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Conditions in arctic and alpine ecosystems impose great challenges on the plants and
other organisms that live there [1]. Despite this, thousands of plant species worldwide
survive or even prosper under extreme climatic, edaphic, and ecological conditions in the
High North (or South) and in the high mountains [2]. Arctic and alpine plants continue
to surprise researchers with their ingenious strategies and adaptations [3]. Today, global
warming, the ever-increasing demand for resources, and the expansion of tourism are
growing threats to arctic and alpine plant life, even in the most remote regions of the world.
This applies not only to glacial relics and endemics in isolated mountain refugia but also to
tundra areas that were intact until recently and are now under increasing pressure from
man-made global changes [4,5]. In such a context, this Special Issue of Plants, entitled
Arctic and Alpine Plants: Ecology, Adaptations and Conservation Biology, has been launched to
improve our understanding of this unique group of plants from ecological, biogeographical,
and evolutionary perspectives.

A publication by Koérner [6] provides an excellent opportunity to investigate the
complexity and specificity of high mountain plants and their communities, which are often
found at the edge of their fundamental niches. This review paper presents no less than
12 concepts in alpine plant ecology, starting with life forms and aspects of the physical
environment, such as topography, moving through physiology and reproductive biology,
and finishing with global change drivers and their influence on plants growing in the alpine
ecological zone. Despite the enormous complexity of such factors, Korner [6] states in his
concluding comments that “nothing make sense in alpine plant biology unless one accounts
for micro-climate”. This is further developed upon in concept 11 of his review, entitled
“To be or not to be—the edge of the fundamental niche”. The author postulates that any
projections of future species distributions, especially in the alpine and arctic context, need
to rest on a very fine-grained representation of the landscape and stresses the essential role
of microtopography in any modeling study.

The second review paper, by Horandl [7], presents so-called geographical parthenogen-
esis and explores its importance for alpine and arctic plants. Geographical parthenogenesis
describes the phenomenon of asexual organisms usually having larger distribution areas
than their sexually reproducing relatives and colonizing more frequently at higher latitudes
and in previously glaciated or otherwise devastated areas. However, the causal factors
behind this phenomenon are still unclear. Polyploidy, epigenetic flexibility, and phenotypic
plasticity are often seen as important factors fostering geographical parthenogenesis pat-
terns. Additional large-scale studies are needed that include information on reproduction
and that integrate ecological, experimental, and molecular research involving many genera
and large-scale screening from large geographical areas. High arctic regions are of great
importance since they are not easily accessible and, thus, are not well explored.

Polyploidy is an important phenomenon in understanding the biogeography and
taxonomy of disjunct arctic-alpine species complexes. Wagner et al. [8] provided detailed
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insights into taxonomically challenging hexaploid alpine shrub willows (Salix sp., Salicaceae).
In this study, RAD sequencing data, infrared spectroscopy, and morphometric data were
used to analyze the phylogenetic relationships of the species from the Phylicifoliae and
Nigricantes sections in a framework of 45 Eurasian Salix species. The results reveal, among
other insights, that both sections are polyphyletic and need to be redefined. Additionally,
S. bicolor should be included in S. phyllicifolia s.1., and the alpine endemic S. hegetschweileri
is a distinct lineage showing close relationships to the Nigricantes clade.

The importance of large-scale geographical sampling when studying disjunct and
polyploid arctic-alpine plant complexes was confirmed by two studies performed by
Kozlowski et al. [9,10]. These two studies explored the genome sizes and ploidy levels
of the Arenaria ciliata species complex (Caryophyllaceae). Their papers enabled the first
synthesis of the ploidy level variability within this group, concluding that three taxa are
predominantly tetraploid (2n = 4x = 40): the arctic A. pseudofrigida and the two alpine taxa
A. multicaulis and A. ciliata subsp. ciliata. Higher ploidy levels were detected in A. norvegica
(2n = 8x = 80) and A. gothica (2n = 10x = 100), and the highest detected ploidy level was for
the narrow endemic of the Western Alps A. ciliata subsp. bernensis (2n = 20x = 200). These
results confirm that there are no diploid taxa within the A. ciliata species complex and that
this group is an example of a so-called mature polyploid complex, a common phenomenon
among arctic-alpine taxa. The A. ciliata species group is, thus, an example of an arctic-alpine
species complex characterized by reticulate evolution, polyploidization, and hybridization,
most likely associated with rapid latitudinal and altitudinal migration from the Pleistocene
through to the Holocene.

Due to their adaptations to cold environments, arctic and alpine plants are very
sensitive to climate change. Two papers published in this Special Issue explore the influence
of changing climate conditions on the past and future distributions of plants growing at high
latitudes and altitudes. Both studies use traditional species distribution models (SDMs)
based on data extracted from the Global Biodiversity Information Facility (GBIF) and,
thus, do not use fine-grained representations of the landscape, as proposed by Korner [6].
Walas et al. [11] assessed and compared the current and future potential niche areas of
Kalmia procumbens (Ericaceae) in the Pyrenees and Carpathians. Both mountain ranges
represent the southernmost localities of this circumpolar, arctic-alpine species in Europe.
The results demonstrated, as expected, that the species covered a larger distribution area
during the Last Glacial Maximum; due to recent, accelerated climate warming, a reduction
in the potential distribution area is expected by 2100. However, the reduction will be
substantial in the Carpathians, where only a few South Carpathian populations would
persist, and would be rather moderate in the Pyrenees.

Zhang and Wang [12] presented another study using SDMs, aiming to predict the
potential distribution of endangered Meconopsis punicea (Papaveraceae), which is endemic to
China and grows in high-altitude grasslands and shrublands between 2800 and 4300 m a.s.1.
Four types of species distribution models were applied: generalized linear model (GLM),
generalized boosted model (GBM), random forests (RF) and flexible discriminants analysis
(FDA). Under future climate change, the potential distribution of M. punicea will expand
from southeastern to northwestern China. However, there were significant differences in
the distributions predicted by the different SDMs. Therefore, the authors propose the use of
consistent results from different SDMs as the basis for developing conservation strategies.

In addition to the frequently covered effects of climate warming, many other human-made
changes have important impacts on the survival of arctic and alpine plants. Chardon et al. [13]
explored the response of arctic shrubs and graminoids to human trampling, an integral compo-
nent of global change; however, a comprehensive understanding of the effects of trampling on
alpine and arctic ecosystems is lacking. The authors surveyed trail-side (disturbed) and off-trail
(undisturbed) transects along altitudinal gradients in the Garibaldi Provincial Park in Canada.
The main focus was placed on dominant shrubs (Phyllodoce empetriformis, Cassiope mertensiana,
and Vaccinium ovalifolium, all three of which are Ericaceae) and on graminoids (Carex species,
Cyperaceae). The study demonstrated that trampling reduces plant cover in all species and that
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growth traits are more sensitive than reproductive traits. However, the disturbance response
is species-specific. For example, a reduction in size was observed only for P. empetriformis and
V. ovalifolium, whereas in C. mertensiana, human trampling mainly reduced reproductive output.
Interestingly, in Carex spp., height, but not diameter, was sensitive to trampling, indicating the
need to measure the traits of multiple species to better understand the effects of disturbance on
arctic and alpine plants. The results of this study are of great conservation importance, high-
lighting that specific management approaches may need to be tailored toward the protection of
particular species.

Another aspect linked to land-use changes and climate warming is the spread of
shrubs in arctic and alpine environments. Oberhuber et al. [14] focused on the most rapidly
expanding shrub species in the European Alps, the green alder (Alnus alnobetula, Betulaceae).
This study, using dendrochronological methods, was carried out in alder populations
spread above 2100 m a.s.l. within the alpine treeline ecotone on Mt. Patscherkofer (Tyrol,
Austria). The main problem in such high-altitude individuals is their asymmetric radial
growth and anomalous growth ring patterns, which make representative measurements
very challenging. Consequently, it is very difficult to differentiate between the influences of
climate and microsite conditions on radial growth. In topographically heterogeneous envi-
ronments, site-specific variability in the climate—growth relationships of A. alnobetula must
be considered. Therefore, the authors provide the following sampling recommendations
when undertaking investigations on site-specific variability: measuring one radius per
shoot, three shoots per individual, and a minimum of ten individuals within the same stand,
which results in ca. ten radii per study plot. However, for the determination of absolute
growth rates and growth trends with respect to recent climate warming, the following
recommendations are made: measuring 4 radii per shoot, >5 shoots per individual, and
>10 individuals within one stand (total ca. 200 radii per study plot).

Another important phenomenon in alpine ecosystems is the decrease in the diversity
of life forms with altitude. Lépez et al. [15] investigated the changes of trees to shrubs
and other life forms along an elevational gradient. The authors used Polylepis tarapacana
(Rosaceae), a small, cold-tolerant, evergreen tree species growing in the Andes in the high-
elevation Altiplano as a model taxon. After Tibet, the Altiplano Plateau, which lies between
Bolivia, Peru, and Chile, is the second most extensive high plateau on Earth. In north-
western Argentina, where the study was carried out, P. tarapacana forms monospecific
stands in a treeline ecotone. The authors propose a new classification of life forms for this
species: arborescent, shrub, dwarf shrub, and brousse tigrée (tiger bush). The justification
for this new classification lies not only in the marked biometric characteristics but also in
the different influences of topographic, climatic, and human-use factors on their frequency.
Therefore, it is important to consider these different life forms of P. tarapacana when conduct-
ing studies and developing management plans, since each life form occupies a particular
environmental situation. The authors concluded that the conservation of P. tarapacana
forests without differentiating between their life forms is achieved through the loss of part
of their ecological niche.

In summarizing the subject matter presented in this Special Issue of Plants, entitled
Arctic and Alpine Plants: Ecology, Adaptations and Conservation Biology, it is evident that,
despite the long tradition of alpine and arctic research, there is still much to be discovered.
The future of these highly specialized organisms is uncertain. All the authors of this Special
Issue agree that much more intensive field work and field research should be carried out,
as well as more experimental work. Arctic-alpine plants and vegetation can serve as a
barometer of global change. Therefore, research on this group of plants is highly valuable.
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Abstract: The alpine life zone is perhaps the only biome that occurs globally where mountains are high
enough. At latitudinally varying elevation, the alpine belt hosts small stature plants that vary greatly
in morphology, anatomy and physiology. In this contribution, I summarize a number of principles
that govern life in what is often considered a cold and hostile environment. The 12 conceptual
frameworks depicted include the key role of aerodynamic decoupling from free atmospheric climatic
conditions, the problematic concepts of limitation and stress in an evolutionary context, and the role
of developmental flexibility and functional diversity. With its topography driven habitat diversity,
alpine plant diversity is buffered against environmental change, and the multitude of microclimatic
gradients offers ‘experiments by nature’, the power of which awaits multidisciplinary exploration.

Keywords: climate; biodiversity; ecological theory; high elevation; mountains; niche concept;
productivity; reproduction; stress; topography

Why Care for Concepts?

As any other field of scientific research, alpine plant ecology is embedded in certain
concepts, theoretical frameworks, or paradigms. These emerge from research history,
belong to certain research communities, and often simply reflect the fact that some as-
pects of alpine plant life are understood better than others because methods were and are
available. Indeed, the availability of tools often shapes scientific paradigms [1]. It seems
useful to revisit some of the existing concepts and ask whether they just reflect legacies
or available methods or rest on facts and robust theoretical backing. In this contribution,
I depict a number of such concepts, explain their implications, reflect on their acknowl-
edgment in the research community, and discuss future research needs to sharpen their
theoretical foundation.

Not a concept, but rather a matter of definition or convention, ‘alpine’ represents the
naturally treeless belt above the montane belt, both separated by the high elevation, climatic
treeline [2]. Note the difference between this biogeographic definition of alpine and the
common-language meaning that often substitutes mountain by alpine (e.g., alpine skiing,
alpine cities). There are no cities at alpine elevations (that is, above the treeline) anywhere
on the globe, although it often may look like there are, when the montane forest had been
destroyed by land use, with trees absent from treeline, a source of confusion. Since the
potential position of the treeline can be predicted by climatic data [3], the biogeographic
delineation of ‘alpine” also rests on climatology, and comprises 2.6% of the global land area
outside Antarctica [4,5].

Across the treeless alpine world from arctic-alpine to tropical-alpine conditions, plant
life is ruled by a number of common drivers, each belonging to different scientific domains
and thus rarely considered jointly, given the disciplinary barriers. The sequence of the
12 concepts depicted has no particular meaning, but I start with plant morphology and the
physical environment, then move to more physiological aspects, and close with population-
and community-related concepts. For the sake of coherence, this overview is restricted to
angiosperms, thereby not neglecting the rich alpine cryptogam flora (bryophytes, ferns,
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lichens) that would deserve a separate assessment. This selection of concepts and their
meaning leans on earlier works as summarized in Kérner [6,7].

1. ‘Small Is Beautiful’—The Life Form Concept

All plant species belong to certain growth forms (the genotype) which become shaped
to certain life forms by the environment (the phenotype). While the genotype—phenotype
contrast can be large in the case of trees, which could be forced to small shrubs by the
environment above treeline (krummholz), the growth form-life form difference becomes
increasingly smaller with elevation above treeline. In a first approximation, the life form
exhibited by most alpine plants is quite close to their growth form, meaning that transplan-
tation to a warmer, lower elevation location does not fundamentally change appearance,
but depending on species, plants may become slightly taller, without losing the architec-
tural principles that control their stature (morphology). Because the life form is what we
actually see, I use this term instead of growth form in the following text, with growth form
implicitly included (definitions in the tradition of A. von Humboldt, C. Troll and W. Rauh,
in [7].

As a unifying principle, plants above the climatic treeline are small ‘by design’ (geno-
typically) and in a large part belong to the four life forms: dwarf shrub, mostly tussock-
forming graminoids, mostly rosette-forming herbs and cushion plants [7-9] (Figure 1).
The restriction of alpine plant life to these low-stature architectures is the outcome of
evolutionary selection of taxa that must meet several requirements: (a) decoupling aero-
dynamically from ambient air conditions as much as possible, and thus engineering a
warmer micro-environment close to the ground, (b) restricting apical meristems (buds)
to the buffered atmospheric conditions near the soil surface or to below the soil surface
(escaping severe freezing), (c) ensuring snow cover in winter (at extratropical latitudes)
in species in which winter temperatures above snow would be fatal, (d) guaranteeing
mechanical robustness to disturbances by strong below-ground (clonal) structures that
are ensuring long life and represent a buffer against the failure of sexual reproduction,
(e) enabling rapid seasonal development (leaf dynamics, flowering, seed maturation). At
all latitudes, these requirements become increasingly critical with increasing elevation,
hence plant species become smaller the higher they are located, and the clonal life strategy
becomes increasingly important as sexual reproduction becomes riskier. The life form
concept and its implications unify the alpine flora globally. Neglect of the ‘small by design’
principle leads to substantial misconceptions such as the idea that alpine plants are small
because they are unable to grow taller phenotypes under the given life conditions [10].
There are numerous other environments that opt for small stature life forms for different
reasons, such as pastures, ruderal habitats, steppe, deserts, coastal habitats, salt marshes,
fens and mires.

Figure 1. Various alpine plant life forms assembled around a rock in the Swiss central Alps at 2440 m
elevation. The graminoid life form is represented by Nardus stricta and Juncus trifidus, cushions by
Silene acaulis ssp. exscapa, dwarf shrubs by the creeping Salix herbacea and herbs by Geum montanum,
Leontodon helveticus and Ligusticum mutellina.
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2. Habitat Mosaics That Matter—The Role of Topography and Relief

In addition to life form, the diversity of microhabitats resulting from exposure to sun
and wind, slope inclination, landscape fragmentation by relief (geologically, by periglacial
processes and by erosion) creates a multitude of life conditions at very close proximity
(often less than a meter). At extratropical latitudes, these land surface properties produce
rather diverse snow distribution and thus snowmelt patterns (e.g., [11,12] (Figure 2). At
all latitudes, moisture, nutrients and soil organic matter differ substantially across these
habitat mosaics, with each of these micro-habitats selecting for assemblages of certain plant
species [13-15].

Figure 2. Topography shapes alpine habitat diversity, exemplified here by snow distribution patterns
in spring. After snowmelt, this slope exhibited a range of seasonal mean plant temperature of 5 to
14 °C [16]. Swiss central Alps, 2500 m.

A central implication of the concept of habitat diversification at alpine elevations
is the unsuitability of elevation-related explanations of current and projections of future
plant distributions. Topographic diversity by far outranges elevation-specific changes in
environmental conditions [9,15]. For instance, air temperature declines with altitude by
c. 0.55 K per 100 m. In contrast, seasonal mean temperatures of alpine plant meristems
on a single slope have been shown to vary between 5 and 14 °C at the same elevation
(Figure 2) and thus the same mean air temperature in temperate, arctic and high-arctic
landscapes [16].

3. A Decoupled World—The Overarching Role of Microclimate

As the result of small plant size and often compact morphologies (life forms) on one
hand and topographic shelter on the other hand, the actual microclimate alpine plants
experience has very little in common with what a weather station or a climate data base
would deliver for a given elevation (Figure 3). The substantial physical, that is, aerody-
namic decoupling of alpine plants from atmospheric conditions is the central factor in
alpine plant life [7,17-19]. It comes as a surprise to many when they realize that alpine
plants at supposedly cold locations show tropical temperatures in their leaf canopy under
bright weather conditions. The interaction of solar radiation with a high aerodynamic
boundary layer resistance to heat transfer does indeed cause heat stress problems in some
alpine plants. Not surprisingly, the heat resistance of compact alpine plants is quite high
(commonly >50 °C, up to 60 °C; [7,20-22].
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Figure 3. The microclimate in alpine plant communities varies strongly over very short distances,
as exemplified by an infra-red thermal image taken in midsummer at 2460 m elevation in the Swiss
Alps (Furkapass). Note that the frequency distribution shows a temperature range from 12 to 28 °C, a
range that diminishes if averaged over an entire sunny day. However, thermal microhabitat diversity,
corresponding to several hundred meters of altitude-related air temperature differences, is retained,
and thus disqualifies air temperature data from weather stations for making a case for life conditions
of alpine plants (see [16]; photograph by C. Mullis).

The life-form- and topography-driven microclimate is the gateway to understand
alpine plant life. It explains why the photosynthetic temperature optimum of alpine plants
(including plants from most extreme summit habitats such as Ranunculus glacialis above a
3000 m elevation in the Alps) does not differ from that of their low-elevation relatives [23].
It also explains why >80% of all roots and meristems are located in the top 10 cm of the
soil profile, where the heat accumulates. Large inflorescences heat up by 10 K or more
above air temperature when the sun is shining [24]. The idea that alpine plants are living
in a critically low-temperature world is simply biased by weather station data and hiker
experiences [25] and is not based on ground-truth data [7,16]. This divergence of plant and
air temperature complicates interpretations of alpine plant performance without in situ
temperature records.

The good news is that it was never as simple as it is today to obtain accurate data about
the actual life conditions of plants in most remote places [26,27]. Miniature data loggers
provide year-round information about the thermal regime experienced. Such signals also
indicate presence or absence of snow. It is hard to understand why so much speculation
about alpine thermal life conditions becomes published (assuming air temperature to
reflect plant temperature) while it is so simple to assess the truth. A functional alpine plant
ecology without ground truth data is ill-founded, and the use of climate data obtained from
weather services is a no-go in light of what we know (for a summary, see [7,25]. Therefore,
conceptualizing alpine plant life in a microclimate framework is imperative. In the absence
of on-site data, an empirical variance term of likely plant and soil temperature for a given
mean air temperature can be applied to scale from air temperature to a proxy of plant
temperature [16]. Spaceborne remote-sensing can also provide proxy data, although such
data commonly have limited temporal resolution and are affected by clouds.
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A note on facilitation: The microclimate effects explained above rest on aerodynamic
boundary layer phenomena related to structural density (leaf area density, LAD; [7] near the
ground, irrespective of species diversity. Also, single clonal species such as grass tussocks
([28], mat-forming dwarf shrubs [29], or cushion plants [7] show dramatic microclimate
benefits (a sort of ‘self-facilitation’). In fact, all late successional plant communities, includ-
ing tropical forests, exhibit mutual shelter benefits of closed canopies, because all, except
pioneer species, evolved embedded in communities. Thus, it is a truism that most alpine
plants need neighbors or sheltered niches in order to thrive—classical wisdom that can also
be framed in a ‘facilitation” concept [30]. Hosting of non-cushion plants in cushion plants
is a facilitation that goes beyond traditional micro-climatology [31] in highly eroded and
seasonally dry alpine habitats, and this can rise local species diversity.

4. From Opportunism to Internal Clock—The Key Role of Developmental Controls

Growth and development are two different categories of life processes, with the latter
controlling the former and exerting overarching functions. Development is the genetically
controlled transition between plant states such as dormancy, bud break, greening, flowering
seed release and senescence. Growth can occur within the ‘windows” opened by develop-
mental cues transmitted by hormones. The visible part of development is called phenology.
These developmental controls are deeply rooted in evolutionary adaptation. Evolution has
selected for seasonal dynamics of development that ensure long-term survival under rather
unpredictable weather conditions. Whether and how much the day-to-day or year-to-year
variation in actual climatic conditions exerts additional influences on plant performance
depends on species and life strategies. Species belonging to later successional stages and
species of high longevity exhibit stronger genetic control over seasonal activity (phenology)
than short-lived pioneer species. Certain environments (e.g., wind edges with insecure
snow cover) opt for rather conservative developmental controls, while others (e.g., snow
beds) opt for a more opportunistic phenology. The important point is that phenology re-
flects the long-term mean of season length so that the reproductive cycle can be completed
at least in some years, with clonal persistence securing life in other years.

The concept of evolutionarily selected developmental control comes in conflict with
ideas that seasonal plant performance is largely driven by concurrent environmental
conditions. Therefore, it was predicted that warmer climates will reduce snow duration
and thus allow plants to grow for a longer period, with a higher biomass production
at community scale. When explored experimentally, this is not what was found in late
successional alpine grassland. The most important species of the alpine grassland belt
in the Alps, Carex curvula, has an internal clock that causes senescence (leaf browning)
whenever 6-7 favorable weeks are over, irrespective of the date of release from snow [32].
Therefore, this dominant species makes no use of any extra time. Another form of internal
clock is used by the snow-bed species Soldanella pusilla. This species grows its complete
5-6 cm flowering stalk and flower from a 1-2 mm bud at snowing-in to the time when it
emerges through thin spring snow, ready to welcome bumblebees [11]. Even 3 m under
snow, Soldanella starts growing in early January (Figure 4). Given the unpredictable day of
release from snow, the inflorescence must be ready to perform by late May, even though
snow may disappear in early August only, after a snow-rich winter; this is an opportunistic
life strategy.

The important point with developmental controls is that short season climates (often
at high elevation) opt for rapid development, which requires high rates of metabolism
over a rather short period of time, a clear advantage for herbaceous plants, and an obvious
disadvantage for woody plants that require far more time to complete seasonal maturation.
This is an analogy to the response of hot desert ephemerals to occasional rain events, with
the difference that alpine plants can rely on a certain regularity of seasonality and thus
have been selected for long life (perennial below-ground structures).
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Figure 4. The alpine snow bed plant Soldanella pusilla emerges through melting snow in July with
fully grown flowering stalks. An internal clock initiates growth in early January under meters of snow
pack. Note the spaces around dark plant structures are created by thermal re-radiation (see [11]).

5. Persistence Is More Important Than Vigor—A Life Insurance Principle

As mentioned several times above, the clonal life strategy is one of the common
denominators among the alpine floras. Just as the life form of a tree, clones of small-stature
plants are selected for long life, but in the case of clones, theoretically, for eternal life,
year-to-year success of sexual reproduction is not very important. In fact, clonal plants
may ‘hold position” for centuries without sexual offspring. Some genets of late successional
alpine clonal taxa have been found to have a life history of several millennia [33,34].

Commonly, such most successful clonal taxa (the majority) grow comparatively slowly
on a year-to-year basis, reminding us that evolution does not select for productivity but for
fitness, that is, for retaining genes in space over time. In fact, lush (or even uncontrolled)
growth is the anti-thesis for persistent life in harsh environments. In other words, the alpine
flora makes no exception from the vigor—stress tolerance trade-off that has been described
for trees [35]. While seasonal development and short-term above-ground growth may be
rater rapid, the controls over its timing (see 4), irrespective of concurrent weather conditions,
are part of the survival concept. The exceptionally high investment into below-ground
structures may constrain above-ground productivity, but it ensures buffering the effect
of adverse conditions [36], including ‘missing a summer’, when snow cover does not
disappear in an unfavorable year [11].

Importantly, slow overall growth is not to be confused with low metabolic capacity. It
rather reflects a compromise related to longevity, robustness against rapidly changing life
conditions, extreme events, dependency in sturdy below-ground (heterotrophic) structures
and a need to rapidly complete the seasonal life cycle. With this ‘design’, the majority of
alpine plant species is unlikely to track rapid environmental change, with microevolution-
ary selection of more flexible genotypes likely to take quite some time. I wish to recall that
the Carex curvula clones examined near our alpine research station at Furka Pass in the
Swiss central Alps occupied the same piece of land during the medieval warm period when
the Wikings discovered Labrador and people grew grapes in Scotland [33], and during the
little ice age, when expanding glaciers endangered mountain villages and trees at treeline
hardly grew [37]. The persistence syndrome in late successional alpine plant communities
also explains the low sensitivity to ongoing climatic warming in high alpine grassland [38].

10
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6. The Many Solutions to The Same Problem—Plant Functional Diversity

There is no ‘archetype’ alpine plant. The morphological, anatomical and physiological
diversity is overwhelming even under extremely high elevation conditions [7,39]. In
herbaceous plants at >3000 m elevation in the Alps, dry matter allocation (how much
biomass is invested in roots, storage organs, shoots and foliage) covers the entire possible
spectrum [40,41] (Figure 5), with similar patterns across the globe [7,42]. On the very same
square meter, one may find herbs that have 10% or 90% of their total biomass below ground.
Similarly, photosynthetic capacity per unit leaf area or the discrimination of the heavy 13C
isotope (a measure of carboxylation efficiency) cover ranges as wide as can be found in any
other environment [23,43,44]. Also, leaf anatomy varies greatly across the globe’s alpine
world [45].
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Figure 5. Dry matter allocation in the nival flora of the Alps (data from the central Alps in Tyrol, [40].
The range of allocation patterns covers almost the full known range for angiosperms at sites c. 1000 m
above treeline (nival habitats).

