signal in biological traits is ubiquitous or if it is
found only under certain conditions. Some authors argue that
ecological niches are highly conserved due to stabilizing selection
and gene ow, resulting in strong phylogenetic signal in ecologically
relevant traits (Ackerly, 2004; Wiens and Donoghue, 2004; Johnson
and Stinchcombe, 2007). To the contrary, others claim that it only
occurs in some clades and not in all traits (Kembel and Hubbell,
2006; Losos, 2008). In this sense, there are many reasons why
functional traits should show evolutionary lability (Pearman et al.,
2008). Classic niche theory indicates that coexistence among species
exploiting the same resources favours trait divergence, thereby
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avoiding competition (Macarthur and Levins, 1967; Vellend,
2006; Costa-Pereira et al., 2019). On the other hand, species
sharing a single and scarce resource will inevitably converge in
traits (Fox and Vasseur, 2008). Besides the existence of shared
resources, shared environmental conditions should also lead to trait
convergence (Cavender-Bares et al., 2004; Givnish, 2016), especially
when environmental conditions are extreme (Losos, 2011).
Nevertheless, no clear pattern currently exists regarding the
physical environmental conditions under which traits show
greater or weaker phylogenetic signal.

Strong conservatism or lability in uence community assembly
by shaping the distribution of species within the functional trait
space, hereafter referred to as ‘functional structure’. This functional
structure interacts with processes such as limiting similarity (i.e.
competitive exclusion among ecologically similar species, Webb
et al., 2002), and environmental lItering, de ned as biotic and
abiotic conditions that allow certain taxa to establish and persist
(Kraft et al., 2015). Environmental Itering and dispersal history at
different timescales determine the occurrence of lineages across
habitats (Cai et al., 2024). Webb et al. (2002) provided a succinct
framework to describe contrasting assembly outcomes under
different scenarios of trait conservation or divergence: (1)
environmental Itering acting over a conserved trait leads to
phylogenetically clustered communities, as only taxa from
lineages with certain traits can exist in particular habitats; (2)
environmental Itering acting on a labile trait leads to
phylogenetically dispersed communities composed of members
from different lineages; (3) limiting similarity acting on a
conserved trait results in phylogenetic overdispersion, as taxa
exclude their most similar relatives; and (4) limiting similarity
acting on a labile trait can produce even or random patterns in
phylogenetic structure, as the phylogenetic position of the more
similar taxa is not xed. While this framework has proved useful
and has been further re ned and extended (Kraft et al., 2007,
Cavender-Bares et al., 2009; Vamosi et al., 2009), the community
assembly process might not be so straightforward (Gerhold et al.,
2015; Munkemdller et al., 2020). Studies in a greater diversity of
communities characterized by different environmental
characteristics and the consideration of a broader range of
functional traits are required to reach a better understanding.

The alpine gradient provides an ideal scenario for exploring the
interplay between abiotic factors, phylogenetic effects on functional
traits and community structure. Temperatures decrease with
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increasing elevation at an average global rate of 6 °C per 1000 m
elevation, snowmelt occurs progressively later, and the growing
season becomes shorter with increasing elevation (Korner, 2021).
These changes take place over short spatial distances and where
photoperiod shows little variation. In general, not all individuals in
a population ower at the same time, suggesting room for selective
adjustment of owering time within species (Forrest and Miller-
Rushing, 2010). Recent studies over elevational gradients have
detected owering phenology adjustment among populations of
the same species expressed in progressively earlier owering and
lower thermal sums required to trigger owering at higher
elevations (Bucher et al., 2018; Arroyo et al., 2021). It has been
suggested that such adjustments optimize the use of the growing
season and increase fecundity, providing that they do not produce
mismatches with pollinators (Sparks et al., 2000; Galvagno et al.,
2013; Baeten et al., 2015). If phenological adjustment occurs within
populations of the same species, a parallel situation could be
expected comparing owering times for the sets of species found
at different elevations above treeline —i.e., at the community level.
This could lead to lineages shifting their owering dates in unison to
the extent that phylogenetic signal remains unchanged over
elevation. In this context, several studies have shown that the
temporal sequence of owering among species in the season is
characterized by strong phylogenetic signal at both the community
(Staggemeier et al., 2010; Lessard-Therrien et al., 2014; Du et al.,
2015) and global level (Davies et al., 2013). Nevertheless, under the
shorter growing season and stronger climatic constraints at higher
elevations, there is some evidence for convergence in owering
times at the community level and a weakening of phylogenetic
signal (Lessard-Therrien et al., 2014). The existence of phylogenetic
conservatism in ower phenology yet strong environment
constraints at high elevations provides an ideal situation for
disentangling whether phylogenetic signal weakens under such
conditions and if high elevation communities have been shaped
by environmental Itering for lineages capable of thriving in the
short growing season or by trait convergence occurring in distantly
related taxa.