In other words, the conditions at high alpine or nival elevation select for traits that are
not finding expression in certain common carbon investment patterns, except for reducing
plant height, and thus investment in upright stems. Within the life form spectrum present,
neither anatomical nor tissue quality traits belong to a common high-elevation syndrome.
A delicate small herb may grow next to sturdy sedge tussocks, a dwarf shrub or a semi-
woody cushion plant. These patterns clearly falsify (except for small stature) the concept
of a common pattern in alpine plant architecture. Different micro-topographies select for
higher or lower abundance of different morpho- and physiotypes (e.g., [7,13,46-50], the
explanation of which deserves more research. Microtopography-related ‘experiments by
nature” also hold promise for explaining species range limits [51] (see 11). As an example,
the graminoid life form is less successful in snowbeds than the life form herb [52], and
contrasting snow duration regimes select for certain pheno-rhythmotypes. Persistent clonal
structures are abundant across all alpine habitats. It is a truism that alpine plants must
be able to cope with the thermal extremes in their habitats (see 8). Therefore, adequate
freezing and heat tolerance are a ‘filter” through which all alpine plants species have to
pass, with the consequence that what the successful plant species experience is not stress
but part of normal life [9,53]. Yet, their habitat conditions would be rather stressful for
non-adapted taxa.

Trait selection may well operate at the earliest life stage (seedling establishment), and
not at the life stage at which the commonly measured functional traits of plants are obtained
from (see 10). Since it is obvious that alpine plants most commonly require a decoupling
from atmospheric conditions (see 3), the type of neighborhood matters as well [54], shifting
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habitat selection from the individual to the community level. Given the exceptional diver-
sity of the soil microbiome (with thousands of bacterial and fungal organismic taxonomic
units, OTUs, obtained from alpine soil samples; M. Grube in [52]), it seems that the micro-
bial diversity covers the requirements of any type of habitat. Even the plants at the coldest
known place where plants can live exhibit a rich fungal microbiome [55].

7. The Species Diversity—Productivity Relationship Is Confounded

Over the years, the idea became popular that plant species diversity correlates with
biomass production. This rationale roots in the valid assumption that species have differ-
ent resource requirements, and thus a functionally diverse community may extract more
from a given resource (e.g., nutrients, light) through the complimentary utilization of a
growth-limiting resource (e.g., [56]). Many experiments with designed grassland diversity
on common substrates (‘common gardens’) at low elevation supported the concept of the
diversity—productivity connection (e.g., [57]). However, when explored in plant communi-
ties where species presence was the outcome of natural selection, no such patterns were
found [58].

Under alpine conditions, habitat diversity (and thus very local life conditions) chal-
lenges exploring such diversity—productivity relationships. Extremely species-poor com-
munities at harsh locations (wind edges, eroded soils, center of snow beds) exhibit very
poor productivity, and highest productivity is found in lush, species-poor or even monospe-
cific stands (e.g., Carex fens, Rumex alpinus stands on ungulate resting places), with the
remaining, closed-cover communities filling the middle ground. When tested within com-
parable types of grassland, no species diversity—productivity relationship can be found,
but a weakly positive trend (2 0.12-0.19, p < 0.01, n = 67) occurs across all non-woody
vegetation types in a larger alpine area, provided the above-mentioned extreme cases are
excluded [59] (Figure 6). It seems that moderately favorable soil conditions with a moderate
productivity facilitate the co-existence of a higher number of species, with a functional
interaction between the two rather uncertain. Species diversity—productivity relationships
also do not exhibit uniform patterns, and species identity was found to exert a strong influ-
ence on productivity in the Tibetian plateau [60]. Thereofre, species diversity and biomass
production reflect habitat diversity (soil fertility) while their potential interaction does not
match results from common garden experiments where habitat diversity is eliminated and
the presence of species is enforced by experimental design.

15-20 species 3 species

Mderately poductive ‘ Lowly productive

Figure 6. Extremely productive (Rumex alpinus) and extremely unproductive (Sempervivum montanum
with Leucanthemopsis alpina and Leontodon sp.) communities are species poor, and moderately
productive communities are species rich (an alpine grassland with Carex curvula, Nardus stricta, Arnica
montana and Trifolium alpinum). Swiss central Alps 2440 m (Furkapass).
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The functional benefit of high species diversity rather seems to come into play when
stochastic external effects or novel threats occur, similar to the role of ‘portfolio diversity”’
for buffering shareholder value against financial crises. The persistent plant presence and
thus the stabilizing of diverse microhabitats [50] often depend on key-stone species, the
functional importance of which becomes obvious under disturbance only. For instance, high
species diversity ensures persistent land cover under erosion pressure, as was shown for
the Alps and the High Caucasus. A single, common tussock grass species out of many other
grassland species became the engineer of erosion edges in both regions. Quite unexpectedly,
this extreme situation made this species a keystone species [61,62]. Below-ground diversity
was also found key in maintaining grassland integrity after disturbance [63]. Diverse
seasonal phenologies are also likely to buffer effects of climatic change (such as changing
snow duration) on the integrity and productivity of alpine plant communities [64].

Therefore, alpine species diversity secures continued ecosystem integrity (e.g., pre-
venting erosion) and is rather confounded with productivity than driving it. Habitats with
very high species richness fall in the moderately productive category, that is, life conditions
that permit co-existence, with no single species overgrowing others. There is a risk that
nutrient input (e.g., by ongoing nitrogen deposition) will act as a game changer, favoring
a few responsive species at the loss of others (see 12). These few examples illustrate that

‘response traits” are likely to be ecologically more important than “static traits” (such as leaf

size, specific leaf area, tissue nutrient concentration) that might be obtained, for instance,
from an herbarium.

8. The Concept of Limitation and Stress—Utmost Confusion

It is rather misleading to apply limitation concepts as they were developed in yield-oriented
agronomy (Liebig’s law of the minimum) to ecosystem ecology [6,9,53]. Representing the
most frequently employed term in ecology, the yield-oriented concept of limitation has no
place in ecology. Natural vegetation such as alpine or arctic reflects nature’s answer to the
local life conditions. As species assemblages mirror life conditions, any change in these
conditions causes the assembly to change. A so-called nutrient-limited alpine grassland
turns into a ‘fat” meadow if fertilizer is added, with all the species believed to have suffered
from nutrient limitation becoming locally extinct once relieved from that ‘limitation’.

The concept of plant stress, a severe form of limitation, is a similarly misleading
concept [9,53]. A certain degree of stress keeps vigorous neighbors away and ensures
persistence for those selected for their stress tolerance. There are lots of anthropocentric
interpretations of life conditions that seem hostile for humans. Such conditions are essential
for many species that do not tolerate competition but can cope with what by an observer’s
rating might be hostile. This does not mean that obviously stress-dominated habitats
are providing luxury for those inhabiting it. What might appear like rather supportive
physiological life conditions for a species based on its abundance patterns in reality might
represent marginal life conditions from a growth physiological perspective, with the abun-
dant species simply coping with these conditions better than others. Often addressed as a
discrepancy between the ecological and the physiological ‘optimum’, the first is rated by
fitness, the second is rated by biomass accumulation. The latter is unsuitable for making
a case for survival and abundance limitations in alpine environments (but possibly also
in most other environments). What matters is retaining a species’ gene pool in space over
time rather than biomass yield.

Hence, a certain degree of limitation or stress by resources or climate, respectively,
is vital for plant existence in the wild. In their natural environment, most plant species
operate far away from what might be rated as ‘optimal” from a growth-physiological point
of view. Therefore, the agronomic concept of optimality in terms of productivity needs
to be abandoned from plant ecology in general, and alpine plant ecology in particular.
The challenge ahead is to identify the degrees of environmental limitations of growth and
physiological stress that are essential for keeping a plant’s aggressive neighbors away while
at the same time affecting survival and the range limits of species (see 11).
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9. Alpine Productivity—A Matter of Timing and Ground Cover

Given the low mean ambient temperature and the increasingly shorter alpine growing
season at extratropical latitudes, the productivity (biomass yield) per unit land area can be
expected to decline with elevation. However, all such comparisons rest on the year as a
reference period (the concept of annual net plant biomass production, NPP). What if the
actual period of plant growth is accounted for? And what if one accounts for uncovered
ground fractions because of rocks or disturbances and refers to productivity per unit of
plant covered ground area only?

Such a recalculation of alpine productivity yields a surprise. Per unit of time (per day
of growing season) and calculated for full cover areas only, NPP of alpine vegetation does
not differ from that of humid low-elevation vegetation (2.2 g d.m. m~2d ! or amean of
185 g m~2 dry matter production over a mean length of the growing season of 84 days
across temperate alpine sites; [7,9]. Since the delineation of the actual growing season
is very difficult [65], and most of that above-ground biomass production does actually
occur during the first 4-6 weeks of the season, the productivity would be twice as high
on a ‘per day of actual growth’ basis and thus approaching that of a humid tropical forest.
Explanations for this high productivity per unit of time with measurable growth and per
unit of fully covered ground include the fact that actual life conditions are not necessarily
as bad during the period of active growth as one might expect from elevation (see 3).
Physiological adjustments can buffer the remaining thermal limitations, and an efficient
below-ground microbiome may compensate for effects of cool soil. Further, in extratropical,
high-latitude mountains, nutrients recycled over an entire 12-month period (including
continuous heterotrophic respiration under snow [66]) become available during a few
weeks of vigorous growth after snowmelt, and stored growth in the form of carbohydrate
reserves may also contribute to seasonal above-ground biomass accumulation [36]. The
below-ground productivity is likely to be as high as or higher than that above the ground,
but it is hard to measure because of the multi-year longevity of all below-ground organs.
In the temperate zone, a reasonable estimate of the mean root duration in alpine grassland
might be 3-5 years, including roots that recycle within a few weeks of their production and
roots that live more than 50 years (e.g., some tap roots). Such estimates of productivity that
account for the duration of the growing season and full ground cover falsify the concept of
low alpine productivity, provided moisture shortage does not come into play, as is the case
in semi-arid subtropical or continental temperate mountains.

Tropical alpine productivity, using a ‘per year concept’ of NPP, is a special and largely
unknown case because, similar to root growth in extratropical regions, the continuous
growth makes it difficult to identify which biomass was produced in a given year. Season-
ally dry tropical alpine settings were thought to represent an exception with a clear ‘rainy
season’, but it turned out that wide plant spacing with large root spheres and soil moisture
reserves buffer the climatic seasonality, so that growth continues year-round (data from
the Bolivian Altiplano by [67] (Figure 7). The only way such above-ground data can be
obtained when there is no clear-cut start and end of the season is by assessing shoot (tiller
and leaf) turnover by labelling and revisiting. While still neglecting cover effects, these
tall altiplano tussocks were estimated to produce c. 1200 g m~2 in 12 months [7], which is
roughly six times the productivity of grassland in the Alps in a 2-month period of active
growth. Repeated harvests are not helpful when growth is continuous. Cutting off biomass
may actually stimulate re-growth (as does herbivory) and thus lead to an overestimation
of sustainable productivity (compensatory growth; [68-71]. Therefore, it remains largely
unknown whether closed humid tropical alpine vegetation can compensate the cool climate
(often very little sunshine, but fog) by year-round growth. Such data are urgently needed
to validate the idea that the degree of ground cover and the period of active growth rather
than the climatic conditions during this period are the unifying factors that determine
alpine productivity.
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Figure 7. Alpine productivity data must account for ground cover and actual periods of growth.
Here is an example of wide spacing of tussock grasses in the Bolivian Altiplano at 4200 m elevation.

10. The Cradle Is the Bottleneck—Alpine Plant Reproduction

What is it that constrains alpine plant reproduction, that is, the production of re-
productively successful offspring (evolutionary fitness)? As explained in Section 5, the
overwhelming abundance of clonal life strategies across alpine floras can be interpreted as a
safeguard against periodic failure of sexual reproduction. There is also a trade-off between
investments in clonal growth and sexual reproduction (e.g., [72]). The high abundance of
clonal alpine plants suggests higher risks of sexual reproduction than elsewhere. Yet, the
likely risks are manifold, including the loss of flowers by freezing events during the warm
season, poor pollination, excessively slow embryogenesis, insufficient seed maturation,
seed dispersal, germination and seedling establishment. There is rich literature on each of
these steps (summarized in Chapter 16 in [7]). The starting hypothesis is always a concept
of serious limitations of each of the various steps till seed dispersal given the assumed
hostile life conditions. Surprisingly, all these steps were found to exert no or little risk that
would place alpine flowering plants in an inferior position compared to plants from lower
elevation, where successful reproduction is not self-evident, either. Even nival plants were
found to exhibit no particular pollen limitation [73]. The delicate process of embryogenesis
was found to perfectly match even the most extreme nival life conditions in the Alps
(e.g., [74] and references to earlier works therein). Whoever explored this was surprised
that seeds of most alpine species germinate well, if properly stratified. What is left is the
last and much less studied step: the establishment of a new plant from viable seed.

Although not specific to the alpine world, but a crucial step in any environment, the
first and second of often very short seasons with a harsh winter, including the risk of low
snow cover in early winter and dehydration in summer, provide alpine-specific challenges
of seedling survival. It is surprising how little attention this step of the reproductive cycle
received compared to pollination and seed viability (but see [75-79]. It may come as a
surprise that heat stress is one of the major obstacles that small alpine seedlings have
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to cope with in bare seed beds (e.g., [22]). Perhaps seedling establishment received less
attention because it is a rather tedious fieldwork to track the fate of seedlings under alpine
field conditions. However, if we are to understand plant species radiation and species range
limits, seed bed ecology needs to be brought to the forefront. Seeds can be found almost
anywhere, including very high, exposed summits [27,80,81], but seedling establishment
is likely to select for certain response traits and thus species. While summit floras are
commonly assembled from species that can grow in isolation or are confined to micro-
shelters and tolerate raw substrates, the novel establishment of grassland depends on the
success of late-successional species and soil development [82].

11. To Be or Not to Be—The Edge of the Fundamental Niche

In my rating, the number one question in plant ecology is why species occur where
they do and why they are absent from certain habitats. Once we can explain species distri-
bution, we can attempt mechanism-based projections where species might be occurring
when life conditions change. This question boils down to defining the fundamental niche
of a species and further to defining and explaining the cold edge of that niche. Given the
central role of that question, its neglect in past alpine plant research is surprising (with
one first step discussed below). My explanation is the immense task in terms of micro-
habitat mapping, microclimatology, reproduction biology, stress physiology, life history
traits, etc. The edge of the fundamental niche has, for long, not even been assessed for
common tree species at low elevation, with a recent attempt ending up in a multidisci-
plinary mega-project [83], employing a design that also holds promises for alpine plant
species range limits. Importantly, the edge of the fundamental niche cannot be assessed by
geostatistics or mapping of occurrences, but requires a mechanistic approach, including
identifying and explaining ‘extreme” life conditions.

For explaining alpine plant species distribution, it is essential to know the species’
niche preferences, ideally though difficult, those of the fundamental niche [84-86]. Iden-
tifying potential range limits of species and the traits that determine that potential edge
of their life will open a novel arena of functional ecology. Note that similar to the treeline
concept [2,7], this concept is built upon potential performance, with the realized niche
(the actual distribution) reflecting distribution history, stochastic events, biotic interactions,
disturbances, lack of soil, plant-animal interactions, etc. Since these influences vary from
place to place, it seems near impossible to formulate hypotheses and predictions. However,
in contrast to the edge of the fundamental niche (representing ‘extreme’ life conditions for
a species), the edge of the realized niche can be seen in the field and mapped (Figure 8).
We do not know in which alpine species the realized edge matches the fundamental edge,
nor do we know for any alpine species how far from its potential range limit it is currently
operating. The rapid arrival of new species in previously almost empty summit floras (see
12) points at a substantial leeway for spreading under climate warming conditions, and
it also shows which species are more likely to track the spatial shift of their fundamental
niche edge.

To the best of my knowledge, the only case in which the range limits of alpine species
was nailed down to a mechanistic explanation is that by Von Biiren et al. [51]. I think this
study adopted a most promising conceptual framework that includes detailed spatial map-
ping of occurrences, very detailed micro-climatology and a professional stress-physiological
assessment, all three possibly depending on a field station very close to the study area.
This work revealed that the spatial segregation of the two dominant alpine graminoids
in the central Alps, Carex curvula and Nardus stricta, is controlled by snow distribution in
winter, with periodic low or absent snow cover (thus, micro-topography) and the max-
imum freezing tolerance of the tissues surrounding the apical meristems co-explaining
their distribution.
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Figure 8. At the same elevation (here, in the Austrian Hohe Tauern National Park at c. 2250 m
elevation), topography and associated microclimate and soil conditions shape plant community
distribution, challenging the niche concept of species ranges. What we see and what can be mapped
is the edge of communities and associated realized niche edges of species (1-11). What is needed
for predicting species occurrences for specific abiotic environmental conditions is the edge of their
fundamental niche, because it is species rather than communities that shift (though modulated by
biotic interactions, to varying degrees).

Given the fragmentation of the edge of the fundamental niche to micro-habitats [15],
any projections of future species distributions need to rest on a rather fine-grained repre-
sentation of the alpine landscape. Randin et al., [85] showed that even a 25 x 25 m grid is
too coarse to reliably represent the (statistical) spatial distribution of alpine species across
two separate test regions. The predicted ‘space-for-time’ loss of species ranged from 20%
to 96% for a 3 K warming scenario depending on whether one adopts a 1 m or a 100 m
grid [87]. Thus, fine-grain representation of the alpine landscape (thereby accounting for
potential micro-topography effects) is essential in modelling alpine plant distribution [88].
The overarching role of micro-habitats as micro-refugia during adverse periods had been
illustrated for rock specialists by [89].

12. Environmental Change Is “Normal’ in Alpine Life

The previous points illustrated that variability in space and time is a unifying factor
of alpine environments. This is the matrix in which long-term changes in atmospheric
conditions and other anthropogenic influences need to be rated. The term ‘global’ means
that the associated changes are considered to apply over large regions, hence they are not
region specific. Among these changes, those in atmospheric chemistry (concentrations of
CO,, reactive N-compounds, ozone) and climate (temperature, humidity, precipitation,
snow cover) act globally. Land-use changes, either by intensification or abandonment
(e.g., pastoralism, mining, hydrology, tourism), do occur globally, but the intensity of these
changes varies greatly among different regions. For earlier assessments of such impacts on
the alpine flora, see ([7], Chapter 17; [90,91]). Here, I depict a few aspects of atmospheric
changes which are nested in traditional concepts: the concept of carbon limitation and of
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nitrogen ‘limitation” (see 8), with a few words on the role of climate warming (for recent
statistics of the plant literature on alpine global change, see [92].

As atmospheric COj rises, plants living in ‘thin” air (low partial pressure) might be
expected to draw particular benefits from that rise, because leaf photosynthesis in alpine
plants increases when supplied with extra CO, [23,93], and thus plants might be expected
to grow faster (the concept of carbon limitation). By all what we know today, the idea
of carbon limitation has been falsified empirically, in situ, for both late successional and
pioneer alpine vegetation [94,95]. A complementary test of the C limitation hypothesis
is reducing light. When seasonal light consumption was experimentally reduced in half,
this also did not affect peak season biomass ([7], Figures 11 and 14; [96]), thus validating
the results of CO,-enrichment experiments. Not unexpectedly, a 90% reduction in light
does, however, exert dramatic effects [97]. However, an important caveat to these bulk
biomass responses is that in each case, species-specific responses were observed. In the
Alps, one grass species that currently contributes little to bulk biomass profited from CO,
enrichment and suffered from shading (Helictrotrichon versicolor), pointing at the possibility
of long-term community adjustments. To date, these results suggest that alpine vegetation
is carbon saturated, but long-term biodiversity effects cannot be ruled out. Once more,
responsiveness (response traits) plays a key role. The conventional static traits do not
show anything special for Helictotrichon versicolor compared to, for instance, Poa alpina.
This similarly looking pair of species might offer an explanation for what causes a species’
growth to become CO,-responsive under alpine life conditions.

Given that photosynthetic capacity does not limit growth (see above) and that temper-
ature hardly affects seasonal CO, assimilation in alpine plants (see 3, [7]), any mitigation of
low temperature limitations in a warmer world must act via direct influences on growth
and development (including night time effects) and indirectly via controlling season length
in extratropical regions. For low-temperature-related growth limitation to come into play,
the meristematic tissues must be critically cold. For apical shoot meristems and leaf pri-
mordia, this is mostly not the case (see 3), but for deep roots and roots on permafrost, such
constraints are possible. It was shown that roots grow very slowly below 5 °C and not at
all at 0 °C. The strongest stimulation of alpine root growth by rising temperature occurs
between 5 and 10 °C, with little additional benefits at temperatures above 10 °C [98,99].
Opverall, soil heating under solar radiation diminishes such limitations, with the remaining
influences of temperature indirect, via season length and snow duration.

A wide-spread assumption is that a longer season accelerates development and pro-
ductivity. Both these assumptions have not been supported empirically in late successional
alpine vegetation so far [32,38] (see 8), but a thermophilization of summit floras is evident
(e.g., [100,101]. Developmental responses to climatic warming that translate into changes
in phenology are rather mixed so far, with some species flowering earlier, and others re-
sponding little (see discussion in [7,64]. The concept of a simple tracking of temperature by
development has been falsified, and photoperiod controls or internal clocks are important
constraints. For climate warming to change development (phenology), micro-evolutionary
selection from the existing gene pool would be required, which is another promising field
of future research.

Finally, I wish to draw attention to an underestimated global change driver: soluble
N-deposition. While all alpine ecosystem (except for cattle resting places) would become
more productive (while losing species at the same time; see 8), the ongoing rates of reactive
N-deposition are a multiple of pre-industrial background deposition (in essence, lightning
effects) and reach 7 kg N ha—!a~! in the Swiss Alps [102], with very high rates also
reported for the Rocky Mountains and parts of China (for references, see [7], Chapter
17). The effects on plant species are clearly different, with vigorous species, and some
sedges in particular, taking more advantage than slow-growing species (e.g., small herbs),
leading to a trivialization of the flora ([7] Chapter 17; [103]). Most field experiments with
reactive nitrogen addition apply excessively high rates, which might reveal fast responses
and a ranking of species responsiveness but are unsuitable to infer long-term effects of
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nitrogen deposition. This aspect of global change also underpins the misleading nature of
the concept of nutrient limitation (see 8).

Concluding Comments

Extending the famous statement by Dobzhansky [104], ‘Nothing in biology makes
sense except in the light of evolution’, one could add for alpine plants: ‘Nothing makes
sense in alpine plant biology unless one accounts for micro-climate’. The 12 conceptual
frameworks addressed in this paper are certainly not covering all aspects of alpine plant
biology, but each of them deserves re-thinking some of the mind models that have been
driving much of the research we have seen published over the years.

In my view, research on species range limits (the edge of their fundamental niche) and
on genetic variants of existing response traits within species (illuminating where microevo-
lution can select from, under climatic change) deserve high priority. From all what we know
about life cycles in alpine plants, seedling establishment appears to be the most critical
step in plant species distribution. In light of the many structural and metabolic solutions
to cope with the same environmental conditions, static plant traits hold little promise as
predictive tools. What is needed are response traits, that is, the way plant species react to
local changes in their environment, either naturally or by manipulation experiments.

Among these response traits, the consequences of varying snow cover and the conse-
quences of long-term nitrogen deposition, the differential species responses in particular,
deserve far more attention, with existing response indicators for the flora of the Alps await-
ing more applications. Expert-knowledge-based ‘indicator values’ proved to be valuable
proxies for plant responses to environmental conditions [105-112]. At the community
level, such response proxies are often as strong or stronger as on-site physico-chemical
assessments of growth conditions.

Given the importance of existing genotypic variation of plant responses to environ-
mental change as well as phenotypic plasticity within genets, experiments that permit
assessing both are required. Common gardens for experimentally exploring these fields are
one established method, but they bear a risk of bias, because any given common garden
provides (a) asymmetric climatic life conditions for species originating from contrasting
‘home’ climates and (b) the common soil represents an asymmetric treatment as well, given
the known soil preferences of plant species. Hence, what is considered ‘common’ is in
fact an unbalanced treatment. A species from a warm and a species from a cold origin
brought to an intermediate location will experience contrasting directions of shift. There is
no perfect solution, but replicated common gardens at contrasting conditions can improve
the situation, with the central obstacle being the substrate influence. Neither a common
(inevitably artificial) substrate nor substrate translocation solve the problem. Substrate
fertility may affect all climate response traits. For genotype tests, a most robust approach
might be to sample replicated clonal fragments of different genets of the same species
and replant them across the species” home range [113-115]. Reciprocal transplantations
of entire sods or monoliths can overcome the soil bias, but target species remain tied to
the given neighborhood in the plant community. Alexander et al. [54] showed that as
species move upslope, effects of species—species interactions can exceed the direct effect
of climatic warming on species. Acknowledging and critically applying these concepts in
the study of alpine plant life will require more tedious, more complex field work, avoiding
over-simplified, seemingly ‘standardized” experiments in greenhouses, and will bring us
closer toward answering ‘big” questions such as why species grow where they do.
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Abstract: The term “Geographical parthenogenesis” describes the phenomenon that asexual organ-
isms usually occupy larger and more northern distribution areas than their sexual relatives, and tend
to colonize previously glaciated areas. Several case studies on alpine and arctic plants confirm the
geographical pattern, but the causal factors behind the phenomenon are still unclear. Research of
the last decade in several plant families has shed light on the question and evaluated some of the
classical evolutionary theories. Results confirmed, in general, that the advantages of uniparental
reproduction enable apomictic plants to re-colonize faster in larger and more northern distribution
areas. Associated factors like polyploidy seem to contribute mainly to the spatial separation of sexual
and asexual cytotypes. Ecological studies suggest a better tolerance of apomicts to colder climates
and temperate extremes, whereby epigenetic flexibility and phenotypic plasticity play an important
role in occupying ecological niches under harsh conditions. Genotypic diversity appears to be of
lesser importance for the distributional success of asexual plants. Classical evolutionary theories like
a reduced pressure of biotic interactions in colder climates and hence an advantage to asexuals (Red
Queen hypothesis) did not gain support from studies on plants. However, it is also still enigmatic why
sexual outcrossing remains the predominant mode of reproduction also in alpine floras. Constraints
for the origin of apomixis might play a role. Interestingly, some studies suggest an association of
sexuality with abiotic stresses. Light stress in high elevations might explain why most alpine plants
retain sexual reproduction despite other environmental factors that would favor apomixis. Directions
for future research will be given.

Keywords: apomixis; biogeography; DNA methylation; ecology; hybridization; polyploidy; stress
response

1. Introduction

The term Geographical Parthenogenesis (GP) was originally introduced by Vandel
(1928) [1] and described the phenomenon that sexual and asexual organisms have different
geographical distributions. Later on, several authors described geographical partheno-
genesis for animals and plants, and refined the pattern: asexual organisms tend to have
larger distribution areas than their sexual relatives, and they colonize more frequently
in higher latitudes, and in previously glaciated (or otherwise devastated) areas, whereby
these features can occur alone or in combination [2-7]. Here I will update the known case
studies, and discuss the causality with a focus on arctic and alpine plants of the Northern
hemisphere, where biogeographical and climatic pre-conditions favor GP scenarios: firstly,
these areas provide large landmasses in the circumarctic-circumboreal zone, secondly,
several high mountain systems with elevations and vegetation above timberline exist, and
thirdly, these areas were covered by ice-shields during cold periods of the Pleistocene, and
left after postglacial glacier retreat huge areas for re-colonization. The climatic oscillations
of the Pleistocene resulted in range fluctuations of plant and animal species, thus caus-
ing opportunities for secondary contact hybridization [8-10]. Hybridization, in turn, is
regarded as the most important factor for the evolutionary origin of asexual lineages [11].
Most examples of arctic and alpine GP patterns are documented in Europe and North
America [2,4,12]. An update of case studies indeed suggests that a majority of taxa or
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complexes (71%) do have great proportions of their geographical distributions in alpine
and/or arctic regions (Supplementary Table S1). A GP pattern appeared also in function-
ally asexual plants reproducing via permanent translocation heterozygosity in the genus
Oenothera [13]. GP patterns were observed also in vegetatively propagating plants (e.g., in
Allium, [14]). However, also apomictic-sexual taxon pairs without typical GP patterns have
been detected (e.g., Hieracium intybaceum in the European Alps [15], or Boechera species in
North America [16]).

From its discovery onwards, geographical parthenogenesis has been enigmatic, and
the causal factors have been under dispute [2,5,17]. Classical theories emphasize the
advantages of asexuality per se, such as the advantage of uniparental reproduction for
colonization as single individuals can act as founders of populations, a principle known
as “Bakers’ law” [18]. Other authors stressed interactions of cytotypes and postulated
introgression of asexuality into sexual populations, resulting in the reduction or extinction
of the latter [19,20]. A set of ecological theories regard the interplay of niche occupation and
the population genetic structure of asexuals: Asexual hybrids could have advantages as
general-purpose genotypes (GPG) that can survive in several niches [21], or by producing
broad arrays of clonal lineages that would better explore the resource space than sexual
species (Frozen Niche Variation model, FNV, [22,23]). For plants, already previous authors
stressed that the predominant polyploidy in asexual plants could have positive effects
on asexuals and provide a better adaptivity to cold climatic conditions [2,5,24]. Biotic
interactions were also thought to have indirect effects: asexual clones could perform better
in colder climates where the pressure of parasites and pathogens would be expected to be
lower than in warmer regions (Red Queen model, [17]).

None of these classical theories exclusively explained the patterns, and hence some
authors postulated combinations of factors [5]. Research of the last decade added several
new case studies on GP occurrences or re-evaluated some older records of candidates of GP
(Supplementary Table S1). Associations between main features as given in the literature will
be discussed in the respective sections to shed some light on the “classical” hypotheses, like
reproduction modes (Section 2), polyploidy (Section 3), and ecological factors (Section 4).
However, recent research revealed that several other factors have to be considered: stress
response, phenotypic plasticity, and epigenetic flexibility to acclimate to environmental
conditions [25-27], see Section 5. Here I will provide an overview of the findings of the last
decade to shed light on old and new questions about GP in plants.

2. Factors Related to Mode of Reproduction
2.1. Uniparental Reproduction (Baker’s Law): Autonomous Apomixis Versus Pseudogamy

According to Baker’s law, uniparental reproduction is advantageous for coloniza-
tion because a single individual can found a population, which applies both to selfing
and apomixis [18]. Apomixis is in flowering plants defined as asexual reproduction via
seeds [11] and occurs in many different developmental pathways (reviewed by [11]). Ga-
metophytic apomixis involves the formation of an unreduced embryo sac out of a somatic
nucellus cell (apospory) or an unreduced megaspore (diplospory); the egg cell develops
parthenogenetically into an embryo. Sporophytic apomixis involved the development of
embryos out of a nucellar or integumental cell. Seeds carry one (or more) embryo(s) that are
clones of the mother plant. Both modes of reproduction can be associated with GP patterns,
whereby gametophytic apomixis appears to be more frequent (Table 1). Different effectivity
in colonization, however, can be assumed from the mode of pollination (pollen-dependent
pseudogamy versus pollen-independent autonomous apomixis). Indeed, autonomous
apomixis occurs in more than 60% of reported cases (Figure 1).
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Table 1. Overview of published studies on GP in plants. Arctic/alpine means position of the whole
taxon or group; GA = gametophytic apomixis, SA = sporophytic apomixis; A = autonomous apomixis
(pollen-independent), P = pseudogamous apomixis (pollen-dependent); S = any geographical sepa-
ration of sexuals/apomicts; L = apomicts have larger distribution areas than sexuals; N = apomicts
have a more polar distribution than sexuals (towards poles in the northern or southern hemisphere,
respectively); G = only apomicts occur in previously glaciated areas, sexuals not. Associations be-
tween the main factors (Table 1) were calculated using Past vs. 4.03 [28] (see presence/absence matrix
and details in Supplementary Table S1).

. . . Type of Type of Ploidy Difference of -

Taxon Family Arctic/Alpine Apomixis Pollination * Apomicts/Sexuals GP Pattern References
Antennaria friesiana Asteraceae yes GA A yes S, LN [29]
Antennaria
monocephala Asteraceae yes GA A yes S, LN [29]
Antennaria parlinii Asteraceae no GA A no S, G [30]
Antennaria rosea s.l. Asteraceae yes GA A yes S, LN [31,32]
Arnica alpina Asteraceae yes GA A yes S,L,N,G [33]
Arnica amplexicaulis Asteraceae yes GA A yes S, LN [33]
Arnica angustifolia Asteraceae yes GA A yes S, G [33]
Arnica chamissonis Asteraceae yes GA A yes S, LN [33]
Arnica lessingii Asteraceae yes GA A yes S,L [2]
Arnica lonchophylla Asteraceae yes GA A yes S, LN, G [33]
Arnica louiseana Asteraceae yes GA A yes S, LN [33]
Arnica mollis Asteraceae yes GA A yes S,L,N [33]
Chondrilla juncea Asteraceae no GA A yes S, L [7]
Crepis acuminata Asteraceae no GA A yes no [2,34]
Crepis bakeri Asteraceae yes GA A yes S, LN [2]
Crepis exilis Asteraceae yes GA A yes S,L,N [2]
Crepis modocensis Asteraceae yes GA A yes S, LN,G [2]
Crepis monticola Asteraceae yes GA A yes S, LN [2]
Crepis occidentalis Asteraceae yes GA A yes S, L N,G [2]
Crepis pleurocarpa Asteraceae yes GA A yes S,L,N [2]
Erigeron strigosus Asteraceae no GA A yes S, LN [35]
EMP ﬂt.ormm Asteraceae no GA A yes S,L,N,G [36]
altissimum
Eup alorti Asteraceae no GA A yes S, LN, [36]
cuneifolium
Eupatorium
lecheafolium Asteraceae no GA A yes S,L,N [36]
Eupatorium leucolepis ~ Asteraceae no GA A yes S,L,N [36]
Eupatorium pilosum Asteraceae no GA A yes S, LN [36]
Eupatorium
rotundifolium Asteraceae no GA A yes S,L,N [36]
Eupfztlarzlu " Asteraceae no GA A yes S, LN, G [36]
sessilifolium
Hieracium alpinum Asteraceae yes GA A yes S, L N,G [37,38]
Hieracium
intybaceum Asteraceae yes GA A yes S [15]
flzemcmm pilosella Asteraceae yes GA A yes S, N [2,39,40]
Parthenium Asteraceae no GA P yes S, LN [41,42]
argentatum
Taraxacum Sect.

Alpestria Asteraceae yes GA A yes S,L,N,G [43]
Taraxacum Sect.

Erythrosperma Asteraceae yes GA A yes S,L N [44]
Taraxacum Sect.

Ruderalia Asteraceae yes GA A yes S,L N [7,44]
Townsendia

condensata Asteraceae yes GA A yes S,L,N,G [45]
Townsendia exscapa Asteraceae yes GA A yes S L N,G [45]
Townsendia

grandifiora Asteraceae yes GA A yes no [45]
Townsendia hookeri Asteraceae yes GA A yes S LG [45-47]
Townsendia incana Asteraceae yes GA A yes S, LN [45]
Townsendia leptotes Asteraceae yes GA A yes S,L,N,G [45]
Townsendia montana Asteraceae yes GA A yes S, LN [45]
Townsendia parryi Asteraceae yes GA A yes S, L N,G [45]
Townsendia rothrockii ~ Asteraceae yes GA A yes S, G [45]
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Table 1. Cont.

. . . Type of Type of Ploidy Difference of -

Taxon Family Arctic/Alpine Apomixis Pollination * Apomicts/Sexuals GP Pattern References
Townsendia scapigera  Asteraceae yes GA A unknown no [45]
Townsendia Asteraceae yes GA A unknown no [45]
spathulata
Townsendia strigosa Asteraceae yes GA A unknown S,N [45]
Handroanthus Bignoniaceae no SA P yes S [48]
ochraceus
Boechera collinsii Brassicaceae no GA P no no [49]
Boechera crandallii Brassicaceae yes GA P no S [49]
Boechera divaricarpa Brassicaceae yes GA P no no [49]
Boechera fendleri Brassicaceae yes GA P no no [49]
Boechera holboellii Brassicaceae yes GA P no no [50]
Boechera lemmonii Brassicaceae yes GA P no no [49]
Boechera lyallii Brassicaceae yes GA P no no [49]
Boechera microphylla ~ Brassicaceae yes GA P no no [49]
Boechera pallidifolia Brassicaceae yes GA P no no [49]
Boechera pauciflora Brassicaceae yes GA P no no [49]
Boechera Brassicaceae yes GA P no no [49]
pendulocarpa
Boechera perennans Brassicaceae no GA P no no [49]
Boechera pinetorum Brassicaceae yes GA P no no [49]
Boechera puberula Brassicaceae yes GA P no no [49]
Boechera retrofracta Brassicaceae yes GA P yes S [49]
Boechera sparsiflora Brassicaceae yes GA P no no [49]
Boechera spatifolia Brassicaceae yes GA P no no [16]
Boechera stricta Brassicaceae yes GA P no S [49]
Boechera williamsii Brassicaceae yes GA P no no [49]
Hypericum .
may fula i Hypericaceae yes GA AorP yes no [51,52]
Hypericum .
perforatum Hypericaceae yes GA AorP yes S,L,N [51,52]
Erlafheca Malvaceae no SA P yes S, L [53]
gracilipes/pubescens
Nigritella nigra Orchidaceae yes sA A yes SLNG  [5455]
complex
Sp lrm?thes Orchidaceae no SA A unknown S [56]
magnicamporum
Spiranthes ochroleuca  Orchidaceae no SA A unknown S, N [56]
Limonium algarvense ~ Plumbaginaceae  no GA A yes S [57]
Limonium binervo- .
sumjovalifolium Plumbaginaceae  no GA A yes S,L,N,G [57,58]
Bouteloua
curtipendula Poaceae no GA P yes no [2,59]
Calamagrostis stricta Poaceae yes GA A yes S [60]
Pasp alu".l Poaceae no GA P yes S,L,N [61]
intermedium
Paspalum simplex Poaceae no GA P yes S,L,N [62]
Poa cusickii ssp.
cusickii Poaceae yes GA A yes S [63]
Poa pringlei Poaceae yes GA A unknown S,N [63]
Ran‘unculus Ranunculaceae yes GA P yes S, LN, G [64,65]
auricomus agg.

Ranunculus kuepferi Ranunculaceae yes GA P yes S, L N,G [66,67]

Ranunculus

parnassifolius s.. Ranunculaceae yes GA P yes S, LN, G [68]

Z\melanc.hzer Rosaceae no GA P yes S,N [69,70]
artramiana

Amelanchier

cusickii/alnifolia Rosaceae yes GA P yes S, N [69,70]

Igmtueg 1S ser. Rosaceae no GA P yes S,LN [71,72]
ouglasiana

Potentilla crantzii Rosaceae yes GA P yes S,L,N,G [73]

Potentilla puberula Rosaceae yes GA P yes S,N [74]

Rubus subg. Rubus Rosaceae no GA P yes S, LN [75,76]

* usually A and P are not completely exclusive, here the predominant mode is reported. ** meaning that a part of
the distribution area is allopatric between sexuals and apomicts, but not completely exclusive. S = most general
pattern, L, N, and G are more specific categories.
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Figure 1. Percentages of taxa (no. of respective total cases in parentheses, based on presence/absence
matrix of occurrences in Supplementary Table S1) with (at least partial) arctic/alpine distribution,
geographical separation of apomicts and sexuals, autonomous apomixis, ploidy difference between
sexuals and apomicts, larger areas of apomicts than sexuals, apomicts with a more polar (north-
ern/southern) distribution than sexuals, and exclusive occurrence of apomicts in previously glaciated
areas (see references in Table 1).

In most plant families apomictic seed formation is still dependent on pollination
because sperm nuclei have to fertilize the polar nuclei for proper development of the en-
dosperm, the nutritious tissue for the embryo (pseudogamy). Most plants are hermaphrodites
and can use their own pollen for this purpose [71,77-82], and hence they are not only in-
dependent from another individual as pollen donor, but also are largely independent of
a vector carrying pollen (wind or animals). This independence from pollen transfer and
another mating partner gives a double advantage to colonization, as a single individual can
found a population [5,18]. This advantage appears to overcome even cases of lower fertility
of apomictic plants compared to sexuals, as observed in the alpine herb Ranunculus kuepferi
with GP in the European Alps [66,67]. A simulation study considering modes of reproduc-
tion, fertility, ecology, and colonization history of this species revealed that the apomicts
clearly showed a much more efficient postglacial recolonization of the previously glaciated
areas of the European Alps despite a lower seed set [83].

A potential disadvantage of self-pollination and pseudogamy could be caused by
herkogamy within flowers, ie. pollen would not come into contact with the stigmas, or
dichogamy, ie. pollen maturation would be asynchronous with that of the stigma. In
these cases, pollinators would be still required for successful pseudogamy, because insects
moving around within the flower would disperse the pollen, and pollinator visits between
flowers in different developmental stages within the same individual would overcome
dichogamy. No detailed case studies addressed this question so far for pseudogamy (one
case study on breeding systems of Aechmea revealed autonomous apomixis [84]). A second
major constraint of pseudogamy is potential endosperm imbalance after fertilization of
the polar nuclei, i.e., deviations from the optimal 2:1 ratio of maternal to paternal genome
copies in the endosperm (e.g., [85]). Pseudogamous plants show a great variation in
maternal:paternal genome contributions in the endosperm [66,85-88], and endosperm
imbalance can result in a lower seed set [85]. Hence, although pseudogamy does allow
for uniparental reproduction, it is constrained by potential pollinator limitation and/or by
potentially reduced female fitness.

In Asteraceae, many species reproduce via autonomous apomixis, which means that
pollination and fertilization of polar nuclei are not necessary for proper seed formation [4,89].
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Asteraceae are strongly represented in the cases of GP (see Table 1) which supports the
hypothesis that uniparental reproduction without any need for pollen is an important
advantage to asexuality [4]. Endosperm imbalance is no more an issue as other tissues
take over the nutritious function of the embryo. Some plant families like orchids do not
form endosperm at all. Under these considerations, autonomous apomixis is expected
to be more efficient for GP. Indeed, autonomous apomixis correlates significantly with
larger distribution areas, and with more polar (northern/southern) distribution patterns
(Supplementary Table S2). Pollen-independent apomixis appears to be an advantage to
expand spatial distributions.

However, there was no significant correlation between autonomous apomixis to
previously glaciated areas. There might be too few case studies to reveal an association.
Hieracium pilosella is a widespread species with a GP pattern over the whole of Europe [37].
In a study comparing both sexual and apomictic cytotypes on glacier fore fields in the Swiss
Alps, apomixis was more frequent in odd-number ploidy levels, and these occurred closer to
the glacier snout than other cytotypes [90]. The authors concluded that apomixis provided
reproductive assurance in odd-ploid cytotypes by avoiding meiosis disturbances and loss of
fertility, and hence a colonization advantage in the most recent ice-free areas. Reproductive
assurance without pollination was further confirmed in Hieracium alpinum, a widespread
herb distributed in the European mountain system and in Northern Europe. Diploids are
self-sterile and reproduce sexually, whereas triploids are autonomous (pollen-independent)
obligate apomicts [38]; female fertility does not differ under natural conditions. Only
triploids colonized previously glaciated areas in the Alps and in Scandinavia, whereas
diploids occur in the Carpathians. The GP pattern was referred to as a better colonization
ability and a more stable reproductive system of apomicts [38]. In sympatrically cultivated
apomictic and sexual populations, apomicts had much higher fertility, which was explained
by mate limitation acting for sexuals, but not for apomicts [91]. However, colonization
history may influence GP patterns. In Hieracium intybaceum, diploids appeared to be sexual
outcrossers, whereas tetraploids are autonomously apomictic. The diploids colonized most
parts of the Alps whereas apomicts were confined to a small, disjunct area in the Western
parts of the Alps, the Vosges and Schwarzwald mts. [15]. The authors explain this untypical
pattern which only involves geographical separation of cytotypes (sensu [1]) with a very
young evolutionary origin of apomicts [15].

Nevertheless, uniparental reproduction is also possible for sexual plants via self-
ing, and this taxonomically widespread trait reduces the advantage of asexuality over
sexuality [5,92]. For instance, regular selfing of sexual plants may hinder the evolution of
GP in the genus Boechera (Brassicaceae), which comprises both sexual regular selfers and
apomictic species in North America [87]. But, only a few species show some geographical
separation (Table 1). A further peculiarity of Boechera is the occurrence of apomixis on
the diploid level [93], which means that positive side effects of polyploidy for apomicts
would disappear [16]. The almost lack of the GP pattern in this genus might be due to a
combinational effect as well as its presence in other genera.

Taken together, all studies so far confirmed the advantage of uniparental reproduction
of asexuals for colonization. The effect is apparently stronger in autonomous than in pseu-
dogamous apomicts, and probably stronger in the case of self-sterility of sexual relatives.
However, uniparental reproduction alone is not the only causal factor as some apomictic
species do not exhibit GP despite the respective modes of reproduction.

2.2. Reproductive Interactions of Cytotypes

Sexual reproduction is in angiosperms the ancestral state [94], and apomixis arises in
sexual populations [11]. This means that at least initially sexual and apomictic individuals
coexist and can interact with each other. In a mixed population of diploid sexuals and
polyploid apomicts, apomictic polyploid individuals can overcome minority cytotype
disadvantages [95] better than sexual polyploids, because they would not or only to a
minor extent be fertilized by the pollen of the surrounding diploid sexuals. With apomixis,
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even a single plant can produce clonal offspring with the maternal ploidy level. This factor
was also seen as a major advantage of GP for establishing polyploid apomictic populations
in the alpine herb Ranunculus kuepferi [83].

On the other hand, pseudogamous apomicts usually maintain functional pollen, and
hence can fertilize surrounding sexual individuals without being fertilized themselves by
diploids. This unidirectional hybridization would theoretically result in the introgression
of apomixis into sexuals and hence the extinction of sexuality [19,96]. However, exper-
imental crossings in Ranunculus auricomus revealed that pollinations of diploid sexuals
with pollen from tetraploid apomicts results in a very low seed set, probably because the
different ploidy levels and also induced selfing of sexuals (Mentor effect) acted as efficient
crossing barriers [97]. At higher ploidy levels, however, these crossing barriers between
cytotypes appear to be less efficient. The crossability of polyploid cytotypes was studied
in Potentilla puberula, a widely distributed species in the European Alps with tetraploid
sexuals and higher polyploid apomictic cytotypes (5x, 6x, 7x, 8x, and 9x) [98,99]. In ex-
perimental heteroploid crosses, the seed set was reduced in sexuals, but not in apomicts,
compared to homoploid crosses. This asymmetrical interference gives an advantage to
apomicts [99]. The sexuals and apomicts in Potentilla show a sympatric distribution in
the Alps, but with differentiation of reproduction modes along altitude and habitats [74].
Because of sympatry, interactions of cytotypes influence distribution patterns in natural
populations, but ecological differentiation plays a role as well [74,100].

Pollen fertility is usually much reduced in autonomous apomicts [77], but nevertheless,
remnant viable pollen can still cause asymmetric interference in mixed populations [101].
Simulations of local reproductive interference in sympatric sexual and apomictic Crepis
confirmed that sexuals occur mostly in spatial isolation, whereas apomictic taxa can co-
occur [102]. Hence, the presence of apomicts can lead to local exclusion of sexuals and drive
the spatial separation of reproductive types in the initial stages. However, most extant
cases already do have spatially separated sexual/apomictic populations, so the effects of
interactions are probably only initially important (Table 1).

3. Polyploidy and Hybridization

Polyploidy was traditionally seen as a major factor fostering GP patterns [2,5,24].
However, its role as the only causal factor was questioned by the lack of general patterns of
geographical polyploidy in the many sexual plants ([5]). In the updated review (Table 1),
a significant correlation appeared only for Vandel’s [1] basic pattern that diploid sexuals
and polyploid apomicts have separated distributions (Supplementary Table S2). However,
there was no significant association of polyploid apomicts with any of the other GP features
(larger distributions, more polar distributions, or previously glaciated areas; Supplementary
Table S2). The association with autonomous apomixis was also not significant. However,
combinational effects were postulated [5], and actually confirmed in a simulation study on
R. kuepferi on postglacial colonization of the Alps [83].

The indirect role of polyploidy for establishing separate distributions of apomicts and
sexuals could be manifold. First, during initial sympatry, diploid sexuals might disap-
pear in mixed populations because of a unilateral minority cytotype disadvantage (see
Section 3). Second, polyploidy could be connected with a shift to self-fertility, which is
an advantage for pseudogamous apomicts (see Section 2). Due to the bypass of meiosis,
apomicts avoid loss of heterozygosity and inbreeding depression in the offspring, which
otherwise reduces the fitness of selfing diploid populations. Inbreeding in small, diploid
self-incompatible populations results in lower fitness and is disadvantageous to diploid
sexual progenitors [76,103-105]. Third, polyploids, specifically allopolyploids, have higher
levels of heterozygosity, both on the population level [106], but also as intragenomic het-
erozygosity ([65]). However, GP is also found in case studies with the same heterozygosity
levels of sexuals and apomicts (e.g., in the autopolyploids Antennaria friesiana [29], and
R. kuepferi [66,80,107], but also in allopolyploids of Crataegus [72,82]). Heterozygosity could
help polyploids to buffer deleterious mutations and tolerate more extreme climatic condi-
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tions ([65]), or enable them to adapt to novel niches (see Section 5). Specifically, a recent
global study on distributions of polyploid plants (sexual and apomictic) found a significant
correlation between polyploids to colder climates [108].

Previous authors emphasized also the influence of hybridity on GP patterns, mainly
based on examples from animals [3]. However, for plants, this correlation is less straight-
forward, as not only allopolyploids, but also many autopolyploids are known to exhibit
GP (e.g., Antennaria friesiana, Ranunculus kuepferi, Hieracium alpinum, Potentilla pusilla).
Moreover, most Boechera apomicts are diploid hybrids [49] but do not show typical GP
patterns (Table 1). Altogether the information on the evolutionary origin of apomictic
polyploids is still too incomplete for a more detailed evaluation of the influence of hybridity
on GP patterns.

Both polyploidy and hybridization are regarded as the major evolutionary pathways
for the origins of apomixis in natural populations [11]. However, successful natural origins
are probably rare, as various genetic and epigenetic changes of regulatory mechanisms
have to be combined for the establishment of functional apomictic seed formation, and
there is no universal pathway to apomixis [109-113]. The rarity of the evolutionary origins
of apomictic lineages may also constrain the frequency and expression of GP patterns.

4. Ecology
4.1. FNV and GPG: Does Genetic Diversity Really Matter?

Two classical models, frozen niche variation (FNV) and general-purpose genotypes
(GPG), both rely on the assumption of clonality. In the first case, broad arrays of clones
would occupy a larger resource space, while in the second scenario, single widely distributed
clones would cover the larger resource space. Already previous literature surveys [7,64,106]
demonstrated that the assumption of clonality is often not met because facultative sexuality
and high genotypic diversity are widespread in apomictic plants. A “little bit of sex” is
for plants probably under positive selection as even low frequencies of recombination
can efficiently counteract the accumulation of deleterious mutations, even in polyploid
genomes [114]. More recent population genetic surveys confirmed that GP is usually not
associated with clonality of apomicts [16,51,65,80,100,115]. In such cases, the FNV and
GPG models are simply not applicable. In Boechera species, range size is not correlated
to allelic diversity and heterozygosity within populations [116]. Widespread generalist
clones, however, were found in North American Crataegus [82]. In the alpine orchid genus
Nigritella, high clonal diversity was found, but only with populations in the vicinity sharing
the same genotypes [54]. In general, the influence of genotypic diversity or clonality on GP
patterns appears to be less relevant for plants than predicted by classical models.

4.2. Niche Shifts of Cytotypes

In the last decade niche modeling based on climatic data from WordCLIM or other
databases became a novel and widely used method in evolutionary and ecological re-
search (e.g., [108,117]). Several studies on GP applied these methods and revealed a
general tendency to climatic niche shifts of apomictic polyploids. That is, no single
clones, but rather the sexual vs. apomictic cytotypes as a whole exhibit niche diver-
gence. A tendency to colder climatic conditions was observed in alpine R. kuepferi [67,118],
in the widespread common dandelion Taraxacum officinale [44], in Crataegus suksdorfii
widespread in North America [82], in boreal Boechera stricta in North America [49], in the
coastal Limonium ovalifolium/binervosum complex in Europe [57], and in south American
Paspalum intermedium [61]. This trait would fit the general pattern that polyploids globally
occur more frequently in colder climates [108], and to the frequent trend of asexuals towards
more polar distributions (see above). However, this trait to colder climates is not universal.
In Potentilla puberula, asexuals tended to wetter and to more anthropogenic habitats, and
niche divergence contributed significantly to the small-scale differentiation patterns of sex-
uals and asexuals [74,100]. In the first survey of apomicts in the Himalayan flora, apomicts
occurred in habitats with higher soil moisture [119]. In Ranunculus auricomus, the distri-
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bution of apomicts tended to regions with lower light intensity [65]. Niche expansion of
asexuals was observed in Taraxacum Sect. Erythrosperma [44], and in Crataegus douglasii [82].
Alien sexual and apomictic plants do not differ in their niche spectra [120].

In general, the data support the hypothesis that ecological niche shifts of apomictic
cytotypes are associated with GP patterns (whereby the data from the older literature are too
incomplete to perform statistical tests for all cases). However, there is not a uniform trend
to a certain niche, and also different patterns appear in different taxa of the same genus
(e.g., in Ranunculus and Taraxacum). Little is known about the physiological background of
these niche divergence patterns (see Section 5) Understanding ecological niche divergence
needs more case-wise studies on the most relevant abiotic factors.