Here, we investigate the functional and phylogenetic structure,
as well as phylogenetic signal of owering phenology, in plant
communities in two high elevation vegetation belts in the central
Andes of Chile to untangle the processes underlying community
assembly. Speci cally, we aim (1) to test whether plant communities
at the high alpine belt show differences in owering times compared
with to communities in the lower subalpine belt and (2) to
determine whether these changes re ect environmental Itering
of lineages or convergent evolution in their owering times. We
hypothesize that communities at higher elevations have experienced
stronger convergent evolution due to the harsher environmental
conditions and are not necessarily the result of environmental

Itering. We expect to nd greater convergence in owering
phenology traits and lower values of phylogenetic signal in the
high alpine communities compared with their subalpine
counterparts. Under these circumstances, basal phylogenetic
clustering, expected under environmental Itering, should not be
observed in the high alpine.
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2 Materials and methods
2.1 Study area

Work was carried out in the Andes east of Santiago, in the
Farellones-La Parva-Valle Nevado area (~33° S). This area of the
Andes has a semi-arid climate with a Mediterranean in uence.
Snow begins to accumulate from April-June and remains on the
ground until late August-September to late November depending
on elevation, with considerable variation among years. The climate
during the spring and summer months is mainly sunny. However,
cloudy days, intermittent afternoon cloudiness and windiness
increase with elevation (Viale and Garreaud, 2014) and short-
duration summer snow and hail may be received. January and
February are warm months (Valle Olivares weather station and El
Yeso Embalse, 33.68°S, 70.09°W, 2475 m.a.s.l. - http://
explorador.cr2.cl/). Because of the altitudinally depressed treeline
caused by aridity (Piper et al., 2016), above treeline gradients in the
central Chile Andes extend for over 1000 m elevation providing an
ideal system for investigating the questions of interest.

Above treeline vegetation in the central Chilean Andes
comprises two physiognomically-recognizable vegetation belts.
The rst is a subalpine scrub dominated by small, rounded
shrubs, accompanied by subshrubs, and perennial and annual
herbs (Cavieres et al., 2000). The subalpine scrub belt is
superseded by the high alpine belt comprised of at cushion
species, accompanied by subshrubs and perennial herbs, giving
way to scattered perennial herbs in its upper limit. In terms of their

oristic composition, the distributions of many of the species in
these two vegetation belts are limited to the mediterranean-type
climate area of central Chile. Nevertheless, the high alpine belt
contains a number of species that are distributed widely along the
Andean corridor (e.g. Caltha appendiculataColobanthusspp.,
Perezia piliferaAzorella monanthg Northern-hemisphere clades
with important presence in the Southern Andes typically involved
initial colonization of lowland areas followed by subsequent ascent
into alpine habitats (e.g. Valeriana Bell et al., 2012; and probably
AstragalusScherson et al., 2008).

Two sites were selected in the zonal vegetation in the subalpine
belt (Sites I and I1) and two in the high alpine belt (Sites 111 and 1V)
(Figure 1; see Table 1 for site characteristics and species numbers).
Sites | and Ill, and Sites Il and 1V, respectively, pertain to two
adjacent but distinct valley systems, with the former predominantly
west-facing and the latter mainly east-facing. In the study area,
plant species composition changes gradually with increasing
elevation (Tamburrino et al., 2025) with only three species shared
between our subalpine and high alpine sites. On each site, 10
individuals were marked per plant species. The total numbers of
species per site ranged from 20 to 36, with fewer species on the two
upper alpine sites due to the lower species richness there. Many
species were shared among the two upper and two lower sites,
respectively (Table 1, see Supplementary Figure 1 for species
composition on each site). A few rare species, where 10
individuals could not be found, were not included. The total
number of species considered in the study was 86. Because
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FIGURE 1
(A) Location of study area in central Chile and (B) contour-based elevation map of the study area. Sites | (E) and Il (F) are found on different slopes at
2320 masl and 2405 masl in the middle part of the subalpine belt, with mean annual temperature around 7.8 °C (Cavieres et al., 2000). Sites IIl (K)
and IV (L) are located on different slopes at 3447 masl and 3553 masl in the alpine belt, with mean annual temperature around 1.2 °C (Cavieres et al.,
2000). (C) Schizanthus hookeri, (D) Chuquiraga oppositifolia, (G) Oxalis squamata, (H) Nassauvia aculeata, (I) Nototriche compacta, (J) Nassauvia
lagascae, (M) Oriastrum lycopodioides, (N) Viola atropurpurea. Photographs C to M by MTKA and photograph N by VR.

TABLE 1 Decimal coordinates, elevation, area, species number (N), date of snowmelt, date when rst ower opened in the community (FF) and mean
date of rst ower opening in each species (Mean FF) for each study site.

Site Latitude Longitude Elevation Area (m?) Snowmelt Mean FF
I -33.3565 -70.3192 2320 masl 4000 36 Sept. 11th, 2018 Sept. 11, 2018 Nov. 21, 2018
I -33.3628 -702887 2405 masl 7500 33 Sept. 26th, 2018 October 1, 2018 Dec. 11, 2018
1 -33.3242 -70.26 3447 masl 7000 20 Nov. 11th, 2018 Nov. 11, 2018 Dec. 31, 2018
v -33.3219 -70.2554 3553 masl 10000 23 Nov. 6th, 2018 Nov. 6, 2018 Dec. 27, 2018
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