4.3. Do Apomicts Tend to Higher Elevations?

The classical reviews proposed a correlation of GP not only to higher latitudes but also
to higher elevations [2,5], which would be also expected from the respective temperature
gradients in mountains. However, the older literature did not provide detailed information
on elevations for statistical tests and also the classical survey by Bierzychudek [2] discussed
only one genus (Townsendia) as an example. In Central Europe, a survey of vegetation
data suggested a correlation of apomicts to higher altitudes as the only ecological trait [6].
However, this study was based on a taxonomic assignment of apomixis and not on a site-
per-site assessment of apomixis, and hence did not regard the infraspecific differentiation
patterns of GP. Detailed examination of mode of reproduction per site (usually via flow
cytometric seed screening; [121]) rather gives an equivocal picture: a study of all Asteraceae
species of the European Alps (229 taxa) did not reveal a correlation of apomixis to higher
elevations [122]. Likewise, in subnivale plants of the European Alps, representing the
angiosperm flora at the highest elevations, only one of 12 species expressed apomixis [123].
On the other hand, R. kuepferi and H. alpinum showed clear correlations of apomixis to
higher elevations in the alpine zone [38,67], but only for populations within temperate
European mountains. A study on Potentilla puberula in the Alps, however, did not reveal
differences in elevation between sexuals and apomicts [74]. The first detailed investigation
of apomixis in the Himalayas in the Ladakh region revealed that apomixis is not correlated
to elevation [119].

A problem with elevation is that comparisons only make sense within a mountain
system and within the same latitudinal zone (e.g., Alps, Himalayas), because, with higher
latitudes, the respective alpine vegetational belts move down to low elevations [124].
Therefore, for taxa with a large latitudinal range expansion, differences in elevation in the
South disappear towards the North. For instance, apomicts of Hieracium alpinum occur in
mountains of Central Europe between 1080-2570 m a.s.l. (mean 2020 m), the diploid sexual
cytotypes between 1380-2120 m (mean 1777 m). The apomicts in Northern Europe grow
between 200-1280 m (mean 738 m) (data from [38]). For complexes with a large north-south
distribution, this effect might eliminate all elevational differences. Likewise, in Amelanchier
widespread in North America, no correlation of apomixis to elevation was found, only
to latitude [69]. In the Ranunculus auricomus complex, ranging from the Mediterranean
to the Arctic of Europe, there was even a reverse pattern that sexuals occurred in higher
elevations in Mediterranean mountains [65]. In altitudinal transects of Taraxacum sect.
Ruderalia in Switzerland, sexuals were found in higher elevations [125-127]. Also in the
South American cerrados, sexuals of the genus Eriotheca occur at higher elevations [53].
Such cases also fit global surveys of polyploid plants that did not reveal a clear correlation
between polyploidy and elevation [108].

Within mountain systems, the actual ecological conditions depend not only on eleva-
tion but also on the microhabitat, e.g., north/south exposition, soil conditions, duration of
snow layer, human influence, etc. Other effects of high elevation, e.g., high UV solar irradi-
ation, or lower atmosphere pressure [124], are largely unexplored for apomictic plants. So
far, detailed investigations within mountain systems are needed to get a full understanding
of the effects of elevation and the associated ecological trends.
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4.4. Do Apomicts Tend More to Previously Glaciated Areas Than Sexuals?

Previous reviews also postulated that apomicts would colonize previously devastated
areas such as glaciated or arid areas [2,3,5]. For plants, this means mostly re-colonization
of areas that were covered by ice shields during cold periods of the Pleistocene. However,
evaluation of pairs with apomicts only in glaciated areas and sexuals not, only about 24%
of cases had such exclusive patterns, and the association to GP is statistically not significant
(Supplementary Table S2). This is simply due to the observation that sexual relatives
often occur in previously glaciated areas as well [2]. Only a few detailed phylogeographic
studies are available but suggest that biogeographical history depends also on mountain
topography. In Ranunculus kuepferi in the European Alps, only apomicts managed to over-
come a general topographical barrier in the southwestern Alps, mostly by a niche shift to
colder conditions, but not by faster spread [83]. The study on Potentilla puberula in Euro-
pean also found a stronger influence of niche shifts than of biogeographical history [100].
An interesting case is Townsendia hookeri in western North America, where sexuals were
found in unglaciated refugia north and south of the previously glaciated areas, where
only apomicts occur [47]. Glaciations probably caused vicariance of sexuals, whereas post-
glacial recolonization of the Central parts of the western North American mountain chains
was conducted only by apomicts [47]. This study also underlines that the topography
of mountain systems and locations of ice-free Pleistocene refugia influence the realized
GP patterns.

4.5. Biotic Interactions: No Support for the Red Queen Model

The so-called Red Queen hypothesis postulates that sexuals have an advantage in ar-
eas/situations with high frequencies of biotic interactions because they produce genetically
variable offspring that could respond better to co-evolving parasites and pathogen infec-
tions in a co-evolutionary arms race [128-130]. Accordingly, asexuals should have an advan-
tage in areas with low biotic interactions, as it is regarded as typical for higher latitudes and
altitudes. Few studies on plants with GP are available on this aspect and they would not sup-
port the theory [5]. An experimental study on diploid and polyploid Parthenium argentatum
with respect to their tolerance to the pathogenic fungus Verticillium dahliae did not re-
veal differences between cytotypes [131]. Hartman et al. [17] analyzed the GP pattern of
Hieracium alpinum in natural populations concerning the intensity and frequency of seed
predators and found no significant differences between sexuals and apomicts, and no
latitudinal gradients, despite a higher genotypic diversity of the sexuals. Seed predation
per population was even positively associated with intra-population diversity. In a study
on common dandelion populations (Taraxacum sect. Ruderalia) over a large latitudinal
gradient, northern populations showed reduced infections of a seed-eating weevil species
compared to southern populations, but no difference appeared in pathogenic rust fungi
and pathogenic soil microbes [132]. But it remained unclear whether the patterns can be
attributed to a less efficient response of asexuals in plants to their predators or pathogens.

The problem with the Red Queen is that in plants many basic assumptions of the model
are not met. First, clonality is not a general feature of apomictic plants due to facultative
sexuality and some diversity of genotypes (see Section 4.1). Second, the assumption of a
weaker defense of asexual plants to herbivory or other biotic attacks in higher latitudes
is simply not supported by empirical data [133,134]. Large-scale surveys of chemical
compounds rather suggest a greater resistance to herbivory of high-latitude plant species
than of tropical species [134]. There is no difference in physical defenses [133]. Third, in
biotic interactions, polyploidy of organisms could infer even better resistance or tolerance to
biotic stressors, and this has been shown for plants and animals [135]. For plants, polyploidy
alters profiles of chemical compounds and hence defense against biotic attacks [136]. So
far, polyploidy appears to be an important indirect player in biotic interaction scenarios.
Therefore, the Red Queen model is probably too simplistic or even inapplicable to explain
GP in plants.
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5. Physiology: Phenotypic Plasticity and Epigenetic Response
5.1. Cold Stress

The frequent occurrence of apomixis towards polar regions, and the general tendency
of polyploids to colder climates [108] could have different physiological backgrounds:
first, apomictic plants are more cold-tolerant because of polyploidy, and second, cold
temperatures could directly induce apomictic reproduction [137]. These hypotheses are
not mutually exclusive. Cold adaptation is in plants strongly under epigenetic control (see
Section 5.3). The induction of apomixis by temperature extremes is most directly related
to apomictic development. Low-temperature shocks are known to trigger unreduced
gamete formation in plants by disturbing spindle formation at meiosis [138]. Although
these mechanisms are better studied for male development, female development would
be similarly affected resulting in unreduced megaspores (the diplosporous pathway) or
failure of meiosis and somatic development (apospory). In experimental cold treatments
in climate growth chambers, diploid alpine R. kuepferi produced few but significantly
more apomictic seeds than in the warm-treated control, whereas the tetraploid apomicts
remained unaffected [137]. Seed screening of diploid populations from field samples
revealed a female triploid bridge with unreduced egg cell formation, which could be
regarded as the first step for the establishment of apomixis in natural populations [139].

However, the reproductive development of apomictic plants remains to be studied.
Many alpine plants perform flower preformation in the previous or even pre-previous
summer season, whereby the timing of the critical phase of meiosis and gametogenesis
can vary from species to species [124]. Flower preformation during the warm season
could avoid the cold shocks during meiosis that would cause unreduced gamete formation.
Flower preformation, but also higher freezing tolerance, would mean that plants occurring
in the extreme subnival zones are so well adapted to low-temperature conditions that
developmental pathways in flower buds would not be affected [123]. This adaptation
could explain why apomixis is rare in plants of the highest elevations of the Alps. Under
these assumptions, rather plants adapted to lower altitudes and moving upwards in re-
colonization processes would experience cold shocks and express cold-induced apomixis.
This hypothesis still needs to be tested.

5.2. Light Stress

Light stress is specifically of interest for mountain plants because solar radiation
(annual means) increases with altitude, and also the fraction of UV light increases with
high altitude [124]. Moreover, alpine plants above the tree line and also above the dwarf
shrub zone grow often in completely unshaded conditions. Many typical alpine plants
are well adapted to solar radiation and even to high UV light exposure. The influence
of light stress on the mode of reproduction is not well known. It has been shown exper-
imentally in facultative apomictic lowland plants of the Ranunculus auricomus complex
that light stress during the flowering bud stage can increase frequencies of sexual ovule
development [88,140-142]. Photosynthetic stress in the reproductive tissues can result in ox-
idative stress within ovules which would initiate meiosis and sexual development [143,144].
Also, other kinds of oxidative stress (drought, starvation, hydrogen peroxide treatments)
can trigger sexual reproduction in facultative apomictic plants [145,146]. In the widespread
Ranunculus auricomus complex, the GP pattern showed a significant correlation of sexual
seed formation to higher light intensities, which is due to the occurrence of sexual species in
southern mountain systems at higher elevations than most apomictic taxa [65]. Experimen-
tal light treatments showed that polyploidy reduces the effect of light stress on sexual ovule
formation [141], which might be due to a better quenching of excess light [141,144]. In
Hieracium alpinum, lower foliar nitrogen and carbon content was found in triploid apomicts
of Scandinavia compared to diploids in the Carpathians, which was related to lower solar
radiation and lower precipitation in the Northern areas [147].

These observations could also explain why the association of apomixis to elevation is
equivocal (see Section 4.3): higher solar radiation and stronger UV light exposure of high
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alpine plants would rather cause oxidative stress in reproductive tissues and stimulate the
maintenance of obligate sexuality [123].

5.3. Epigenetic Control Mechanisms

In plants, response to biotic and abiotic stresses is strongly modulated by epigenetic
control mechanisms that influence gene expression patterns [148-150]. The best-known
epigenetic mechanism is DNA methylation which can be involved in direct phenotypic
response to abiotic and biotic stresses as well as in heritable changes of regulatory mech-
anisms [25,149-153]. The stress memory kept via methylation changes allows plants to
rapidly acclimate and adapt to changed environments [150,153,154]. DNA-methylation
changes are important for phenotypic plasticity and adaptation of evolutionarily young,
apomictic lineages, despite low genetic divergence and variability [25]. Moreover, asexual
reproduction would bypass the epigenetic resetting mechanisms during meiosis and game-
togenesis, and hence could enhance the transgenerational transmission of epialleles [25,154].
DNA methylations can further silence transposable elements (TEs), which make up large
portions of plants” genomes; hence, asexual genome evolution might be strongly affected
by TE dynamics [155]. In dandelions, heritable methylation changes in apomictic plant
lineages could explain the high divergence of methylations and accession-specific TE pro-
files [156]. TE profiles have a strong influence on heritable gene expression patterns, some
of which could reflect the functional divergence of lineages [157].

Epigenetic research has always focused on model organisms and crops, and few
studies are available on wild apomictic plants in the context of ecological adaptations.
The most comprehensive studies related to GP are available on alpine R. kuepferi by using
methylation-sensitive AFLPs (MSAPs). Wild populations differed in their MSAP profiles
between diploid sexual and tetraploid apomictic cytotypes, but also between obligate and
facultative apomictic tetraploids [158]. Controlled temperature experiments in climate
growth chambers revealed a significant loss of methylations after temperature changes
in both cytotypes and also influenced growth [159,160]; gene expression analysis further
confirmed a stress response after cold treatments, which was stronger in diploids than in
tetraploids [161]. All results confirmed a better cold acclimation of tetraploids compared to
diploids as a major factor for the GP pattern in this species [161].

Another model system is the common dandelion (Taraxacum sect. Ruderalia). Experi-
mental abiotic stress treatments of apomictic clones resulted in partly heritable methylation
changes as measured with MSAP profiles [162]. A study of methylations over a large
geographical scale from Central Europe to Scandinavia revealed a strong dependence
of epigenetic variation on the genetic background, but also a small fraction of sequence-
independent epigenetic variation that may contribute to phenotypic variation and local
adaptation [163]. A more detailed study on the heritability of stress-induced methylation
changes revealed that transgenerational modification of methylation patterns is genotype
and context-dependent, and mostly undirected [164]. In wild populations of dandelions,
differences in flowering time are associated with methylation patterns but not with geo-
graphical distance [165].

A limitation of MSAP-based studies was the low number of markers and the lack of
sequence-based information for the anonymous MSAP fragments which strongly limits
functional information of methylation patterns. The resources needed for bisulfite-based se-
quencing methods to analyze complete methylomes were so far not feasible for non-model
organisms, and for the number of samples that are required for biogeographical studies.
However, detailed experimental work on apomictic plants testing acclimation/adaptation
to key environmental factors compared to epigenetic profiling will be promising to under-
stand the ecophysiological background of GP.

6. Summary and Outlook

Research of the last decade has confirmed that GP is a widespread phenomenon for
sexual-apomictic plant complexes and has shed light on general aspects of its causality.
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Most patterns show a geographical separation and range expansion of apomicts, while
associations of GP to elevation and previous glaciations are rather equivocal, probably due
to the topographical and climatic complexity of mountain systems. While the advantages of
uniparental reproduction for apomicts are largely confirmed, the role of polyploidy seems
to be an indirect one and is probably connected to the frequently observed climatic niche
shifts of asexual polyploid cytotypes compared to their sexual progenitors. The background
of these niche shifts might be rather a phenotypic plasticity and short-term adaptation of
asexual lineages to altered abiotic conditions, probably driven by epigenetic variability
rather than by genetic changes.

Still, only a few model systems are comprehensively explored for these aspects, and
further information on reproductive data, ecological, experimental, and molecular work
is needed on many genera to confirm the here proposed traits. A major challenge is still
to perform large-scale screenings of a representative sampling from large geographical
areas, often involving complex mountain systems, and also high arctic regions that are not
easily accessible and therefore not well explored. More detailed studies on alpine plants in
different mountain systems of the world are wanted to understand the uncertain relations
of apomixis to higher elevations and the specific physiological adaptations to extreme
conditions at high altitudes. A broad application of the flow cytometric seed screening
method is most promising for this task. However, for understanding the causality of the
pattern, ecological and physiological studies, experimental work, and genetic/epigenetic
studies are wanted.
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Abstract: The complex genomic composition of allopolyploid plants leads to morphologically diverse
species. The traditional taxonomical treatment of the medium-sized, hexaploid shrub willows
distributed in the Alps is difficult based on their variable morphological characters. In this study, RAD
sequencing data, infrared-spectroscopy, and morphometric data are used to analyze the phylogenetic
relationships of the hexaploid species of the sections Nigricantes and Phylicifoliae in a phylogenetic
framework of 45 Eurasian Salix species. Both sections comprise local endemics as well as widespread
species. Based on the molecular data, the described morphological species appeared as monophyletic
lineages (except for S. phylicifolia s.str. and S. bicolor, which are intermingled). Both sections Phylicifoliae
and Nigricantes are polyphyletic. Infrared-spectroscopy mostly confirmed the differentiation of
hexaploid alpine species. The morphometric data confirmed the molecular results and supported the
inclusion of S. bicolor into S. phylicifolia s.1., whereas the alpine endemic S. hegetschweileri is distinct and
closely related to species of the section Nigricantes. The genomic structure and co-ancestry analyses
of the hexaploid species revealed a geographical pattern for widespread S. myrsinifolia, separating
the Scandinavian from the alpine populations. The newly described S. kaptarae is tetraploid and is
grouped within S. cinerea. Our data reveal that both sections Phylicifoline and Nigricantes need to
be redefined.

Keywords: biogeography; genomics; morphometrics; polyploidy; taxonomy

1. Introduction

Polyploidy occurs across the tree of life [1-3]. The presence of multiple gene copies in
polyploids allows for gene neo- and subfunctionalizations, epigenetic changes, and con-
sequently a differential expression of homeologous genes [4,5]. Additionally, polyploidy
provides larger physiological and phenotypic flexibility to respond to different environ-
mental conditions [3,6-8], which facilitates the colonization of various ecosystems [9-11].

Especially allopolyploidization (formed by hybridization between different species/
lineages followed by genome duplication) is considered particularly likely to create biotypes
with novel genomic features [2,12,13]. Polyploidy creates an immediate reproductive barrier
against the diploid progenitors [12,14] and sexual polyploids can form distinct evolutionary
lineages and be recognized as species [15]. However, the gene flow between polyploid
lineages is possible especially on the same ploidy level (e.g., [16]). Thus, the evolutionary
origins of polyploid clades can be complex and involve multiple origins, more than two
progenitors, but also hybridization between progenitors before polyploidization (e.g., [17]).
For genera with polyploid clades, the subgeneric classification has been notoriously difficult,
because of the reticulate, non-hierarchical relationships of groups (e.g., [18,19]).

The genus Salix L. (Salicaceae) comprises about 450 species of dioecious trees and
shrubs mainly occurring in the Northern Hemisphere [18,20]. About 40% of species are
polyploids [21]. Willows are important elements of various kinds of natural wetlands,
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riparian vegetation, and arctic-alpine tundras, and are involved in many biotic interactions
(e.g., [22-24]). The Chamaetia/ Vetrix clade comprises about three quarters of the described
species diversity in the genus Salix, containing more than 350 species classified in about
40 sections. Some species of this clade are adapted to cold, hostile environments of the arctic—
alpine zone and show a decumbent or creeping growth (“dwarf shrubs”), while others are
medium-sized shrubs and small trees. The European Alps harbor 33 willow species, of
which 28 belong to the Chamaetia/ Vetrix clade (so-called “shrub willows” [25]), showing
that willows are an important part of alpine plant diversity. However, the determination of
alpine shrub willows is difficult because of dioecy, simple, reduced flowers, common natural
formation of hybrids, and large intraspecific phenotypic variation [20,24,26]. Especially the
latter point led to the description of many species, and the overall taxonomy of Salix is still
far from being resolved [27]. The presence of polyploidy further increases these difficulties.
Especially the described hexaploid species tend to be morphologically diverse [24,25],
although taxonomically accepted [20,24,28]. However, the phylogenetic relationships of the
medium-sized, hexaploid shrub willows of the sections Nigricantes and Phylicifoline have
never been tested using a comprehensive sampling.

Recent molecular studies based on RAD sequencing data were able to produce ro-
bust phylogenetic trees, resolving the relationships of diploid and tetraploid Eurasian
shrub willows [29,30]. The included alpine species did form monophyletic lineages in
these molecular studies, which show that SNP-based methods based on RAD loci were
suitable to analyze polyploid Salix species [30]. In this paper, we apply this technique to
conduct molecular analyses on the two sections containing hexaploids. However, there are
limitations to such methods, especially regarding the simplifications of SNP calling in a
consensus sequence that might blur some of the results for the higher polyploids. Therefore,
we combine the data with non-molecular approaches. Infrared spectroscopy (sometimes
also called “NIRS” (near-infrared spectroscopy)) of leaves is emerging as a promising tool
to analyze plant phylogenetic diversity as well as certain chemical compounds [31-33].
This method uses the structural and chemical traits of leaves assessed by specific reflectance
patterns to differentiate groups at the species or population level with a high accuracy.
Leaf spectroscopy is non-destructive, fast, cheap, and reliable [34], and thus can be easily
applied to dried leaf material (herbarium material). Additionally, it can be applied to any
ploidy level.

Previous taxonomic treatments of species in willows have been exclusively based
on descriptive morphology. Morphological characters, especially of vegetative parts, are
highly variable in willows due to high phenotypic plasticity and gradual changes during
development in the course of one season [20,35]. Therefore, even leaves of the same individ-
ual exhibit vast variation of diagnostic characters. Morphological studies resulted in several
different taxonomic circumscriptions, specifically in the species complex of the European
Phylicifoliae group sensu Rechinger [28] (including S. phylicifolia L., S. bicolor Ehrh. ex Willd.,
and S. hegetschweileri Heer) by different authors (Table 1). The three taxa were diagnosed
only by a few leaf characters (shape, margin, stipules, and indumentum). To shed light
on questionable species circumscriptions, comparative morphometric studies can help to
quantify objectively the similarity /dissimilarity of taxa and estimate the taxonomic value
of diagnostic traits [36]. Therefore, we apply a morphological analysis on the target species
in addition to molecular data and infrared spectroscopy.

In this paper, we use a comprehensive dataset to test the taxonomic classification
and to analyze the phylogenetic relationships of several taxonomically challenging poly-
ploid species of the section Nigricantes sensu Skvortsov [20] and section Phylicifoliae sensu
Rechinger [28]. The first comprises S. myrsinifolia (6x), widespread in Eurasia, S. mielich-
hoferi (6x), endemic to the Eastern Alps, S. apennina (6x) from the Apennines, S. cantabrica
(4x) from Spain, and the recently described S. kaptarae endemic to Crete (Figure 1). For
section Phylicifoliae (in Eurasia subsect. Bicolores in [20] and S. phylicifolia group sensu
Rechinger [28]; see Table 1), we consider widespread S. phylicifolia L. (6x) and S. bicolor
Ehrh. ex Willd. (3x, 6x) with a scattered distribution in Europe as well as the tetra- to
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hexaploid S. hegetschweileri Heer em. Buser, an alpine endemic species (Figure 1). The two
sections are morphologically similar, and previous authors hypothesized close relationships
between the groups [18,20,28]. We include additional species of both sections and combine
the molecular data with the already published RAD sequencing data for European Salix
species to analyze the position of the species in a phylogenetic framework. Subsequently,
we apply genetic structure and co-ancestry analyses to obtain insights into the genomic
composition of the hexaploids. In addition, we test whether leaf reflectance spectra bear
phylogenetic signals within the hexaploid species and provide further information on taxo-
nomic classification. Finally, we test species delimitation within the Phylicifoline group with
a morphometric analysis. By including specimens from the type locations of S. bicolor and
S. hegetschweileri into both molecular, infrared spectroscopic and morphometric analyses
(see Materials and Methods, Supplementary Table S1), we can fix the nomenclature for final
taxonomic conclusions.

Table 1. Taxonomic treatments of polyploid willows of sect. Nigricantes and sect. Phylicifoliae by
different authors and our results. See the Materials and Methods Section for more details.

Rechinger (1964) [28]; Results of e et e.
Skvortsov (1999) [20] Aeschimann et al. (2004) [37] This Study Betibtion
Subsect. Bicolores S. phylicifolia Group Sect. Phylicifoliae
S. phylicifolia subsp. phylicifolia S. phylicifolia N'Ri‘;?fe' S. phylicifolia N. Eurasia
s subsp. rhaetica o (incl. S. bicolor, excl. and Central
S. phylicifolia (incl. S. bicolor) & R A e S. hegetschweileri) European Mts.
S basaltica 5. bicolor European mts not analyzed Pl\g::s IK/IZ:sClif
(? incl. S. cantabrica) (incl. S. basaltica) P ' ¥ y /
Central
Sect. Nigricantes S. myrsinifolia group Sect. Nigricantes

S. hegetschweileri Alps (endemic)

S. myrsinifolia subsp. myrsinifolia S. myrsinifolia Eurasia S. myrsinifolia s.1. Eurasia

S. myrsinifolia subsp. borealis S. borealis N. Europe S. myrsinifolia s.1. Eurasia
S. mielichhoferi S. mielichhoferi Alps S. mielichhoferi Alps (endemic)

S. apennina S. apennina LS, S. apennina Apennines, S. Alps
S. Alps
Sect. Vetrix
- S. cantabrica Ibe'rlan S. cantabrica 255 Pen.msula
Peninsula (endemic)
) S. kaptarae Crete

(syn. of S. cinerea?)

Section Phylicifoliae/ Bicolores

Section Nigricantes

5
° °
3 YL ° . °
d °
L
S. phylicifolia < ° S. myrsinifolia
S. bicolor S. mielichhoferi
. o ® oa®
S. hegetschweileri S. apennina -~
\
@ sample site W s kaptarae e

@ sample site

Figure 1. Distribution maps of the included hexaploid species of the sections Nigricantes and Phylici-

folige. Sample sites of the included accessions indicated as circles. Color coding according to legend
within each map.
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2. Results
2.1. Phylogenetic Analyses and Genetic Structure Based on RAD Sequencing Data

RAD sequencing yielded an average of 7.26 Mio reads per sample. We used up to
five accessions per species for the analyses of the backbone topology to reveal the position
of members of the sections of interest in the phylogeny without obscuring the results too
much by mixing several ploidy levels. The ipyrad pipeline of 145 samples representing
45 species revealed 46,568 RAD sequencing loci containing 630,764 SNPs. The concatenated
sequence alignment comprised 66.95% of the missing data. The results of the RAXML
analyses are presented in Figure 2, and the same dataset including QS scores is shown in
Supplementary Figure S1. The species S. triandra was used as the outgroup to root the
tree. Three major clades could be observed, while S. reticulata was in a sister position to all
remaining samples. The hexaploid species S. myrsinifolia, S. mielichhoferi, S. apennina, and
S. hegetschweileri form a clade that showed slightly discordant and skewed QS values and
medium-supported BS support. It occurred in a sister position to a clade comprising the
species S. caprea, S. aurita, S. appendiculata, S. cinerea, S. atrocinerea, S. laggeri, and S. salviifolia.
Salix cantabrica, taxonomically assigned to the section Phylicifoliae, appeared in a sister
position to the just mentioned clade. Salix kaptarae, a recently described species from Crete
and assigned to the section Nigricantes, occurred within the widespread lowland species
S. cinerea.

The Fennoscandian hexaploid species S. phylicifolia and triploid /hexaploid S. bicolor
did not form clades according to their species identity but appeared intermingled within
a paraphyletic group. Each subclade showed only low QS and BS support. However,
accessions of both species were situated in a sister position to a clade containing two
subclades, one including S. lapponum, S. helvetica, S. foetida, and S. waldsteiniana and a
subclade containing the species S. viminalis, S. schwerinii, and S. rehderiana (Figures 2
and S1). The remaining topology is in accordance with previously published data on the
Salix subg. Chamaetia/ Vetrix clade [25,30].

Subsequently, a RAXML analysis, including all collected samples of the analyzed sec-
tions as well as a reduced backbone sampling, was conducted to analyze the tree topology
of both sections in more detail. The results are shown in Supplementary Figure S2. The
samples of S. myrsinifolia, S. hegetschweileri, S. apennina, and S. mielichhoferi form one clade.
Within this clade, S. myrsinifolia was separated into two subclades: One containing samples
from Scandinavia as well as Russian S. cf. jenisseensis. The other clade contained samples
from the Alps. Samples of S. mielichhoferi formed a monophyletic group with a strong
support. The accessions of S. apennina were grouped in a sister position to S. mielichhoferi.
Salix hegetschweileri is not monophyletic but forms two clades as a paraphyletic group in a
basal position to the remaining species. The accessions of S. bicolor also form two clades,
one clade including samples from Switzerland and the other samples from Germany and
Austria in a sister position to samples of S. phylicifolia.

The results of the co-ancestry analysis of the species belonging to the section Nigri-
cantes and Phylicifoliae are shown in Figure 3. The analysis was based on 43 samples and
49,754 RAD loci. Salix phylicifolia s.1., including S. phylicifolia and S. bicolor, was clearly
separated from the remaining species. Salix hegetschweileri shared co-ancestry with species
of the section Nigricantes, however, the analysis also revealed some co-ancestry with the
Phylicifoline group indicated by the orange color. Salix myrsinifolia was divided into two
groups. One includes all samples from the European Alps. The other group comprises
samples originating in Fennoscandia and Estonia as well as S. cf. jenisseensis from Russia.
The latter clade showed some shared ancestry with Nordic S. phylicifolia.

To analyze the two sections containing the alpine hexaploid species in more detail, we
conducted a separate analysis for the two observed major clades of each section Nigricantes
plus S. hegetschweileri, and Phylicifoliae (Supplementary Figure S3). For the section Nigri-
cantes, 29 samples of S. mielichhoferi, S. myrsinifolia, S. apennina, and S. hegetschweileri were
included. The ipyrad pipeline obtained 8,164 RAD loci showing 90,756 SNPs and 15.7%
missing data on a restrictive filtering. For twelve samples of S. phylicifolia and S. bicolor
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(Phylicifoliae), 27,010 RAD loci (149,614 SNPs, 6.51% missing data) were observed with
the ipyrad pipeline. The results of the co-ancestry analysis with fineRADstructure for
the sections Nigricantes and Phylicifoliae are illustrated in Supplementary Figure S3. The
co-ancestry analysis based on 8149 shared loci revealed separate clusters for each species
included. Overall, however, the red—orange colors showed moderate levels of co-ancestry
within all hexaploids included in this paper. Shared loci were observed for S. mielich-
hoferi and S. myrsinifolia. Additionally, shared loci were present for S. hegetschweileri with
S. myrsinifolia. For the subclade of the section Phylicifoliae, the samples from Harz Mountain
were separated and showed very low levels of co-ancestry (yellow color). Triploid samples
from Austria showed only low levels of co-ancestry with the remaining samples, while
hexaploid samples of S. phylicifolia and S. bicolor from Switzerland showed a high number
of shared loci indicated by orange and red colors.
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Figure 2. Backbone topology of the Chamaetia/Vetrix clade including 145 samples representing
45 Eurasian species plus S. triandra as outgroup based on a RAXML analyses on 46,568 RAD loci
(630,764 SNPs) in a concatenated alignment of 5,341,180 bp and 66.95% missing sites. Bootstrap
support values above branches. Ploidy level of species behind the species names. Species of the
sections Nigricantes and Phylicifoliae are displayed in colors according to the legend. (Additional
quartet sampling scores are displayed in Supplementary Figure S1).
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Figure 3. Co-ancestry analysis with fineRADstructure of 43 samples belonging to the sections
Nigricantes and Phylicifoliae s.1. based on 49,754 RAD loci shared by at least 10 individuals. The
amount of co-ancestry is illustrated by the color shade (legend left side). The sections and species are
clearly separated. Salix myrsinifolia appears in two groups, one including samples from the European
Alps (S. myrsinifolia I) and the other group includes samples from Fennoscandia and S. cf. jenisseensis
from Russia (S. myrsinifolia II). Salix bicolor is included in S. phylicifolia. Detailed clade-wise results are
presented in Supplementary Figure S3.

The results of the genetic structure analyses with sNMF for all samples and both clades
observed in the Maximum Likelihood tree are displayed in Supplementary Figure S4.

The overall analysis revealed some admixture in S. hegetschweileri and S. jenisseensis c.f.
for k = 2, while the other individuals share genetic partitions according to their sectional
classification (see Supplementary Figure S4a). The overall as well as the clade-wise results
indicate that the individuals of S. bicolor and S. phylicifolia do not form two distinct groups
according to their taxonomic species identity. Instead, two samples of S. bicolor from Harz
Mountain share the same structure (light blue), while all remaining accessions show a
different genomic composition (dark blue) independent of species determination (k = 2). A
population-wise structure is present for k = 6 (Supplementary Figure S4b).

For the Nigricantes clade, the sNMF results for k = 6 are presented in Supplementary
Figure S4c. Salix mielichhoferi and the majority of samples of S. myrsinifolia share a genetic
cluster (yellow), while S. myrsinifolia shows a certain amount of admixture. Two samples of
S. mielichhoferi show a distinct cluster (light blue). Samples of S. myrsinifolia originating from
Fennoscandia as well as S. cf. jenisseensis form a distinct cluster (orange). Salix apennina
and S. hegetschweileri share a genetic cluster (dark blue).
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2.2. Infrared Spectroscopy Data

The results of the infrared spectroscopy data of all hexaploid species are shown in
Figure 4. Salix phylicifolia and S. bicolor are distinct from S. myrsinifolia, which showed a
variable spectrum, and S. mielichhoferi. The two included samples of S. hegetschweileri (after
filtering) were bridging S. myrsinifolia and S. phylicifolia. The prediction table showed high
prediction values for S. mielichhoferi and for S. bicolor and S. phylicifolia when combining the
latter two into S. phylicifolia s.1.. Most S. myrsinifolia samples were assigned to S. mielichhoferi.
The two measurements of S. hegetschweileri were assigned to S. phylicifolia s.1. The more
detailed results of the infrared spectroscopy of leaf material for the section Nigricantes
(S. mielichhoferi, S. myrsinifolia, and S. cf. jenessiensis) as well as for the section Phylicifoliae
(S. bicolor, S. hegetschweileri, and S. phylicifolia) are illustrated in Supplementary Figure S5.
The results shown as PCA and density plots show discrimination between the species
S. mielichhoferi and S. myrsinifolia based on their filtered spectra. However, the measurement
of S. cf. jenessiensis falls into S. myrsinifolia. For the section Phylicifoliae, S. bicolor and
S. phylicifolia are in close proximity based on the PCA. The first coordinate explains 54.1% of
the variation in the dataset. When including information on ploidy (3n and 6n), the results
show a similar, but slightly more distinct pattern.
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Figure 4. Infrared spectroscopy data. (a) Mean reflectance per species; species color-coded according
to legend. (b) PLS-DA prediction table on spectral data showing relative numbers (percentage) of
prediction. (c) PCA of spectral data analyses (convex hulls) of hexaploid species. The individual
samples are color-coded according to the legend on the right. The displayed outcomes combine
S. bicolor and S. phylicifolia.
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2.3. Ploidy Level Determinations for S. bicolor and S. kaptarae

The FC results (Supplementary Table S2) show a hexaploid genome size for S. bicolor
samples from Switzerland as well as for the two samples from the Harz Mountains, Ger-
many, which represent the only remaining population from the locus classicus. Salix kaptarae
showed a tetraploid genome size.

2.4. Morphometric Data of S. phylicifolia, S. bicolor and S. hegetschweileri

The characters of leaf length, leaf width, angle of the blade base, and length of stip-
ules showed significant differences (p > 0.05) between S. hegetschweileri and both S. bi-
color/S. phylicifolia, whereas the two latter species did not differ from each other (Figure 5).
Salix hegetschweileri has longer and wider leaves, a broader angle of the blade base, and
more pronounced stipules compared to the other taxa. Length/width ratios of leaves,
however, did not show any differences between taxa (Figure 5¢c). Length of teeth differed in
all three taxa among each other, with S. bicolor having entire margins or very short teeth,
followed by tiny teeth in S. phylicifolia and pronounced teeth in S. hegetschweileri (Figure 5f).
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Figure 5. Morphometric analyses. (a—f) Boxplots of six characters plotted for S. bicolor (n = 15, bic.),
S. phylicifolia (n =7, phyl.), and S. hegetschweileri (n = 18, hege.). Significant pairwise differences accord-
ing to Mann-Whitney tests are shown with different letters ((a,b); see Supplementary Table S3 for all
p-values). Boxes show the median and the quartile length, and whiskers the range. (g,h) Ordinations
using the characters above except for (c); symbols and convex hulls according to the best grouping in
discriminant analyses (97.5% correctly classified with two groups: S. bicolor and S. phylicifolia in blue,
and S. hegetschweileri in orange). (g) PCA and (h) PCoA of five morphological traits.
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PCA using five characters and plotted with convex hulls for the three taxa suggested
strong overlaps of S. bicolor and S. phylicifolia (Supplementary Figure S6), whereas PCA
with convex hulls for only two taxa according to genetic data (bicolor + phylicifolia and
hegetschweileri) revealed only a slight overlap of the two clusters (Figure 5g). Leaf length and
angle of the base have the strongest correlations (highest loading values) with the first two
axes. PCoA with convex hulls for two taxa (bicolor + phylicifolia and hegetschweileri) revealed
two clearly distinct clusters in the scatter plot (Figure 5h), whereas S. phylicifolia and
S. bicolor visualized separately did not show a dissimilarity gap. The discriminant analysis
with three predefined taxa revealed a confusion matrix with 92.5% of samples correctly
classified, whereas with two predefined groups (S. bicolor + phylicifolia and S. hegetschweileri
as in Figure 5g/h) revealed 97.5% of samples correctly classified.

3. Discussion

The complexity of the allopolyploid genome, especially for higher polyploids as stud-
ied in this paper, is a source of variable phenotypic and physiological traits [3,7]. However,
although hexaploid Salix species are morphologically variable and thus taxonomically
challenging, the reduced representation data of genomes analyzed with bioinformatic
tools were able to resolve the relationships of the hexaploid species analyzed in this paper.
Our study showed that spectral data can be a useful supplement to analyze phylogenetic
relationships, which is in line with other studies [31-33]. In combination with molecular
and morphometric data, we were able to answer questions on the taxonomic treatment of
alpine hexaploid Salix species. Despite the mosaic-like genomic composition, our results
show clear species delimitation for all species, except S. phylicifolia/bicolor. This might
be due to successful sexual reproduction and the establishment of the polyploid lineages
as observed in tetraploid willows [30]. Nevertheless, our data indicate introgression and
geneflow between the hexaploid genomes (e.g., Figure 3). In the following, we discuss
our methodical approach, the evolutionary history, and the impact of our results on the
taxonomic treatment of the two sections Nigricantes and Phylicifoliae.

3.1. Comparison of Datasets

In this study, we used RAD loci and SNPs to analyze the phylogenomic relationships
in hexaploid species. RAD sequencing is a reduced representation method and, because
we used a de novo assembly, we generated short anonymous loci. However, the advantage
of this technique is the considerable number of generated SNPs that could be successfully
used for species delimitation in hexaploids. The reduction in the complexity of up to six
alleles into one single (ambiguous) consensus sequence allowed us to combine samples
with different ploidy levels. To find the best balance between missing data and number of
informative SNPs, we tested different parameter sets. The high amount of missing data
(~70%) in the final dataset used for the backbone topology did not affect the phylogenetic
reconstruction. This is in accordance with [38]. However, to display (allo)polyploid species
in a bifurcating tree is not the best way to address a network-like evolutionary pattern [2].
Thus, we implemented genetic structure analyses with sSNMF and co-ancestry analyses
with fineRADstructure. Both tools can handle different ploidy levels [39,40]. The close
relationships of species within subclades allowed for more conserved settings with less
locus dropout and, thus, less missing data in the final datasets. Our study is one of the
few available studies applying these two tools to hexaploid non-model plant species. We
showed that these population genomic tools are suitable for (polyploid) species complexes
and/or closely related species to reveal the genomic structure and co-ancestry, which is
in accordance with other studies [41-43]. However, we realized that genetically (almost)
identical individuals (=clones) from the same populations blurred the results of both
tools and tended to form separate clusters (see, e.g., S. bicolor from Harz Mountain or
S. mielichhoferi from Austria). In these cases, the signal is stronger than the co-ancestry
with ally species. Similar patterns were observed in a study on an alpine hybrid zone
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of two willow species [44]. We, therefore, recommend excluding clonal or highly similar
individuals from this sort of analyses.

Subsequent to the molecular dataset, we applied infrared spectroscopy to the target
species, which is not sensitive to ploidy. This technique (also called “near-infrared spec-
troscopy (NIRS)”) became a popular tool in forestry in the 2000s, where leaf spectra were
used for tree species discrimination and for (the prediction of) foliage chemical compounds
in the field (reviewed in [34]). The main reasons for the frequent use of spectroscopy are
its low cost as well as the non-destructive, fast, and reliable measurements. The utility of
spectral data for taxonomic purposes has been demonstrated in several plant species [45,46].
Stasinski et al. [31] used spectral data in combination with molecular data (genotyping-
by-sequencing, GBS) for a fine-scale diversity analysis in two hybridizing arctic shrub
species of genus Dryas. The authors demonstrated that reflectance spectroscopy captured
genetic information that can be used to accurately classify leaves of species, hybrids, and
populations in a taxonomically challenged group. Our data showed good differentiation
between the two analyzed species groups (Figure 4) but only low differentiation within
species. However, our dataset comprised much fewer measurements per species than in the
studies mentioned above and we experienced a bias in the prediction results towards the
species with a higher number of measurements (e.g., S. myrsinifolia samples were predicted
as S. mielichhoferi, and S. hegetschweileri as S. phylicifolia, while we measured in both cases
more samples for the latter one). Additional samples might stabilize the prediction in the
PLS-DA. The combination of spectral data and morphological data in the genus Myrcia
(Myrtaceae) by Gaem et al. [47] demonstrated that the multidimensional natures of the
entire spectra were very efficient in assigning individuals to species categories. Our results
support the ability of this technique to discriminate different Salix species within one sec-
tion. Even better, we are able to discriminate different species groups and, thus, our results
are in line with the above-mentioned studies. Additionally, we observed a considerable
within-species variability in S. myrsinifolia and S. bicolor. However, we did not consider
collection time (leaf age) and collection site (ecological factors), which might affect the
chemical composition of the leaves of these highly variable plant species. The leaves of
S. myrsinifolia and S. mielichhoferi turn black when dried and this might further contribute to
the observed diversity of measurements (see Figure 4a). Pigments absorb light in the visible
region (400-700 nm), whereas light in the near infrared region (700-1100 nm) is scattered by
leaf anatomical, tissue, water, and surface features, and light in the short-wave infrared
region (1400-2500 nm) is scattered and absorbed by anatomical features and biochemicals,
such as cellulose, phenolics, and water [31]. Thus, leaf spectra are complex datasets influ-
enced by both environmental and genetic factors. Overall, considering the fast and easy
use of this technique, it is a valuable supplement to molecular and morphological datasets.

Finally, we addressed the delimitation of species of the previous section Phylicifo-
liae with a morphological analysis, which confirmed S. hegetschweileri being distinct from
S. phylicifolia/ S. bicolor. At the species and individual levels, we can confirm a high variabil-
ity of characters that is typical for willows [20,48]. A certain overlap of phenotypic variation
of genetically clearly distinct species was also observed in other molecular-morphometric
studies on willows [49,50]. In addition to gradual changes during seasonal development,
phenotypic plasticity depending on habitat conditions causes large individual variation. For
instance, leaf size usually decreases on dry soils, which applies to our dataset, specifically to
S. hegetschweileri individuals found on the rather dry glacier moraines of the Gletschboden
population. Only these small-leaved individuals caused the overlap of variation with the
S. bicolor/S. phylicifolia cluster in the displayed PCA (Figure 5g). However, morphometric
data in combination with molecular data are powerful to separate closely related taxa, as it
has been demonstrated in many other polyploid complexes [51-53].

3.2. Evolutionary History and Biogeography

Previous studies on polyploid willows suggested allopolyploid origins for most poly-
ploid species [30]. Skvortsov [20] already emphasized that willow species are characterized
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by distinct eco-geographical distributions. In the Nigricantes clade, it is plausible that all
polyploids speciated via geographical and ecological isolation. Salix apennina, S. hegetschwei-
leri, and S. mielichhoferi have allopatric distributions. Only in the Alps, S. myrsinifolia
is sympatric with S. hegetschweileri in the western Central Alps and with S. mielichhoferi
in the Eastern Central Alps, but in both areas, the two latter species occur in subalpine
shrubberies, whereas S. myrsinifolia occurs mostly in the montane forest zone in wet mead-
ows and along rivulets [37,54]. The alpine endemic species S. mielichhoferi seems to have
evolved as a separate evolutionary lineage out of the Central European populations of
widespread S. myrsinifolia via ecological speciation. It could have originated after the last
glacial maximum, since the current distribution area of S. mielichhoferi was mostly covered
by ice at the last glacial maximum (LGM), except for the southernmost parts in Northern
Italy [37,55]. Alternatively, the species predated the LGM and survived in the southern
peripheral calcicolous refugia between the Lake Como and the Dolomites [55]. Both species
share a certain amount of their genomes (Figure 3 and Figure S4) but are clearly separated
into two lineages (Figure 2 and Figure S3). However, the shared genomic compartments
might also be explained by recent gene flows, since they overlap in their elevational distri-
bution in the Alps in the subalpine zone, where intermediate forms between both species
were observed in the contact zone [54]. The hybrid origin of such individuals, however,
needs to be confirmed by further studies.

The evolutionary origin of S. hegetschweileri has long been under dispute, also due to
unclear delimitation against S. bicolor and S. phylicifolia and the notorious confusion of taxa
(Table 1; reviewed in [54]). Based on our data, we considered S. hegetschweileri a distinct
lineage and alpine endemic species (see Section 3.4). The survival of glacial maxima could
have been possible in southwestern peripheral refugia, where many siliceous bedrock
conditions are available [55]. This silicolous species is very successful as a colonizer of
glacier forefields and could have been one of the first postglacial pioneers of the alpine
flora after glacier retreat.

The evolution of the S. phylicifolia-bicolor alliance can be best explained by geographical
isolation. During the LGM (or during previous cold periods), S. phylicifolia s.1. probably
colonized the whole ice-free tundra zone between the big ice shields covering the Alps
and Northern Europe. During the postglacial recolonization, S. phylicifolia migrated mainly
northwards and left some isolated relic populations in the Jura and adjacent western Alps,
in the Harz Mountains, the Riesengebirge (not included in this paper), and in the Eastern
Alps in a refugial area on siliceous bedrock (see [55]). The disjunct clades of the Swiss and
Austrian populations of “S. bicolor” might be due to geographic isolation during LGM.
Postglacial reforestation hindered range expansion and gene flow between the isolated
relic Central European willow populations. The population structure observed in the
co-ancestry analyses could be explained by the disjunct distribution of these populations
classified as “S. bicolor”.

3.3. Taxonomy of the Section Nigricantes

Most taxonomically described species within this section can be confirmed by our re-
sults. The infrared spectroscopy data were able to distinguish S. mielichhoferi and S. myrsini-
folia, and in the molecular datasets, species of this section were clearly discriminated. The
widespread and morphologically diverse S. myrsinifolia is divided into two clades, separat-
ing the Scandinavian accessions from the alpine accessions (Figures 2 and 3). According
to [20], the widespread S. myrsinifolia was divided into three subspecies. For Fennoscandia,
S. myrsinifolia ssp. borealis was described. We did not infer subspecific treatment in this
paper since our main interest was on the alpine hexaploids. However, the separate clade
for Fennoscandian S. myrsinifolia could be due to the geographical separation of these
samples. The observed low degree of co-ancestry (Figure 3) with Scandinavian S. phylicifolia
could be due to recent introgression. Whether this group merits a taxonomic treatment as
subspecies should be tested with an expanded sampling. S. myrsinifolia and S. mielichhoferi
were accepted by all authors as distinct species. Morphologically, they are differentiated
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by the characteristics of leaves and twigs [24] and the separation was supported by our
results. Salix apennina was nested within the Nigricantes clade, and all accessions form a
monophyletic group. Salix hegetschweileri, which was previously regarded as part of Sect.
Phylicifolia (see discussion below), is sister to the S. apennina—myrsinifolia—mielichhoferi clade.

Salix kaptarae, a recently described species from Crete [56], was described as closely
related to S. apennina based on morphological characters and taxonomically assigned to
section Nigricantes. However, our data did neither confirm the proximity to S. apennina as
suggested by the authors, nor the assignment to the section Nigricantes. Instead, our data
indicate the inclusion of this species into S. cinerea (Figure 2, and Supplementary Figures S1
and S2) within the section Vetrix sensu [20]. The morphological characters of S. kaptarae
such as pubescent branches, leaf morphology, and pronounced striae on decorticated wood
(pers. observation of N. Wagner), fit the assignment to this section. Additionally, the sample
included is tetraploid based on our flow cytometry data (Supplementary Table S2), as it is
also documented for S. cinerea (2n = 76; [57-59]). Although the flora of Crete has been well
studied for decades, in the vascular plant checklist of Crete only S. alba was mentioned [60].
The population of S. kaptarae was mentioned in the year 2000 by Jahn in [61] and later
by [62]. That leads to the assumption that the individuals of S. kaptarae (S. cinerea) were
introduced to Crete either via long-distance dispersal or, more likely, by humans. However,
we included only one sample from the type location in our molecular dataset. More
studies will be needed to analyze the spatio-temporal evolution and taxonomic treatment
of S. kaptarae in more detail.

The previously circumscribed Sect. Nigricantes appears to be polyphyletic in phyloge-
nomic analyses and should be refined to the clade including S. apennina, S. myrsinifolia,
S. mielichhoferi, and S. hegetschweileri. A shared character of this section that differs from
the Phylicifoliae is the formation of pronounced stipules [20]. The position of putative
S. jenisseensis, which was classified in Section Glabrella by [20], needs to be clarified with
more samples.

3.4. Taxonomy of the Section Phylicifoliae

Traditionally, this section included S. phylicifolia, S. bicolor, S. cantabrica, and S. hegetschwei-
leri along with other species not included in this paper [20]. Based on our results, this
section is polyphyletic. The Iberian S. cantabrica was not the focus of our study on alpine
hexaploids of both sections, so we included only two samples. However, the results suggest
that this species is closely related to members of section Vetrix (Figure 2).

The morphological analyses of the section Phylicifoliae clearly separate S. hegetschweileri
from S. phylicifolia and S. bicolor (Figure 5). Less clear are the results of the spectral data
that show high similarity between S. hegetschweileri and S. phylicifolia (Figure 4 and Figure
S5). However, only two samples were included, which is not enough to cover the species
diversity. Skvortsov [20] regarded S. hegetschweileri a geographically separated, Central
European subspecies of S. phylicifolia (as ssp. rhaetica). Lautenschlager [63] proposed that
S. hegetschweileri is a recent hybrid between “S. bicolor” and S. myrsinifolia. He crossed
S. hegetschweileri individuals from the locus classicus (Urserental, Switzerland), which he
misidentified as S. bicolor, with S. myrsinifolia and obtained S. hegetschuweileri-like offspring,
which he then misinterpreted as “bicolor” x myrsinifolia-hybrids. Our molecular analyses
clearly indicate that populations from Urserental, Gletschboden, and Tyrol have nothing
to do with “S. bicolor” but are S. hegetschweileri. Our data do not support the hypotheses
of a homoploid hybrid origin out of two hexaploid extant parents. Our phylogenetic data
(Figure 2, Figure S2, and Figure 5) instead separate S. hegetschweileri from other members
of this section. The alpine endemic is a distinct lineage and shows close relationships to
the Nigricantes clade in phylogenetic analyses. Based on the molecular and morphological
data, we assumed the post-origin local introgression of S. hegetschweileri with S. myrsinifolia
in subalpine contact zones, which also sometimes blurs the morphological differences
between these two distinct species (Supplementary Table S4). However, S. hegetschweileri
does show a genetic contribution from S. bicolor /phylicifolia (Figure 3 and Figure S4). Thus,
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we cannot rule out ancient contributions from the ancestors of the phylicifolia lineage nor
recent gene flows. Taken together, we support the taxonomical treatment following [28]
and [24], treating S. hegetschweileri as a distinct species and alpine endemic.

The taxonomic treatment of S. bicolor has long been under discussion (Table 1). Our
data suggest that “S. bicolor” represents disjunct relic populations of former widespread
S. phylicifolia. The flow cytometry data showed a hexaploid genome size for the populations
of the locus classicus from the Harz Mountains as well as from the Jura and adjacent Swiss
Alps (Supplementary Table S2). The triploid population from Austria seems to be a single
isolated clone of female plants [54] that either evolved from a hexaploid parent via haploid
parthenogenesis (meiosis complete, but embryogenesis without fertilization of reduced
egg cells), which can happen occasionally in many angiosperms (e.g., [64]). Alternatively,
the triploids represent a population that originated from a diploid parent, underwent
polyploidization, and became stuck in a triploid bridge stage. A “triploid bridge” is usually
formed in the process of polyploidization via unreduced gametes, but in dioecious plants,
this process could severely disturb the balance of proportions of sex chromosomes, and
hence proportions of male and female individuals [65]. We regard the first scenario as more
likely as all other S. bicolor samples from the western Alps, Jura, and Harz Mountains were
hexaploid. In any case, the triploids represent a special population. Our morphological
analysis also includes S. bicolor into S. phylicifolia (Figure 5). The discrimination of both
species in the spectral data analyses as well as the molecular data is rather weak (Figures 2
and S5).

Salix phylicifolia s.1. (incl. S. bicolor) is, in our present phylogeny, a paraphyletic group
(Figure 2). Paraphyly is a frequent phenomenon in polyploid species and can be referred to
progenitor-derivative relationships within a dataset [66,67]. Paraphyletic groups are based
on shared ancestry and, hence, can be used for species classification [66,67]. The section
Phylicifolia, however, is polyphyletic, and needs a new circumscription, which requires
further studies, including other Eurasian and North American species [18] that we did not
sample here.

4. Materials and Methods
4.1. Studied Material

We sampled species of the sections Nicricantes A. Kern and Phylicifoliae (Fries) Anders-
son with specific emphasis on the alpine species of both sections. Salix myrsinifolia Salisb.,
which is hexaploid, widely distributed in Europe, and morphologically highly diverse, has
a long tradition of taxonomic discussion. The leaves of this shrub or small tree turn black
when they are dried. S. myrsinifolia is probably the most variable species of all the European
willows [20,24,54]. This species hybridizes with other willows, e.g., S. glabra, S. mielichhoferi,
and S. cinerea; however, most plants that have been treated as hybrids are, according [20],
“variants within the species variability range”. Several species names were synonymized to
S. myrsinifolia (e.g., S. nigricans Sm. is a younger synonym). Two subspecies are currently
accepted (by the authors of Table 1): S. myrsinifolia ssp. myrsinifolia, and ssp. borealis (Flod.)
A. Skvortsov. In this study, we sampled S. myrsinifolia originating from the Alps and from
Fennoscandia. One of our samples matches S. jenisseensis (F.Schmidt) Flod. from Russia, a
species related to S. myrsinifolia. Due to the lack of samples, the identification is provisional.

S. mielichhoferi Saut. is a hexaploid species [57,59] that occurs in Austria and Northern
Italy and is endemic to the Alps, and also belongs to the section Nigricantes. Morphologically,
it differs from S. myrsinifolia by glabrous, more oblong leaves without a pruinose layer
on the lower surface. Both species share the blackening of leaves when dried. However,
hybridization with S. myrsinifolia is possible [54], leading to intermediate forms.

Additionally, the accessions of S. apennina A. K. Skvortsov, a hexaploid species from
the Apennines, and one sample from the locus classicus of S. kaptarae Cambr.Brullo&Brullo
were included. The latter species was recently described from Crete [56] and assigned to
the section Nigricantes. Based on the morphological characters, it was assumed as being
related to S. apennina.
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The species S. phylicifolia L., S. bicolor Ehrh. ex Willd. as well as tetra- to hexaploid
S. hegetschweileri Heer em. Buser belong to the S. phylicifolia group sensu Rechinger [28],
which can be assigned to the section Phylicifoliae. All three species are medium-sized shrubs.
S. bicolor shows a disjunct distribution, while S. hegetschweileri is endemic to the central
Alps. One stand of S. bicolor from the Alps is triploid [59]. For the other locations, neither
chromosome counts nor genome size estimation exist to date. Salix bicolor has been the
subject of controversial taxonomic treatments (see Table 1). Skvortsov [20] separated the
Iberian species S. basaltica Coste from S. bicolor, and considered that S. cantabrica Rech.f.,
a tetraploid species from the Cordillera Cantabrica [57], should be included there. For
S. hegetschweileri, chromosome counts of 4x, 5x, and 6x were reported, sometimes within
one stand [58,59]. Salix hegetschweileri was separated by [28,54,68] and described as a
variable, but clearly distinct species of the central Alps. However, during identification,
confusion with glabrous forms of S. myrsinifolia is possible (Supplementary Table S4).
Hybridization between both species can happen in overlapping distribution areas and
was reported several times [54]. More problematic is the discrimination of S. bicolor from
S. phylicifolia, which was subject to controversial discussions in recent decades. While
both species were accepted by several authors [28,69,70], Skvortsov [20] treated the plants
from the mountains of Central Europe not as distinct species but as subsp. of S. phylicifolia
(ssp. rhaetica). Hexaploid S. phylicifolia L. s.str. is distributed in Northern Europe and
Western Siberia.

4.2. Molecular Analyses

The leaves of a total of 64 newly sampled individuals, including material from type
locations for S. bicolor, S. hegetschweileri, and S. kaptarae, were dried in silica gel and herbar-
ium voucher specimens were deposited in the herbarium of the University of Goettingen
(GOET). The sampling was supplemented by already published data to a final dataset
of 145 samples (45 species). Detailed information for the sampling is summarized in
Supplementary Table S1.

The DNA of all samples was extracted using the Qiagen DNeasy Plant Mini Kit
following the manufacturer’s instructions (Valencia, CA, USA). After the quality check,
the DNA was sent to Floragenex, Inc. (Portland, OR, USA) where the sequencing library
preparation was conducted after [71] using the restriction enzyme PstI (see [29] for details).
Polyploids require an increased depth of coverage based on the larger genome size and the
higher number of alleles [72,73]. Thus, we sequenced polyploid taxa on a separate plate to
avoid loss of coverage. The quality of the resulting single-end 100bp long sequence reads
was checked using FastQC v.0.10.1 [74]. After de-multiplexing, the reads were used to run
ipyrad v.0.9.52 [75] with a clustering threshold of 85% and a minimum depth of eight reads
for base calling. The clustering was performed with VSEARCH as implemented in ipyrad
v.0.9.52. The maximum number of SNPs per locus was set to 20, and the maximum number
of indels to 8. We set a threshold of a maximum of four alleles per site in the final cluster
filtering. Filtering settings were optimized as described in [29]. Eventually, the m15 dataset
(loci shared by at least 15 individuals) was used for phylogenetic analyses of the backbone
topology. Additionally, we performed ipyrad for all samples of the sections Nigricantes
and Phylicifoline with a reduced backbone sampling to test for within-section relationships.
Finally, it was conducted for each “hexaploid clade” separately applying the same settings.

We inferred phylogenetic relationships on concatenated alignments of the complete
dataset as well as the reduced backbone dataset by using the GTR+ I' model of nucleotide
substitution implemented in RAXML v.8.2.4 [76]. We conducted, for each ML analysis, a
rapid bootstrapping (BS) analysis with 100 replicates. In addition to BS, we applied quartet
sampling (QS; [77]) with default settings to test the statistical support of a given topology.
We ran 300 replicates using the —L option (minimum likelihood differential). QS is able
to distinguish between conflicting signals and poor phylogenetic information. For each
phylogeny shown in this paper, the observed QS values (QC/QD/QI) were visualized
along with the BS values above and below branches.
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4.3. Co-Ancestry Analysis and Genetic Structure

To explore the genetic structure of the hexaploid species, we employed RADpainter
included in the package fineRADstructure [39], which infers population structure from
RAD sequencing data. The program creates a co-ancestry similarity matrix based on
haplotypes. The analysis compares nearest neighbor haplotypes by finding the closest
relative for each allele for a given sample set using SNP data. For more details, see [39].
We performed the analyses using default settings based on the ‘alleles.loci’ file result-
ing from clade-specific ipyrad runs. First, we prepared the input file using the Python
script fnRADstructure_input.py included in “finRADstructure-tools’ (https:/ /github.com/
edgardomortiz/fineRADstructure-tools (accessed on 8 January 2023)). With the input file,
we calculated the co-ancestry matrix employing RADpainter. We then used ‘finestructure’
for clustering and tree assembly using 100,000 MCMC replicates and a burn-in of 100,000
applying the clustering approach ‘-m T’. The results were visualized with the R script
‘fineRADstructurePlot’.

Moreover, we performed genetic structure analyses applying SNMF within the R pack-
age LEA v.3.0.0 [78], which handles mixed-ploidy datasets, does not rely on assumptions
of Hardy—Weinberg equilibrium, and is thus particularly suitable for analyzing polyploid
apomicts [40,78,79]. We used .ustr files (one SNP per locus) generated by ipyrad and set
the number of genetic clusters (K) from 1 to 10, maximal ploidy to 6, and repetitions to
8. To choose the number of ancestral K values, we used the implemented cross-entropy
criterion. We retained and plotted multiple K values as the cross-entropy criterion only
increased with increasing K values. The best run for each K value, i.e., the run with the
lowest cross-entropy criterion, was selected to create bar plots in MS Excel.

4.4. Leaf Spectroscopy and Spectral Analyses

To measure the leaf spectra, we exclusively used well-dried herbarium material. Water
might strongly affect the measurements and, by using herbarium samples, we could avoid
any natural bias caused by different water contents. The sampling included 21 samples
representing the six target species that were also used for molecular treatment supple-
mented by 17 additional samples to increase the sample size per species (Supplementary
Table S1), totaling 38 samples from GOET. The reflectance measurements were conducted
with a PSR+ portable spectroradiometer (Spectral Evolution, Haverhill, MA, USA) with
bifurcated fiber optic cable and leaf probe clip. An “empty” white reflectance measurement
was performed for calibration before each round of measurements. The reflectance spectra
scanned from 350 to 2500 nm wavelength. We measured three times upper (adaxial) and
three times lower (abaxial) surface to capture within-sample variability and statistical bias
for each sample resulting in six scans per specimen. The measurement plots (spectra) were
collected in the software DARWin SP Application Software v1.3 (Spectral Evolution).

The reflectance data were processed with a customized R script following [33]. In the
first step, the data were filtered to remove spectra that resulted from erroneous scans with
measured reflectance over 100%. Next, an average of all scans per sample was generated.
The mean spectra per species were visualized as graphs. The results were forwarded to
partial least squares discriminant analyses (PLS-DA), a multivariate analysis that classifies
observation from PLS regression on indicator variables and proved to work well with
high-dimensional multicollinear datasets as spectral data [31,80]. A prediction table was
calculated based on the PLS scores. Then, we investigated the dataset with a principal
component analysis (PCA). For this analysis, we defined different groups: “species level”
(assignment of measurements to species determination) and “individual level” (assignment
of spectra for each individual). The results were visualized with scatter plots with convex
hulls or 95% confidence ellipses and with density plots.

4.5. Flow Cytometry

To analyze the ploidy levels of S. bicolor and S. kaptarae, flow cytometry (FC) was
conducted using silica-gel-dried leaf material. Samples (~1 cm?) were reduced to small
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pieces using Tissue Lyzer II (Qiagen; 30 Hz, time 3 s). A total of 200 uL of 1% PVP Otto
I extraction buffer were added, and samples were gently inverted for 1 min. Samples
were filtered through CellTrics ® filter (30 pum mesh, Sysmex Partec GmbH, Gorlitz, Ger-
many) into a flow cytometry sample tube. A total of 800 pL of DAPI-containing Otto II
buffer [81] were then added to strain the DNA. FC analyses were carried out on a CyFlow
Ploidy Analyzer (Sysmex, Norderstedt, Germany) and the Software CUBE16 v.1.6 (Sysmex,
Norderstedt, Germany) was used to analyze the results and compute DNA content. Gain
was set at 530 nm for an optimal differentiation between DNA content. Three different
diploid S. caprea samples were used as external standard.

4.6. Morphometric Analyses

We conducted morphometric analyses on herbarium material to test for differences
of S. phylicifolia, S. bicolor, and S. hegetschweileri. We examined the voucher specimens
of all individuals used for molecular analysis, plus additional specimens from the same
population, and additional populations for distinctive morphological characters as given
in the literature (Table 1). Altogether 40 specimens were included. The original S. bicolor
type population at Brocken, Harz Mountain, is well documented in the herbarium of the
University of Gottingen (GOET) with several male and female individuals collected in
the 18th and 19th century, including collections from Ehrhard. One isotype specimen
of Ehrhard from the herbarium of the University of Vienna (WU) can also be included.
The population has been almost destroyed due to constructions of buildings at the top of
Brocken in the 20th century, but the remaining two individuals outside and cultivated in
the Brocken garden that we used also for molecular and flow cytometric analyses derived
from the original population [82]. The locus classicus of S. hegetschweileri in Urserental in
the Alps of Switzerland is still occupied by a large healthy population, and both recent
and old specimens could be used. S. phylicifolia L. was described from northern Sweden
without indication of locality; we included specimens from this region. For all localities,
see Supplementary Table S1.

From each specimen being at the stage of fruit maturity, we selected 5-8 fully devel-
oped leaves from the middle parts of branches to cover intra-individual variation. We
measured leaf (blade) length, leaf (blade) width, angle at the blade’s base, length of longest
teeth at leaf margin, and length of stipules. Length/width ratios of leaves were calcu-
lated. To estimate the density of indumentum, a character regarded as diagnostic for
S. bicolor by [83], the hairs at lower leaf surface, were counted in a square of 5 x 5 mm
under 10x magnification. However, in S. bicolor and in S. phylicifolia, indumentum density
ceases continuously during the season, whereas S. hegetschweileri is glabrous. Therefore,
the presence of hairs turned out to be extremely variable even between the leaves of one
individual, and 87% of S. bicolor individuals also had glabrous leaves. Mean values were
calculated for all measures for each individual, and these data were subjected to further
statistical analyses using PAST vs. 4.03 [84]. Boxplots were created for the three species,
and each variable was tested for normality using Shapiro-Wilk tests; since five of the
six characters (except angle of blade base) were non-normally distributed, we calculated
one-way ANOVAs, with Kruskal-Wallis tests and pairwise Mann-Whitney post hoc tests
for statistical differences (for the angle of blade base, we additionally calculated Tukey
tests that provided congruent results). Pairwise differences at the 0.05 significance level are
indicated on boxplots with different letters; for p-values, see Supplement Table S3. Data for
density of hairs showed strong deviations from normality and failure of one-way ANOVAs
because of a lack of variance. Because of its liability, the indumentum was excluded from
further statistical analyses. Since length-width ratios revealed no significant differences
between the three groups, this character was also excluded from multivariate statistics.
With the remaining five characters, principal component analysis (PCA) and principal
coordinate analysis (PCoA) using Gower’s distances were calculated, and scatter plots
were produced with the respective first two axes. We visualized groups with different
colors and convex hulls for three species and two species (S. bicolor + S. phylicifolia versus
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S. hegetschweileri). Discriminant analyses (DA) were calculated for the respective three and
two predefined groups, and the percentages of correctly classified samples were calculated
with confusion matrices.
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for molecular, morphological, and infrared-spectroscopy analyses. Table S2. Results of the flow
cytometry measurements. Table S3. Morphometric statistics. Table S4. Morphological differences
between S. hegetschweileri and S. myrsinifolia. Figure S1. Backbone topology of the Chamaetia/ Vetrix
clade including 145 samples representing 45 Eurasian species plus S. triandra as outgroup based on a
RAXML analyses on 46,568 RAD loci (630,764 SNPs) in a concatenated alignment of 5,341,180 bp and
66.95% missing sites. Quartet sampling values above branches. Species of the sections Nigricantes
and Phylicifoliae are highlighted in colors according to the legend. Figure S2. RAXML analyses of
all samples of the analyzed species of the sections Nigricantes (green) and Phylicifoliae (blue) with a
reduced backbone sampling of taxa representing the Chamaetia/ Vetrix clade. The dataset comprised
73 samples and was based on 29,395 RAD loci, resulting in a concatenated alignment of 3,466,391 bp
including 179,212 SNPs and 72.08% missing sites. Bootstrap values >50 above branches; sectional
assignment is color-coded. Figure S3. Co-ancestry matrix of the sections Nigricantes (a) and Phylicifolia
(b) based on the clade-wise analyses. Figure S4. Genetic structure analysis with sSNMF including
all hexaploid species (a) and sNMF results of clade-wise analyses of the sections Phylicifolia (b)
and Nigricantes (c). Displayed are bar plots for different k-values. Each bar represents one sample
and the respective ID is indicated below each bar. Figure S5. PCA and DAPC density plots of the
infrared spectroscopy measurements of different sampling subgroups (a-d). Figure S6. PCA plot of
morphological data with convex hulls for three taxa.
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Abstract: The genus Arenaria (Caryophyllaceae) comprises approximately 300 species worldwide;
however, to date, just six of these taxa have been investigated in terms of their genome size. The main
subject of the present study is the A. ciliata species complex, with special focus on A. ciliata subsp.
bernensis, an endemic plant occurring in the Swiss Northern Alps. Altogether, 16 populations and
77 individuals of the A. ciliata complex have been sampled and their genome sizes were estimated
using flow cytometry, including A. ciliata subsp. bernensis, A. ciliata s.str., A. multicaulis, and A. gothica.
The Arenaria ciliata subsp. bernensis shows the highest 2c-value of 6.91 pg of DNA, while A. gothica
showed 2c = 3.69 pg, A. ciliata s.str. 2c = 1.71 pg, and A. multicaulis 2c = 1.57 pg. These results confirm
the very high ploidy level of A. ciliata subsp. bernensis (2n = 20x = 200) compared to other taxa in
the complex, as detected by our chromosome counting and previously documented by earlier work.
The genome size and, thus, also the ploidy level, is stable across the whole distribution area of this
taxon. The present study delivers additional support for the taxonomic distinctiveness of the high
alpine endemic A. ciliata subsp. bernensis, which strongly aligns with other differences in morphology,
phylogeny, phenology, ecology, and plant communities, described previously. In affirming these
differences, further support now exists to re-consider the species status of this taxon. Upgrading to
full species rank would significantly improve the conservation prospects for this taxon, as, because of
its precise ecological adaptation to alpine summit habitats, the A. ciliata subsp. bernensis faces acute
threats from accelerated climate warming.

Keywords: arctic-alpine plants; disjunctions; flow cytometry; narrow endemism; polyploidy

1. Introduction

Nuclear DNA amount and genome size (C-values) are important biodiversity features
that have essential biological significance and many practical and predictive uses [1]. C-
value information is widely used in various domains of biology [2], as the knowledge of
genome size in a given taxon is of great importance when framing scientific questions or
planning research [1]. Consequently, there is a large demand for C-value estimates for
plant species.

Flow cytometry has become the method of choice for measuring DNA content, partic-
ularly because its sample preparation and analysis protocols are convenient and rapid [3,4].
The estimation of genome size and ploidy using flow-cytometry is a key data source for the
investigation of evolutionary and biogeographical processes, as well as taxonomic issues,
both of wild and cultivated plant species and varieties (e.g., [5-8]).
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A comprehensive database of recorded genome sizes in plants worldwide is published
regularly by the Kew Royal Botanic Gardens [9], with the most recent update (Release 7.1.,
April 2019) providing 2¢ values for 11,500 vascular plant species. This comprises just 3.7%
of the approximatively 308,000 described plant species, globally [10]. Despite progress
with other more localized database initiatives (e.g., [11]), as well as national inventories
(e.g., [12] for the Czech Republic, and [13] for The Netherlands), the list of species and
taxonomic groups awaiting investigation remains very long.

This is also the case for the Arenaria ciliata (Caryophyllaceae) species complex. This is
surprising, as the taxon is widespread in many European countries and has already been the
subject of several karyological and taxonomic studies [14-16]. Although the genus Arenaria
comprises approximatively 300 species worldwide [17], only six taxa have been investigated
in terms of genome size [9], none of which belong to the A. ciliata species complex.

The A. ciliata species complex comprises a group of poorly-differentiated arctic-alpine
herbaceous taxa with overlapping morphological and ploidy identities [16,18-20]. In north-
ern Europe and in the Arctic, there are traditionally two taxa belonging to this group:
A. norvegica Gunn. and A. ciliata subsp. pseudofrigida Ostenf. and O. C. Dahl, the latter
reaching Svalbard and Franz Joseph Land to the North [20-22]. In the European Alpine
System (EAS), and thus also in the Swiss Alps and the Jura Mountains, this species complex
is represented by four taxa: A. ciliata s.str. L., A. ciliata subsp. bernensis Favarger, A. gothica
Fr., and A. multicaulis L. [19,23]. The results of chloroplast DNA analyses suggest that the
A. ciliata species complex is a monophyletic group [18,19].

The main focus of the present study is the status of the A. ciliata subsp. bernensis
(Figure 1), an endemic taxon occurring exclusively in the Swiss Northern Alps [19,24,25]. It
was discovered in 1955 by Swiss botanist Claude Favarger, a professor at the University
of Neuchatel, and described in 1963 [14]. Originally, the taxon was known only from the
summit area of Gantrisch and Leiterenpass (Canton of Bern). However, recent studies have
shown that it occurs on nearly all summits between Stockhorn in the Canton Bern and
Moléson in the Canton of Fribourg (Figure 2), forming an arc of sky-island populations
ca. 50 km across [19]. The taxon grows exclusively on shady, cool and steep slopes with
northern exposition in the alpine zone above 1900-2000 m a.s.l. (Figure 1). The majority of
populations are small (less than 100 individuals), and, globally, the taxon counts no more
than ca. 4000 individuals [19].

According to Parisod [26], the A. ciliata subsp. bernensis is a neoendemic taxon, proba-
bly of allopolyploid origin, having recently formed close to the so-called Penninic-Savoyic
zone of secondary contact in the North-Western Alps. Similarly, Favarger and Contandri-
opoulos [27] classified the A. ciliata subsp. bernensis as an apoendemic taxon of allopolyploid
origin. Such endemics are often the result of a relatively rapid mixture between different
floristic elements, for example, due to rapid migration events. Due to the geographic posi-
tion of the A. ciliata subsp. bernensis, in relation to A. multicaulis and A. ciliata s.str. [23], a
post glacial hybrid origin involving these two species is possible. Interestingly, Berthouzoz
et al. [19], using chloroplast DNA markers, demonstrated that the A. ciliata subsp. bernensis
is genetically closer to A. multicaulis than to A. ciliata s.str. Significantly, despite its very
small distribution area, the taxon displays high genetic diversity, and this could also be
consistent with the refugial survival of the A. ciliata subsp. bernensis during the Pleistocene
glaciations (nunatak survival) [19].

The possibility of a polyploid speciation origin is supported by the fact that the A. ciliata
subsp. bernensis presents a very high ploidy level (2n = 200), particularly in comparison
with A. multicaulis (2n = 40), but also with A. ciliata s.str. (2n = 40-160) and A. gothica
(2n =100) [16,23,28,29]. Its putative hybrid origin and complex polyploidization history is
probably one of the reasons researchers have hesitated in attributing it a species status [30],
as the traditional species concept is difficult to apply to hybrids and polyploids [31].

The main aim of the present study was to deliver the first evaluation of the genome
sizes in the Arenaria ciliata species complex using flow cytometry, with special focus on
the narrow endemic A. ciliata subsp. bernensis. The following specific questions have been
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addressed: (1) What are the differences in genome size among the four taxa belonging
to the A. ciliata group, occurring in the Alps and neighboring Jura Mountains (A. ciliata
s.str., A. ciliata subsp. bernensis, A. gothica and A. multicaulis)? (2) What is the geographic
pattern and stability of the genome size across the whole distribution area of the narrow
endemic A. ciliata subsp. bernensis? (3) Do the obtained results corroborate with the ploidy
levels of the four studied taxa? Based on the results for these investigations, we also set out
to evaluate the implications of our work for the taxonomy and conservation of A. ciliata
subsp. bernensis.

Figure 1. Habitats and morphology of Arenaria ciliata subsp. bernensis. (A)—Summit area of Gantrisch
(2175 m a.s.l,, Canton of Bern), view from Leiterenpass, the locus classicus of the taxon. (B)—Typical
habitat on shady and cold slopes with northern exposition at the elevations higher than 2000 m a.s.L.
(ca. 2100 m a.s.l., Schafarnisch, Canton of Fribourg). (C)—Only few small populations or isolated
individuals grow at lower altitudes, at the bases of scree fields with north exposition (Salzmatt next
to Kaiseregg, 1650 m a.s.l.). (D)—Example of irregular floral morphology of plants with 6 to 9 petals
(typical number is 5) (Leiterenpass, 1940 m a.s.l.). Pictures: G. Kozlowski.
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Figure 2. Distribution area of Arenaria ciliata subsp. bernensis (yellow zones). Orange circles show the
position of collection sites with the numbers of individuals sampled in the given summit area.

2. Results

The highest 2c values among all four of the taxa from the A. ciliata complex investigated
in this study were recorded for A. ciliata subsp. bernensis, varying between 6.26 pg and
7.75 pg of DNA (Figures 3 and S1, Tables 1 and S1), with a mean 2c value of 6.91 pg. The
recorded genome size of A. gothica reached approximately half of these 2c values and varied
between 3.62 and 3.76 pg of DNA, with a mean 2c value of 3.69 pg. Finally, A. ciliata s.str.
and A. multicaulis both showed similar, but much lower, values, with a mean 2c¢ value of
1.71 for A. ciliata s.str. and a mean 2c value of 1.57 for A. multicaulis. The higher standard
deviation value in the A. ciliata subsp. bernensis is due to a much larger sample size, of 57
individuals, analyzed for this taxon in comparison to the other three taxa (between five
and ten individuals).

Table 1. Genome size (mean =+ standard deviation) in Arenaria ciliata subsp. bernensis in comparison
with three other taxa from the A. ciliata species complex occurring in Switzerland.

Genome Size (pg) Mean

Taxon (&SD) Estimated Ploidy Level
A. ciliata subsp. bernensis 6.91 (+:0.33) 21 = 20x = 200
Favarger
A. gothica Fr. 3.69 (+0.07) 2n =10x = 100
A. ciliata s.str. L. 1.71 (£0.06) 2n =2x =40
A. multicaulis L. 1.57 (+£0.04) 2n =2x =40
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Figure 3. Variation in genome size of four taxa in the Arenaria ciliata species complex analyzed in this
study, occurring in Swiss Northern Alps and in the Jura Mountains (2c, pg of DNA).

The results show clearly that the genome size of the A. ciliata subsp. bernensis is very
stable across the whole distribution area of the taxon, thus indicating an invariant ploidy
level for all of the investigated individuals (Figure 3, Tables 1 and S1). The direct counting
of chromosome numbers in the selected samples from Dent de Brenleire (Figure S1) resulted
in 2n = 20x = 200, and combined with the stable 2¢ values across all sites, indicate that the
A. ciliata subsp. bernensis individuals and populations investigated in this study all show
2n = 200.

3. Discussion

Our study delivers the very first genome size (2c values) estimates for the members of
the arctic-alpine Arenaria ciliata species complex (Table 1, Figure 3). This new data adds to
the observed genome sizes and ploidy evaluations in the highly variable genus Arenaria,
whose base chromosome number ranges between x = 9 (as observed in e.g., A. balearica)
and x = 15 (A. saxifraga) [14]. The most frequent chromosome numbers observed are x = 11
(ca. 40 Arenaria spp.) and x = 10 (ca. 25 spp.), and the present data affirm that it is to this
latter group that the A. ciliata species complex belongs.

3.1. Genome Size Values in the Genus Arenaria

Based on the Kew Plant DNA C-values Database [9] and the published literature, 2¢c
values are available for just six Arenaria taxa (Table 2). The diploid A. leptoclados has a
recorded 2c value of 0.79 pg (2n = 2x = 20) [13]; for A. gracilis, 2c = 1.19 pg (2n = 2x = 24) [32];
and the diploid taxa from the A. grandiflora complex possess 2c values ranging between
2.11 and 2.70 pg (2n = 2x = 24) [33]. For the tetraploid A. serpyllifolia, 2c values between
1.41 and 1.60 pg (2n = 4x = 40) were recorded [12,13,34]. The Arenaria tetraquetra subsp.
amabilis displays 2¢ = 1.29 pg (2n = 4x = 40) [35], and tetraploid taxa from the A. grandiflora
complex have 2c values between 4.24 and 5.27 pg (2n = 4x = 44) [12,33]. For A. deflexa, with
an unrecorded ploidy level, the 2c value = 2.04 pg [36]. To date, no genome size values
are available for the Arenaria taxa with a ploidy level higher than 4x. From the available
published values for Arenaria, it is evident that higher ploidy levels are generally (but
not always) associated with higher observed 2c values; however, the 2c values appear
to be consistently higher for taxa with higher base chromosome numbers (e.g., x = 12),
compared to other taxa (e.g., x = 10) within the same ploidy level. In this context, the results
presented here are of special relevance in relation to other Arenaria taxa with the same basic
chromosome numbers as those observed for the A. ciliata complex (x = 10), and also those
with the same ploidy level (2x diploid).
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Table 2. Recorded ploidy and genome size values for Arenaria L. in the published literature. The
2¢ values are indicated in pg estimated mass for each taxon or range of surveyed taxa within a
species complex.

Basic Chrom. Ploidy  2n Chrom.

Taxon 2¢ (pg) References

Number Level Count
A. leptoclados (Rchb.) =10 ox 20 079 [13]
Guss
A. gracilis Waldst. and =12 2% 2 119 132]
Kit.
A. grandiflora L. complex x=12 2x 24 2.11-2.70 [33]
A. serpyllifolia L. x=10 2x 40 1.41-1.60 [12,13,34]
A. tetraquetra subsp. _
amabilis (Bory) H.Lindb. x=10 2 40 1.29 [35]
A. grandiflora L. complex x=12 2x 44 4.24-5.27 [12,33]
A. deflexa Decne. * - - - 2.04 [36]

* Chromosome counts not recorded.

3.2. Arenaria ciliata s.str. and A. multicaulis

Among the four A. ciliata taxa investigated in our study (Table 1), the lowest 2c values
were obtained for A. ciliata s.str. (mean 2¢ = 1.71 pg) and A. multicaulis (mean 2c = 1.57 pg).
These values are similar to the two tetraploid taxa A. serpyllifolia and A. tetraquetra (both
with basic chromosome number x = 10) (Table 2). Therefore, our results corroborate with
the published chromosome numbers for A. multicaulis (2n = 4x = 40, Lauber et al. 2018).
According to Favarger [14] and Abukrees et al. [16], the chromosomal variability of A. ciliata
s.str. is much higher, when analyzing plants from different alpine regions, with 2n-values
between 40 and 160. Interestingly, all plants of this taxon analyzed in our study (Swiss
Northern Alps) seem to be locally invariant and tetraploids. Since both taxa (A. multicaulis
and A. ciliata s.str.) possess a relatively large distribution area in the Alps and neighboring
mountain chains [30], wider investigations covering the whole distribution range are
needed to capture the full level of variation in the genome size values.

3.3. Arenaria gothica

This taxon is a European boreal-montane plant element, possessing only few and
highly disjunct occurrences in Jura Mountains (Lac de Joux, Switzerland) and in Scandi-
navia (mainly isle of Gotland, Sweden) [28,37]. In Switzerland, the species is extremely
difficult to study, as it appears exclusively on the exondated shores of the Lac de Joux,
and only during exceptional drought periods [38]. The most recent observed appearance
of the population was in 2003, and the plant accessions used in this study are from an
ex situ culture of plants collected at this time and maintained at the Botanical Garden
of the University of Fribourg (Switzerland). Arenaria gothica is a high polyploid taxon
with 2n = 10x = 100 [23,29,37]. The genome size estimation in the present study indirectly
confirms this recorded chromosome number (Table 1), with the mean 2c value of A. gothica
at 3.70 pg being approximatively half of the 2c-value of the A. ciliata subsp. bernensis (mean
2¢c = 691 pg; 2n = 20x = 200) (Figure 3). The relatively small variation in genome size
values for A. gothica compared to the other sampled taxa may be an artefact of the long-time
cultivation in an ex situ collection of closely related individuals.

3.4. Arenaria ciliata subsp. bernensis

This narrow endemic taxon, which was the main focus of the present study, shows
the highest known 2c values (between 6.26 and 7.75 pg), not only within the A. ciliata
species complex (Table 1, Figure 3), but also among all other species investigated thus
far in the genus Arenaria (Table 2). Given the trend evident across the genus (Table 2),
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this result is consistent with expectations, due to the known high ploidy level for this
taxon (2n = 20x = 200), as affirmed in our own observations (Figure S1) and the published
literature [14,16,39,40].

Interestingly, the genome size varies only slightly, indicating that ploidy levels appear
to be stable across the whole distribution area of the A. ciliata subsp. bernensis (Figure 2).
This situation presents a contrast to the highly variable chromosome numbers in the closely
related A. ciliata s.str., with 2n ranging between 40 and 160 [16,23]. In his exhaustive studies
on the A. ciliata species complex [39,40], and also in the publication describing the A. ciliata
subsp. bernensis [14], Favarger was not able to count the exact chromosome number, giving
either 2n = 200 or 2n = 240, or writing “env. 240”. The latter value was then adopted
and repeated in all standard works of the Swiss flora (e.g., [23]). In contrast, our study
supports the conclusion of Abukrees et al. [16], who reported 2n = 200 for the A. ciliata
subsp. bernensis.

Berthouzoz et al. [19] highlighted the presence of at least a few irregular flowers with
4-6 styles, 12-16 stamens and 6-9 petals per population of the A. ciliata subsp. bernensis
(Figure 1D). One possibility arising from this observation was that the variation in floral
regularity might be associated with polyploid status. To address this question in the present
study, we collected several plants with six and nine petals and analyzed their genome size
(Table S1). The 2c values of these plants are not significantly different in comparison to
other regular individuals, indicating no correlation between such morphological changes
and the ploidy level. This finding would appear to have importance beyond the A. ciliata
subsp. bernensis, as irregular flowers are also occasionally observed in many populations
of other taxa from the A. ciliata species complex across Europe and the arctic (C. Meade,
personal observation).

3.5. Implications for Taxonomy and Conservation of A. ciliata subsp. bernensis

The present study delivers additional and significant evidence regarding the taxonomic
distinctness of the high alpine endemic A. ciliata subsp. bernensis. Our new evidence
soundly aligns with other differences in morphology, phylogeny, phenology, ecology and
associated plant communities, etc., as described by Favarger [14] and further explored
by Berthouzoz et al. [19]. Importantly, in displaying an elevated but stable ploidy level,
strongly differentiated compared to adjacent taxa in the A. ciliata species complex occurring
in the western Alps and in the Jura Mountains, while maintaining a distinct restricted
distribution and habitat ecology, the taxon would appear to merit a separate species status.

The type specimens are conserved in the herbarium of the University of Neuchatel
(Switzerland). Its typification based on the original collection and new results and rising it
to the species status is thus long overdue. It is important to note that the current subspecies
rank slows down, or even completely hinders, the research and development of targeted
protective measures for this taxon, as it is not always accepted and included in regional
and national floras (e.g., [16,41]).

Growing mainly between 2000 and 2350 m a.s.l., and due to its preferences and eco-
logical adaptation to the high summits of the Northern Alps [19], the taxon belongs in the
group of populations whose habitat faces the most acute threats from accelerating climate
change [42]. In this context, although human-mediated global warming may be responsible
for population declines of many alpine-arctic plants [43], Kérner and Hiltbrunner [44] have
postulated that high-altitude species are potentially very resistant to the impacts of climate
change, particularly in relation to the exploitation of refugial microhabitats. However, the
A. ciliata subsp. bernensis grows exclusively at the very top of the summits and in a geo-
graphically very small and isolated area. For this reason, these populations appear to have
very limited scope to exploit the mosaic of micro-environmental conditions that may assist
other high-altitude plants and climate relicts, to escape into neighboring microhabitats.
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4. Materials and Methods
4.1. Taxon Identification in the A. ciliata Species Complex

The identity of Arenaria ciliata subsp. bernensis individuals were determined in the
field, according to the description in Favarger [14,39,40], Lauber et al. [23] and Berthouzoz
et al. [19]. The most important characteristics that facilitate the assignment to this taxon,
compared to other Arenaria taxa in the Swiss Northern Alps, are: (1) large and solitary
flowers, ca. 2 cm in diameter; (2) the loose habit of the whole plant with long shoots; and
(3) the presence of (at least a few) irregular flowers per population, with higher numbers
of petals, stamens and styles (Figure 1). In comparison, the flowers of A. multicaulis are
only 1 cm in diameter and their inflorescence usually possesses 5-7 flowers. Arenaria ciliata
s.str. exhibits a very compact habit with short pulvinate shoots. The fourth taxon used in
this study, A. gothica, is morphologically similar to the subsp. bernensis (loose habit) but its
petals are much smaller (4-4.5 mm) [23]. In addition, as in Central Europe A. gothica occurs
exclusively along the well-studied shores of Lac des Joux in Switzerland, where no other
taxa from the A. ciliata complex are recorded, the discrimination of this taxon is relatively
uncomplicated [38].

4.2. Sampling of Plant Material

The plant materials of A. ciliata s.str., A. ciliata subsp. bernensis, and A. multicaulis were
collected in August 2022. In total, 57 plants of A. ciliata subsp. bernensis were collected from 6
summit areas, covering the whole known distribution of this taxon from Stockhorn (Canton
of Bern) to Moléson (Canton of Fribourg) (Figure 2, Table S1). Plants with irregular flowers,
with 6 and 9 petals (Figure 1D), were also collected in order to test the correlation of such
morphological anomaly with the genome size and ploidy level (Table S1). Additionally, five
individuals of A. ciliata s.str. were sampled in the Moléson and Vanil Noir summit areas, and
five individuals of A. multicaulis in the Gantrisch and Vanil Noir summit areas (Table S1).
The plant material of A. gothica (10 individuals) was collected in October 2022 from ex situ
culture, grown from seeds collected in 2003 from Lac de Joux, the only population of the
taxon in Switzerland [38]. The plant material (small portion of flowering stem with flowers)
was silica dried and kept for ca. 4 weeks in plastic bags prior to flow cytometry analyses.

4.3. Flow Cytometry Analysis

Approximately 1 cm? of silica dried leaves of the Arenaria samples were mixed
with 1 ecm? of fresh leaves of the standard plant (Allium schoenoprasum, genome size
2¢ = 15.03 pg). This was chopped with a sharp razor blade to release the nuclei in 100 uL
of Cysrain nuclei extraction buffer (Sysmex, Norderstedt, Germany, https://eu.sysmex-
flowcytometry.com, accessed on 9 November 2022). The obtained suspension was then
sieved through a 40 um filter, and 1.5 mL of Cystain Pi (propidium iodide) absolute P
staining buffer was added. After one hour, the fluorescence of nuclei in the suspension
was measured using Sysmex ploidy analyzer (Sysmex, Norderstedt, Germany). The flow
cytometry analyses were carried out by Plant Cytometry Services, Didam, The Netherlands,
http:/ /www.plantcytometry.nl.

4.4. Confocal Microscopy

Chromosome counting, using confocal microscopy, was performed only for plants of
the A. ciliata subsp. bernensis, the main focus of the present study, grown from seeds col-
lected in Dent de Brenleire (Vanil Noir summit area, Canton of Fribourg). Newly developed
shoots were cut from living plants and stored in distilled sterile water for 24 h at 4 °C. For
pretreatment, the axillary and apical buds were then cut from the tissue using a dissecting
razor and placed in 1.5 mL tubes containing 0.002 mol/L 8-hydroxyquinoline solution
(Sigma, Arklow, Ireland), for 4 h at 20 °C. Fixation was carried out in a mixture of 98% 3:1
absolute ethanol: glacial acetic acid (Carnoy’s solution), for at least 1 h, at 4 °C. The buds
were then washed with distilled water for 5 min. Bud hydrolysis was completed with a
solution of 1N HCI (Sigma) at 60 °C for 5-10 min. Following a 2 min rinse in distilled water,
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the buds were incubated in 50% Schiff’s reagent (Feulgen stain) (VWR Chemicals, Leuven,
Belgium), for 20 min at room temperature, and then washed with 45% acetic acid, three
times, for 5 min each time. The buds were then transferred to a clean slide and covered with
45% acetic acid to prevent drying, and from this stock, one or two buds were placed on a
new glass slide and covered with a small drop of acetic acid. Under a dissecting microscope,
the epidermis cells were carefully removed by using forceps and a scalpel blade. Using a
teasing needle and scalpel, the exposed meristem cells were then separated out as much as
possible to form a single layer in order to enable the clear identification of individual cells
upon squashing; then, a cover slip was applied. A piece of filter paper was placed over the
cover slip and then pressed firmly with the thumb to flatten the cells and to remove excess
acetic acid. Using an Olympus FV1000 confocal microscope (Olympus Europa GMBH,
Hamburg, Germany) under standard PI (propidium iodide) excitation settings, the Fuelgen-
stained chromosomes were then counted by reviewing the layered three-dimensional cell
section images, an approach that minimizes halation-related miscounting.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11243489/s1, Table S1: Characterization of all collected
taxa and samples from the Arenaria ciliata species complex, with the corresponding genome sizes
(2¢ values in pg of DNA). Irregular floral morphology: * plants with 6 petals, ** plants with 9
petals. Figure S1: A—Confocal micrograph image of Fuelgen-stained late metaphase chromosomes
in Arenaria ciliata subsp. bernensis from Dent de Brenleire (2n = 200, Fribourg, Switzerland). Image
scale 1000 x. B—Genome size estimation for A. ciliata subsp. bernensis from Dent de Brenleire using
flow cytometry (for more details see Materials and Methods).
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Abstract: The main aim of the present study has been the completion of genome size data for the
diverse arctic-alpine A. ciliata species complex, with special focus on the unexplored arctic taxon A.
pseudofrigida, the north-European A. norvegica, and A. gothica from Gotland (Sweden). Altogether,
46 individuals of these three Nordic taxa have been sampled from seven different regions and their
genome size estimated using flow cytometry. Three other alpine taxa in the A. ciliata complex (A.
multicaulis, A. ciliata subsp. ciliata, and A. ciliata subsp. bernensis) were also collected and analyzed for
standardization purposes, comprising 20 individuals from six regions. A mean 2c value of 1.65 pg of
DNA was recorded for A. pseudofrigida, 2.80 pg for A. norvegica, and 4.14 pg for A. gothica, as against
the reconfirmed 2c value of 1.63 pg DNA for the type taxon A. ciliata subsp. ciliata. Our results
presenting the first estimations of genome sizes for the newly sampled taxa, corroborate ploidy levels
described in the available literature, with A. pseudofrigida being tetraploid (2n = 4x = 40), A. norvegica
possessing predominantly 2n = 8x = 80, and A. gothica with 2n = 10x = 100. The present study also
reconfirms genome size and ploidy level estimations published previously for the alpine members of
this species complex. Reflecting a likely complex recent biogeographic history, the A. ciliata species
group comprises a polyploid arctic-alpine species complex characterized by reticulate evolution,
polyploidizations and hybridizations, probably associated with rapid latitudinal and altitudinal
migrations in the Pleistocene-Holocene period.

Keywords: arctic-alpine plants; Arenaria norvegica; Arenaria gothica; Arenaria pseudofrigida; flow
cytometry; ploidy
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1. Introduction

Closely related but disjunct arctic-alpine and boreo-montane taxa offer an excellent
model system for the study of the influence of polyploidy on evolution and biogeography
of plants, especially in the context of historical climate oscillation events [1,2]. These taxa
provide a unique opportunity to explore how polyploidy has shaped their evolutionary
trajectories and distribution patterns across changing climatic landscapes over time. Inves-
tigating their genetic diversity and adaptation strategies can deepen our understanding
of how plants respond to environmental shifts and inform conservation efforts in rapidly
changing ecosystems.

A classic example of such a group is the Arenaria ciliata L. species complex (Caryophyl-
laceae) comprising six herbaceous taxa with very similar morphology and ecology but with
divergent arctic-alpine distribution ranges and ploidy levels [3-6]. In a recent study of this
group, Kozlowski et al. [7] used flow-cytometry and genome size estimations to examine
ploidy levels in populations across the Alps and Jura Mountains of central Europe, where
four taxa occur in relatively close proximity, namely A. ciliata subsp. ciliata L., A. ciliata
subsp. bernensis Favarger, A. gothica Fr., and A. multicaulis L. [4,8], with special focus on
A. ciliata subsp. bernensis, an endemic plant occurring in the Swiss Northern Alps. The
focus of the present study is to expand and complete genome size investigation for taxa in
Northern Europe and the Arctic, where distribution ranges vary much more widely, and
often comprise disjunct populations in reproductively isolated locations.

Genome size is known to vary greatly across organism lineages, including within and
between plant groups [9]. This variability arises from a combination of processes leading
to, on one hand, duplications and increase in DNA amounts in the genome (particularly
polyploidization), and on the other, processes that filter duplications and eliminate DNA
(primarily via recombination), in response to both selective pressures and neutral drift
events [10]. Correspondingly, nuclear DNA amount and ploidy level are important biodi-
versity characters and play a significant role in the evolution of land plants, especially with
respect to processes of speciation [11-13]. As a result, significant recent research efforts
have focused on understanding the factors that shape genome size variation [14-16].

Recognizing the importance of this information in the context of understanding recent
diversification in the A. ciliata complex across the Euro-Arctic biogeographic region, we
focused our present work on genome size estimation in high-latitude taxa, using the same
flow cytometry method as in our previous work [7], for the three unstudied target taxa:
A. pseudofrigida (Ostenf. & O.C.Dahl) Juz. Ex Schischk. & Knorring and A. norvegica
Gunn., as well as the Scandinavian populations of A. gothica Fr. [17-19]. When applied
rigorously [20,21], flow-cytometry is established as a benchmark method for estimation of
genome sizes and DNA ploidy levels in plants (e.g., [14,22-26]), and provides a replicable
protocol for comparison of samples with varying collection, storage, preparation and
quantity variables [6]—an important consideration for the assembly of material from remote
locations. The present work aims to deliver a targeted synthesis of genomic, biogeographic,
and ecological information for three Nordic members of the A. ciliata species complex,
which have never previously been analyzed collectively.

Arenaria pseudofrigida was described as a distinct taxon (A. ciliata subsp. pseudofrigida)
in 1917 from Finnmark (Persfjorden, Varde) in the far north of Norway, and was raised
to a species status by Russian botanists Boris K. Schischkin and Olga E. Knorring in
1936 [27]. Apart of the neighborhood of the locus classicus (where the taxon is still well
present), there are several isolated populations in Norway and Finland, numerous scattered
occurrences in continental European part of the Russian North (e.g., polar Ural), and on
several Russian arctic islands (e.g., Novaya Zemlya, Franz Joseph Land). Additionally,
the taxon occurs in Svalbard and in Eastern Greenland, where it is relatively frequent
(Figure 1) [5,18,28]. In Svalbard, hundreds of occurrences are known from three islands:
Spitsbergen (mainly along Isfjorden, Wijdefjorden, and Kongsfjorden), Edge Island, and
Prince Charles Foreland [19]. The most northern populations however, are known from
north-eastern Greenland, growing as far as 82°30' N [29].
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Figure 1. Habitats and morphology of the two most Nordic members of the Arenaria ciliata species
complex. (A,B): Arenaria norvegica. (A) Reykholahreppur, Iceland; (B) Latrabjarg, Iceland. (C,D): Arenaria
pseudofrigida, Traill Island, Karupelv, Greenland. Photos: (A,B): Gregor Kozlowski; (C,D): Sven Biichner.

Arenaria pseudofrigida shares a common reproductive strategy typical for the A. ciliata
species complex. It reproduces sexually via insect pollination (e.g., flies) but is also capable
of selfing in the absence of pollinators. Dispersal is nominally quite restricted, as its seeds
lack any specialized dispersal mechanisms, relying on wind motion and gravity to dislodge
the 0.1-0.5 mm diameter seeds through the neck of the mature fruit capsule, which is
indehiscent. Long-distance dispersal (without human influence) is most likely via transport
in the digestive tract of birds [17,19].

Arenaria pseudofrigida is a specialist of gravelly ground, either along the coast (on raised
beaches as on Figure 1D) or on glacial and alluvial deposits in valleys. In Svalbard, it is
confined to circumneutral or alkaline soils. The taxon seems to be very tolerant to drought
and wind abrasion [19] and is a typical element of the boreal and arctic base-rich scree and
block fields (alliance Arenarion norvegicae Nordhagen 1935) [30]. The taxon was described
as tetraploid, with 2n = 4x = 40 [18,19,31].

Arenaria norvegica was described by Johann Ernst Gunnerus at the end of the 18th century,
from Laskenstad (isle of Steigen, Northern Norway) in his Flora Norvegica [18,32]. The taxon
occurs in Iceland (Figure 1) and Norway, where it is quite frequent, as well as possesses
scattered and partially extremely small and isolated populations in Sweden, Finland, Shetland
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Islands, northern Scotland, western Ireland, and northern England [5,17,18]. The English
population is sometimes differentiated as a separated subspecies (A. norvegica subsp. anglica
Halliday), endemic to mid-west Yorkshire [17,33]. Arenaria norvegica is found on base-rich
sandy substrates and in fine scree and on riverside gravels (Figure 1) [5,17]. Similarly to A.
pseudofrigida, the species is also very resistant to drought and wind, being able to prosper, for
example, in the desert of lava, gravel and blown sand in the central plateau of Iceland [34].
According to the literature, it is an octoploid taxon with 2n = 8x = 80 [18,19,31].

Arenaria gothica, described from the isle of Gotland (Baltic Sea, Sweden) by Wahlen-
berg [35], was raised to a species rank by Fries [36]. Later, a similar form was discovered
in Switzerland, along the shore of the Lac des Joux [37] and was judged by Grenier [38]
to be conspecific with A. gothica Fr. In the second half of the 19th century, an additional
occurrence was found on the Swedish mainland (Kinnekulle, Vastergotland) [39,40]. Are-
naria gothica has therefore an extremely disjunct distribution (distribution maps in [39]
and [40]), and its taxonomic position, putative origin and its glacial relict status is a subject
of controversy [33,40,41]. The ecology, particularity of the Swiss populations of A. gothica,
has been explored in detail in our recent work [7]. In Sweden the taxon occurs on chalk
and limestone, mainly in open habitat called alvar [40]. Alvars are almost level areas
that are only sparsely covered by vegetation of the order Alysso-Sedetalia (basiphilous dry
grasslands of shallow, skeletal soils), and are restricted to the Baltic islands of Sweden and
to Estonia [39,42]. The chromosome number from both disjunct regions was counted as
2n = 10x = 100 [7,40].

The aim of the present study was to complement our earlier work exploring alpine and
Jura Mountain taxa of the A. ciliata complex [7] and deliver the first evaluation of genome
size variation for yet unstudied taxa from Northern Europe and the Arctic. In this way,
the main focus of the present work is on A. pseudofrigida and A. norvegica, as well as on the
Swedish populations of A. gothica from Gotland. The following specific questions have been
addressed: (1) What are the differences in genome size among the three north-European
and arctic species of the complex, in comparison with closely related taxa occurring in the
Alps and neighboring mountain ranges? (2) Do the obtained results corroborate the ploidy
levels of the studied taxa known from the literature? Based on our results, the influence
of the ploidy level on the evolutionary and biogeography history of the A. ciliata species
complex will be discussed.

2. Results

The 2c values recorded for A. pseudofrigida were varying between 1.54 pg and 1.84 pg
of DNA (Figure 2, Table S1), with a mean 2c value of 1.65 pg (Table 1, standard deviation,
SD =+ 0.11). The recorded genome size of A. norvegica was higher, with 2c values varying
between 2.68 pg and 2.89 pg of DNA, with a mean 2c value of 2.80 pg (SD =+ 0.02). The
third Nordic taxon, A. gothica, displayed the highest recorded values, varying between
3.90 pg and 4.41 pg of DNA, with mean 2c value of 4.14 (SD + 0.26). The higher SD-
values could be attributed to two different storage techniques of the plant material, as
explained in the Materials and Methods. Plant tissue desiccated with silica gel and stored
at room temperature showed higher 2c values (4.33 and 4.41) than duplicate samples stored
for a longer time at —20 °C (3.90 and 3.94). These differences are most probably due to
technical issues, and not natural variation among populations, as explained, for example,
by Sliwinska et al. [20].
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Figure 2. Variation in genome size of four taxa in the Arenaria ciliata species complex analyzed in
this study (2c values are given in pg of DNA). Box plots showing the quartiles, the 5th and 95th
percentiles (whiskers) and the outliers. The number of analyzed individuals is indicated on the right
of the plot.

Table 1. Estimated ploidy level and genome size (mean = standard deviation) in Arenaria ciliata
species complex in the Arctic, Northern Europe, and the Alps. The genome size (2c values) is given
in pg of DNA. The estimated ploidy level is based on comparison against all previously published 2c
values and chromosome counts (e.g., [6-8,18,19,33,40,41,43-45]).

Taxon 2¢ Nuclear DNA Amount Estimated
(pg DNA), Mean (+ SD) Ploidy Level
Nordic taxa:
Arenaria pseudofrigida 1.65 (+0.11) 2n =4x =40
Arenaria norvegica 2.80 (£0.02) 2n =8x =80
Arenaria gothica (Gotland) 4.14 (+0.26) 2n =10x = 100
Alpine taxa:
Arenaria multicaulis 1.50 (£0.06) 2n =4x =40
Arenaria ciliata subsp. ciliata 1.63 (£0.06) 2n =4x =40
Arenaria ciliata subsp. bernensis 6.77 (£0.03) 2n = 20x =200

Arenaria ciliata subsp. ciliata and A. multicaulis, both showed similar but much lower
values, with a mean 2c value of 1.63 (SD = 0.06) for A. ciliata subsp. ciliata and a mean 2¢
value of 1.50 (SD =+ 0.06) for A. multicaulis (Figure 2, Table 1). The highest 2c values among
all the six taxa from the A. ciliata complex investigated in this study were recorded for A.
ciliata subsp. bernensis, varying between 6.51 pg and 7.02 pg of DNA, with a mean 2c value
of 6.77 pg (SD = 0.03). The results show that, for all six taxa taken separately, the genome
size is very stable, thus indicating an invariant ploidy level of all investigated individuals
within a given taxon (Figure 2, Table S1).

3. Discussion

The study identified stable but varying genome sizes across different taxa studied within
the A. ciliata species complex. It is composed exclusively of polyploid taxa, with no diploids.
Polyploid species complexes play an important role in forming local floras [46]. The A. ciliata
group is one of many polyploid arctic-alpine complexes characterized by reticulate evolution,
polyploidizations and hybridizations. Well-studied similar complexes exist elsewhere in the
family Caryophyllaceae, for example, in the genera Cerastium [47] and Silene [48]. Polyploid
species complexes are also observed in numerous other well-documented circumpolar, arctic—
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alpine, and alpine genera and families, for example, in Draba (Brassicaceae, [49]), Primula
(Primulaceae, [50,51]) and Calamagrostis (Poaceae, [18,19,52]).

Our present study, focused on north-European and arctic members of the A. cili-
ata species complex, completes genome size estimations initiated in Kozlowski et al. [7].
Although allowing for the potential limitations of genome size estimations using flow
cytometry [20,21], this technique facilitates a synthesis of ploidy level variability within
the target arctic-alpine plant group. According to our results, the following three taxa
are predominantly tetraploid (2n = 4x = 40): the arctic A. pseudofrigida and the two alpine
taxa A. multicaulis and A. ciliata subsp. ciliata. Higher ploidy is observed in A. norvegica
(2n =8x =80) and A. gothica (2n = 10x = 100), and the highest confirmed ploidy level is for the
narrow endemic of Western Alps A. ciliata subsp. bernensis (2n = 20x = 200). These estimates
corroborate chromosome counts available in the published literature [18,19,33,40,41,43-45].
However, for some taxa of the present study, greater variability in ploidy has been doc-
umented in previous work, for example, for A. ciliata subsp. ciliata (2n = 40, 80, 120, 160,
200), but also for A. norvegica (2n = 60, 80) [6,8,44]. Abukrees et al. [6] showed that such
atypical chromosome counts could be detected in 12.5% of investigated individuals for
A. norvegica and in as much as 37% of investigated individuals for A. ciliata subsp. ciliata.
In contrast, the available literature and our results demonstrate a very stable ploidy level
in the remaining four taxa, namely A. pseudofrigida and A. multicaulis (both tetraplid), A.
gothica (decaploid) and A. ciliata subsp. bernensis (dodecaploid), and was this across the
whole investigated distribution area.

Our results thus confirm that there are no extant diploid taxa within the A. ciliata
species complex. The group comprises an example of a so-called mature polyploid complex in
the sense of Stebbins [53]. This is not an exception among arctic—alpine disjunct taxa. A
similar polyploidy pattern can be observed, for example, in the Cerastium alpinum/arcticum
species complex [47] and in the Calamagrostis stricta/neglecta group [19,52], where the lowest
chromosome number known is tetraploid (for Calamagrostis) or even octoploid (Cerastium).
In addition, the A. ciliata species complex confirms the conclusion of Brochmann et al. [1],
that almost 90% of arctic specialist plant taxa growing in regions that were heavily glaciated
during the last ice age, are polyploids.

Polyploidy is thought to infer fitness advantages allowing plants to adapt better to
more extreme climatic conditions [54], and in this scenario, it may not be surprising that
arctic and northern-latitude habitats include some of the most polyploid-rich floras [1].
In a related inference, it has been postulated that there is a general increasing gradient
of polyploidy with latitude (and altitude) [55]. This latter hypothesis is now refuted.
Stebbins [56] concluded, for example—by comparing polyploidy along the Pacific Coasts
of North America—that the highest frequency of polyploids occurs at between 52° and 54°
north, declining to the north and south. Additionally, the majority of typical arctic polyploid
complexes (for example, in the genera Calamagrostis, Campanula, Chamaenerion, Salix, and
Saxifraga), reveal the presence of diploids at their northern distributional limits. Similarly,
the A. ciliata species complex explored in our study does not show a specific latitudinal
ploidy gradient, with the lowest chromosome numbers in high arctic A. pseudofrigida as well
as in the majority of high alpine populations of A. ciliata subsp. ciliata and A. multicaulis. It
is the case, however, that the highest ploidy types are only found at high elevation, near
the geographic center of diversity for the species complex.

The most plausible hypothesis explaining the high polyploid frequency in arctic-alpine
plants, is the so-called secondary contact hypothesis [56]. According to this hypothesis, “poly-
ploidy, accompanied by hybridization, is instrumental chiefly for rapid adaptation to new
ecological conditions, that become available relatively suddenly” [56]. Migration at the be-
ginning and the end of warm and cold periods is likely to be an important driver of ploidy
diversification, particularly for recently evolved polyploids [57], with multiple recurrence of
secondary contacts between previously separated closely related taxa [56]. Considering the
historical and current geographic ranges of A. ciliata complex taxa, including the proliferation
of extant populations in recently deglaciated regions of Europe and the Arctic, it is highly
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likely that secondary contacts played an important role in evolution of high polyploidy in the
A. ciliata species complex. Our study corroborates conclusions of Abukrees et al. [6], stating
that the A. ciliata complex arose from a reduced ploidy ancestral stock (2n = 40), probably in the
Alps, which after the latitudinal and altitudinal migration gave rise to several polyploidization
events. Arenaria ciliata subsp. bernensis (2n = 200), for example, is proposed to be an allopoly-
ploid neo-endemic taxon resulting from hybridization between different related taxa due to
rapid migration events after the last glaciation period (probably, in this case, of A. multicaulis
and A. ciliata subsp. ciliata) [4,7,45,58]. The genome size and, thus, also the ploidy level, is
stable across the whole distribution area of this taxon. The present study delivers additional
support for the taxonomic distinctiveness of the high alpine endemic A. ciliata subsp. bernensis,
which strongly aligns with other differences in morphology, phylogeny, phenology, ecology,
and plant communities, described previously. In affirming these differences, further support
now exists to re-consider the species status of this taxon. A similar allopolyploid origin after
the last glaciation was proposed for A. gothica (2n = 100), with A. norvegica (2n = 80) and
A. serpyllifolia subsp. leptoclados (2n = 20) as potential parents [33], or between A. multicaulis
(2n = 40) and A. serpyllifolia subsp. leptoclados [41]. In this way, ploidy and genome size data
from present study confirm that taxonomic and distributional differences among northern and
arctic taxa of the A. ciliata complex are likely reflecting a discrete genetic origin and migratory
history in each case.

4. Materials and Methods
4.1. Sampling of Plant Material

Most of the individuals of the A. ciliata species complex were recently collected in the
field, explicitly for this study. Arenaria pseudofrigida was collected in July 2023 (21 individu-
als from 2 regions in Northeast Greenland, Figure 3, Table S1). Plant material of A. norvegica
was sampled in June 2023, mainly in Iceland (21 individuals from 4 populations in western
Iceland, Figure 3, Table S1).

Additionally, one individual from Scotland (UK) was included in the analysis from
collections of one of the authors (C. Meade, Abukrees et al. [6]). Similarly, four individuals
of A. gothica collected previously from Gotland in Sweden were also included in the present
study. In addition, three alpine taxa of the A. ciliata species complex were collected in
August and September 2023 in the Swiss Alps: 11 individuals of A. ciliata subsp. bernensis
from 3 summit areas, 4 individuals of A. ciliata subsp. ciliata from 2 populations, and
5 individuals from one population of A. multicaulis (Figure 3, Table S1). The voucher
specimens are stored in the herbarium of the Natural History Museum Fribourg (NHME),
Switzerland. None of these alpine populations and individuals were included in our
previous study [7]. Plant material (small portion of flowering stem with flowers) was
silica dried and kept for ca. 4 weeks in plastic bags prior to flow cytometry analyses. An
exception was the sole sample from Scotland (A. norvegica) and two samples of A. gothica
from Sweden which were desiccated and then stored at —20 °C prior to analyses. The
whole plant material was sent for analysis to the Plant Cytometry Services (Didam, The
Netherlands, www.plantcytometry.nl, accessed on 15 December 2023), a biological research
company specialized for ploidy and genome size analysis.
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Figure 3. Geographic position of collected sites with Arenaria ciliata species complex, with the
numbers of individuals sampled in the given area in parentheses. Red: A. pseudofrigida; blue: A.
norvegica; green: A. gothica; yellow: A. multicaulis; orange: A. ciliata subsp. ciliata; black: A. ciliata

subsp. bernensis.

4.2. Flow Cytometry Analysis
Approximately 1 cm? of leaves of the Arenaria samples were mixed with 1 cm? of

fresh leaves of the standard plants (Allium schoenoprasumn, genome size 2c = 15.03 pg). This
was chopped with a sharp razor blade to release the nuclei in 100 pL of CyStain nuclei
extraction buffer (Sysmex, Norderstedt, Germany, https:/ /eu.sysmex-flowcytometry.com,
accessed on 25 December 2023). The obtained suspension was then sieved through a 40 um
filter, and 1.5 mL of CyStain PI (propidium iodide) absolute P staining buffer was added.
After one hour, the fluorescence of nuclei in the suspension was measured using a Sysmex
ploidy analyzer (Sysmex, Norderstedt, Germany). Each individual was analyzed once. The
number of nuclei measured for each sample was large enough in order to determine the
ploidy and ranged between 100 and 1000 nuclei per sample (Table S1). The use of higher
nuclei numbers would influence the genome size estimations by 1-2%. Ploidy level was
estimated based on comparison against all previously published 2c values and chromosome
counts (e.g., [6-8,18,19,33,40,41,43-45]), as well as on our own chromosome counting in the

A. ciliata species complex [7].
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants13050635/s1, Table S1: Characterization of all collected
taxa and samples from the Arenaria ciliata species complex, with the corresponding genome sizes
(2c values in pg of DNA and the nuclei number per analyzed sample). Figure S1: Examples of
histograms of genome size estimations using flow cytometry. A: Arenaria pseudofrigida from Traill
Island, Greenland. B: Arenaria norvegica from Latrabjarg, Iceland (Plant Cytometry Services, Didam,
The Netherlands, www.plantcytometry.nl, accessed on 15 December 2023).
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G W N

Abstract: High-mountain and arctic plants are considered especially sensitive to climate change
because of their close adaptation to the cold environment. Kalmia procumbens, a typical arctic-alpine
species, reaches southernmost European localities in the Pyrenees and Carpathians. The aim of this
study was the assessment and comparison of the current potential niche areas of K. procumbens in
the Pyrenees and Carpathians and their possible reduction due to climate change, depending on
the scenario. The realized niches of K. procumbens in the Pyrenees are compact, while those in the
Carpathians are dispersed. In both mountain chains, the species occurs in the alpine and subalpine
vegetation belts, going down to elevations of about 15001600 m, while the most elevated localities in
the Pyrenees are at ca. 3000 m, about 500 m higher than those in the Carpathians. The localities of K.
procumbens in the Carpathians have a more continental climate than those in the Pyrenees, with lower
precipitation and temperatures but higher seasonality of temperature and precipitation. The species
covered a larger area of geographic range during the Last Glacial Maximum, but its geographic range
was reduced during the mid-Holocene. Due to climate warming, a reduction in the potential area of
occurrence could be expected in 2100; this reduction is expected to be strong in the Carpathians and
moderate in the Pyrenees.

Keywords: biogeography; climate change; ecological niche modeling; geographic range; relict plant

1. Introduction

The origin of cold-adapted plant species and the formation of tundra in Northern
Europe, Asia and North America took place in turn of the Pliocene/Pleistocene [1-3]
as a reaction of the plant cover to the climate cooling. The plants adapted to the low
temperatures and short vegetation periods in the Arctic zone and in the high mountains
in southern regions evolved during approximately similar periods [3]. The Arctic plants
reached mountains in Central Europe, Asia and North America, escaping to the south
ahead of Pleistocene glaciers [1]. Inversely, the alpine plants could migrate to the north in
the periglacial zone during deglaciations [4], as in the case of retreating glaciers, observed
during the last few centuries in the Alps [5]. During interglacial periods of the Pleistocene
(including the Holocene), the plant species connected with the cold climate could survive
only in the Arctic and in the high mountains above the timberline, sometimes also on mires
at lower altitudes [6-8], these being the glacial relicts [9,10].

High-mountain and arctic plant species are considered to be especially sensitive to
climate change because of their specialized adaptation to the cold environment [11]. High
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temperatures and low humidity are expected to be the most important threats [12-19]. High
risk also results from the forest line shift and expansion of trees, high shrubs and herbs,
which could colonize or at least shade the sites of light-demanding tundra and alpine plant
species [20-24].

Kalmia procumbens (L.) Gift & Kron & P.F.Stevens is an arctic-alpine, circumpolar,
amphi-Atlantic plant [25-27]. It is an evergreen, dwarf, prostrate shrub, frequently creeping
along the ground, especially at high elevations. In Northern Europe and in the mountains,
it prefers the rocky ridges [24,28]. In Europe, it reaches its southernmost localities in
the Pyrenees, Alps, northern Dinaric Alps and Carpathians. This species is one of the
typical cold-adapted glacial relicts in the Central European mountains [29,30]. Despite
this, it can survive in temperatures above 50 °C with a very high diurnal amplitude of
temperatures [31].

In the Pyrenees and in the Carpathians, K. procumbens localities are confined predomi-
nantly to the alpine and sometimes to the subalpine vegetation belts. At lower locations of
the subalpine belt, this species is connected mainly with the north-facing slopes [32-34],
with relatively shorter vegetation periods, lower temperatures and temperature amplitudes,
when compared with the south expositions [35-38]. It is stress-tolerant, adapted to extreme
conditions of existence and characterized by slow growth in a relatively long growing
season [39]. The formation of its photosynthetic apparatus is aimed at a minimum return
of energy, which contributes to the conservation of resources. The population structure
is dominated by plants of mature (generative) stages [40]. It prefers rocky ridges with
small snow deposition during winter [28,38]. Such characteristics indicate that the species,
although resistant to external influences, recovers rather slowly when it loses its position.
The sites of K. procumbens are susceptible to influence of global climate change [28,38,41].
Despite that, recent observations indicated its more intense growth in the mountains of the
Japanese islands [42] and even expansion in the Ukrainian Carpathians resulting from a
reduction in snow cover [21]. The species had a broader potential ecological niche area at
the global scale during the Last Glacial Maximum (LGM) than at present [41].

This study aimed to assess and compare the current potential niche areas of K. procum-
bens in the Pyrenees and Carpathians and their possible reduction due to climate change
depending on the scenario. Additionally, its local, Carpathian and Pyrenean geographic
ranges during the LGM were analyzed retrospectively based on the most probable high
level of ecological niche conservatism in plants [43—45]. We expected the Carpathian popu-
lations would be more prone to the temperature rise and extension of the vegetation period
than the Pyrenean ones.

2. Results
2.1. Realized Geographic Niches

The distribution of K. procumbens in the Pyrenees and in the Carpathians is connected
with the most elevated mountain massifs (Figure 1). The species has a more compact
distribution of its localities in the Pyrenees than in the Carpathians. The altitudinal range
in the Pyrenees is broader than that in the Carpathians. The altitudinal minima in both
mountain systems are similar, but the most elevated localities in the Pyrenees have ascended
about 400-500 m higher than those in the Carpathians (Figure 2). The current range of
species differs from the potential range in the LGM (Figure S1), when the Carpathian arc
was more suitable for the species, whereas conditions in the Pyrenees were less suitable.

The current potential niches of K. procumbens in the Pyrenees and Carpathians are
determined first of all by elevation, whose influence on the current distribution of the
species reaches nearly 80% in the Pyrenees and 60% in the Carpathians (Table 1). From
the climatic variables, only precipitation of the driest month (bio 14) has a relatively high
degree of influence in both mountain chains (Table 1). Additional important bioclimatic
factors, with an influence on the potential niche of K. procumbens reaching 1% or more,
are the temperature mean diurnal range (bio2), temperature annual range (bio7), and
precipitation of the driest quarter (bio17) in the Pyrenees and the annual mean temperature

87



Plants 2023, 12, 3399

(biol), temperature seasonality (bio4), precipitation seasonality (biol5), and precipitation
of warmest quarter (bio18) in the Carpathians (Table 1).

The average values of every bioclimatic factor differed at a statistically significant
level (p < 0.05) between localities of K. procumbens in the South and East Carpathians (the
latter also includes one locality from the West Carpathians) (Table 2). The East Carpathian
region of K. procumbens occurrence has generally higher precipitation (bio12-bio19) and
is characterized by temperature factors (biol, bio5, bio6, bio8-bio 11) that are slightly
but statistically significantly higher than those in the South Carpathian region (Table 2).
Populations from the Carpathians occur most often in the northeastern exposition, whereas
in the Pyrenees, they occur in the northern exposition (Figure S2).

Figure 1. Geographical distribution of Kalmia procumbens on the basis of georeferenced data in the
Carpathians (A) (blue dots—East Carpathians; red dots—South Carpathians) and in the Pyrenees
(B) (blue dots—West Pyrenees; red dots—East Pyrenees).
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Figure 2. Vertical distribution of Kalmia procumbens localities in the Pyrenees (CPYR—Central Pyrenees;
EPYR—East Pyrenees) and in the Carpathians (SCARP—South Carpathians; ECARP—East Carpathians).
Table 1. Contribution (%) of bioclimatic variables and altitude to the realized habitats suitable
for Kalmia procumbens in the Pyrenees (PYR), Central Pyrenees (CPYR), East Pyrenees (EPYR),
Carpathians (CARP), East Carpathians (ECARP) and South Carpathians (SCARP); values of 1.0
and higher bolded.
Bioclimatic Factor CPYR EPYR PYR ECARP SCARP CARP
AUC 0.994 0.991 0.993 0.999 0.997 0.998
Biol Annual Mean Temperature 0.1 0.1 0.1 2.0 0.3 13
Bio2 Mean Diurnal Range 41 0.9 2.5 0.1 0.0 0.1
Bio3 Isothermality 0.6 0.2 0.4 1.7 0.0 0.9
Bio4 Temperature Seasonality 0.3 0.2 0.3 4.7 0.0 2.4
Bio5 Max Temperature of Warmest Month 0.7 0.3 0.5 0.1 0.1 0.1
Biob Min Temperature of Coldest Month 0.3 0.0 0.2 0.2 0.2 0.2
Bio7 Temperature Annual Range 1.0 1.0 1.0 0.1 0.0 0.1
Bio8 Mean Temperature of Wettest Quarter 0.4 2.0 1.2 0.2 0.2 0.2
Bio9 Mean Temperature of Driest Quarter 3.8 6.0 4.9 5.5 8.2 6.9
Biol0 Mean Temperature of Warmest Quarter 0.2 0.1 0.2 0.1 0.1 0.1
Bioll Mean Temperature of Coldest Quarter 0.1 0.1 0.1 0.2 0.2 0.2
Biol2 Annual Precipitation 0.6 0.2 0.4 0.1 0.0 0.1
Biol3 Precipitation of Wettest Month 0.1 0.3 0.2 0.0 0.0 0.0
Biol4 Precipitation of Driest Month 11 0.4 0.8 0.0 0.1 0.1
Biol5 Precipitation Seasonality 0.3 0.1 0.2 3.4 10.0 6.7
Biol6 Precipitation of Wettest Quarter 0.3 1.2 0.8 0.0 0.0 0.0
Biol7 Precipitation of Driest Quarter 7.8 6.2 7.0 0.1 0.0 0.1
Biol8 Precipitation of Warmest Quarter 0.1 0.1 0.1 31.1 9.9 20.5
Biol9 Precipitation of Coldest Quarter 0.5 0.5 0.5 0.2 0.1 0.2
Elevation 77.6 80.2 78.9 50.1 70.4 60.3
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Table 2. Average values of bioclimatic variables in the studied regions. According to the Mann-
Whitney test, all differences between the Pyrenees and the Carpathians (bolded) are significant
(p <0.05), as are the differences between the Southern (SCARP) and Western (ECARP) Carpathians.
For Eastern (EPYR) and Central (CPYR) Pyrenees, statistically significant differences (p < 0.05) were
observed for bio2, bio3, bio5, bio7, bio12, biol3, biol4, bio15, bio16, biol7, bio1l8 and bio19 (shaded).

Bioclimatic Factor CPYR EPYR Pyrenees ECARP SCARP Carpathians

biol Annual Mean Temperature 2.37 2.40 2.39 1.07 —0.25 0.30
bio2 Mean Diurnal Range 9.27 8.67 8.90 6.91 7.16 7.06
bio3 Isothermality 33.79 32.62 33.07 27.73 29.06 28.52
bio4 Temperature Seasonality 649.33 646.56 647.61 684.48 657.93 668.81
bio5 Max Temperature of Warmest Month 18.69 18.14 18.35 13.92 12.52 13.10
bio6 Min Temperature of Coldest Month —8.73 —8.44 —8.55 —10.99 —12.08 —11.62
bio7 Temperature Annual Range 27.43 26.58 26.90 2491 24.60 24.73
bio8 Mean Temperature of Wettest Quarter —0.62 —0.30 —0.42 8.98 6.84 7.73
bio9 Mean Temperature of Driest Quarter 10.80 10.78 10.79 —6.81 —8.02 —7.51
biol0 Mean Temperature of Warmest Quarter 10.93 10.89 10.90 9.36 7.83 8.46
bioll Mean Temperature of Coldest Quarter —4.71 —4.60 —4.64 —7.19 —8.14 —7.74
biol2 Annual Precipitation 1434.57 1447.54 1442.62 1274.90 934.12 1075.62
biol3 Precipitation of Wettest Month 154.04 161.53 158.69 167.76 132.44 147.06
biol4 Precipitation of Driest Month 75.71 68.17 71.03 65.56 46.75 54.58
biol5 Precipitation Seasonality 20.19 23.53 22.27 32.36 39.56 36.57
biol6 Precipitation of Wettest Quarter 430.82 457.02 447.08 462.96 363.02 404.52
biol7 Precipitation of Driest Quarter 263.48 251.75 256.20 221.51 149.49 179.33
biol8 Precipitation of Warmest Quarter 263.57 25191 256.33 462.67 358.05 401.49
biol9 Precipitation of Coldest Quarter 388.06 399.96 395.45 228.93 149.75 182.63

Principal component analysis (PCA) of the bioclimatic factors for the realized niches
of K. procumbens indicated a separate grouping of Carpathian and Pyrenean localities. The
East Carpathian localities are well separated from the South Carpathian ones, while Central
Pyrenean localities are intermixed with East Pyrenean ones to a great extent (Figure 3). The
estimation of potential ecological niches on the basis of the species localities in Central and
East Pyrenees recognized the realized niches in both Pyrenean regions (Figure 4). Inversely,
the estimation of the potential niches of K. procumbens in the East Carpathian localities
recognized a realized niche in the East Carpathians, but not in the South Carpathians.
Additionally, this combination indicated highly suitable conditions in the Tatra Mts. in
the West Carpathians, where only one natural locality of the species currently exists. The
estimation of potential ecological niches of K. procumbens using the South Carpathian
localities did not detect suitable environmental conditions for the occurrence of this species
either in the East or in the West Carpathians (Figure 4).

2.2. Future Geographic Niches

The potential niches highly suitable for K. procumbens in the Carpathians completely
disappear in the year 2100, independently of the scenario of climate warming. Only a
few South Carpathian populations could persist, mainly in the Fagarash, while the East
Carpathian ones would not find suitable conditions (Figure 5). The potential niches in 2100
in the Carpathians would be determined by elevation with a contribution of ca. 50% in
the East Carpathians and ca. 70% in the South Carpathians. The next restrictive factor in
the East Carpathians would be precipitation of the warmest quarter (bio18), attaining a
contribution of 30% or more (Table 3). The other bioclimatic factors influencing the potential
niches in 2100 are the same as the current ones (compare Tables 1 and 3), but the values are
slightly smaller.
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groups —* CPYR —*- ECARP —* EPYR —* SCARP

PC2 (24.9% explained var.)

0 4 8
PC1 (58.7% explained var.)
Figure 3. Position of localities of Kalmia procumbens from Central Pyrenees (CPYR), East Pyrenees
(EPYR), East Carpathians (ECARP) and South Carpathians (SCARP) in PCA on the basis of bioclimatic
variables (acronyms as in Table 1); ellipses indicate the 95% confidence intervals.

Habitat Suitability

0.05 0.25 0.45 0.65 0.85 1.00

Figure 4. Current potential range of Kalmia procumbens in the Carpathians (A,B), estimated using
environmental conditions from (A) the East Carpathians and (B) the South Carpathians, and in the
Pyrenees (c and d), estimated using environmental conditions from (C) the East Pyrenees and (D) the

Central Pyrenees.
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Figure 5. Provided potential range of Kalmia procumbens in the Carpathians in 2100 estimated using

current environmental conditions from the East Carpathians for (A) scenario RCP 2.6 and (B) scenario
RCP 8.5 and from the South Carpathians (C) for scenario RCP 2.6 and (D) scenario RCP 8.5.

Table 3. Contribution (%) of bioclimatic variables and altitude to models of the future potential
range of Kalmia procumbens in the Central Pyrenees (CPYR), East Pyrenees (EPYR), East Carpathians
(ECARP) and South Carpathians (SCARP); values of 1.0% and higher bolded.

Bioclimatic Factor CPYR EPYR ECARP SCARP
RCP2.6 RCP85 RCP26 RCP85 RCP26 RCP85 RCP26 RCP85

AUC 0.994 0.994 0.991 0.991 0.999 0.999 0.997 0.997
Biol Annual Mean Temperature 0.0 0.1 0.0 0.0 1.5 11 0.6 0.4
Bio2 Mean Diurnal Range 3.9 3.1 0.9 0.9 0.1 0.1 0.0 0.0
Bio3 Isothermality 0.8 11 1.7 0.1 2.1 2.7 0.0 0.0
Bio4 Temperature Seasonality 0.3 0.7 0.2 0.2 4.2 4.9 0.0 0.1
Bio5 Max Temperature of Warmest Month 0.8 0.3 0.2 0.5 0.1 0.1 0.1 0.1
Bio6 Min Temperature of Coldest Month 0.4 0.1 0.1 0.9 0.1 0.1 0.1 0.2
Bio7 Temperature Annual Range 0.9 0.5 0.4 1.0 0.1 0.1 0.0 0.0
Bio8 Mean Temperature of Wettest Quarter 1.2 0.7 0.4 4.0 0.0 0.1 0.1 0.2
Bio9 Mean Temperature of Driest Quarter 43 5.5 6.4 4.0 9.5 3.8 6.6 5.9
Biol0 Mean Temperature of Warmest Quarter 0.2 0.1 0.1 0.2 0.1 0.0 0.1 0.1
Biol1l Mean Temperature of Coldest Quarter 0.1 0.0 0.1 0.1 0.3 0.3 0.3 0.2
Biol2 Annual Precipitation 0.8 0.7 0.4 0.4 0.0 0.1 0.0 0.0
Biol3 Precipitation of Wettest Month 0.3 0.2 0.1 11 0.0 0.0 0.1 0.0
Biol4 Precipitation of Driest Month 1.0 1.0 0.4 0.5 0.0 0.1 0.0 0.1
Biol5 Precipitation Seasonality 0.3 0.3 0.0 0.1 2.0 5.4 12.1 9.8
Biol6 Precipitation of Wettest Quarter 0.5 0.3 0.2 0.3 0.0 0.0 0.0 0.0
Biol7 Precipitation of Driest Quarter 7.5 8.7 7.3 5.5 0.0 0.0 0.0 0.0
Biol8 Precipitation of Warmest Quarter 0.1 0.1 0.2 0.2 32.0 30.3 9.6 10.2
Bio19 Precipitation of Coldest Quarter 0.4 0.2 0.3 0.2 0.2 0.2 0.2 0.2
Elevation 76.1 76.4 80.5 79.9 47.5 50.5 70.0 724

In the Pyrenees, the situation of K. procumbens populations in 2100 would not be so
drastically worse than that at present (Figure 6). The environmental conditions in the East
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Pyrenees allow the species populations to persist and even attain a broader area of potential
niche distribution in the more optimistic scenario (Table 4). In the Central Pyrenees, the
potential niche area suitable for K. procumbens in the high and very high levels would
be restricted (Table 4). As in the present, the most influential factor would be elevation,
reaching contributions of about 76 and 80% in the Central and East Pyrenees, respectively
(Table 3). The remaining bioclimatic factors are the same as those determining the current
ecological niches of the species in the Pyrenees (see Tables 1 and 3).

Habitat Suitability

L] - ® @ 0 6
0.05 0.25 0.45 0.65 0.85 1.00
Figure 6. Provided potential range of Kalmia procumbens in the Pyrenees in 2100 estimated using

current environmental conditions from the East Pyrenees for (A) scenario RCP 2.6 and (B) scenario
RCP 8.5 and from the Central Pyrenees for (C) scenario RCP 2.6 and (D) scenario RCP 8.5.

The phytoindication method revealed a potential threat to K. procumbens occurrence in
the East Carpathians within Ukraine. It results mainly from the changes in the hydrological
regime of the species sites. The growth in average yearly temperature by 2 °C (pessimistic
scenario) put K. procumbens at moderate risk of extinction, while that by 3 °C put K.
procumbens at catastrophic risk of extinction (Figure 7).
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Table 4. Area of potential range according to the tested model and four sets of stands: CPYR—Central
Pyrenees, EPYR—Eastern Pyrenees, ECARP—Eastern Carpathians, SCARP—Southern Carpathians.

Area in the Probability Levels (Hectares) Total
Region Model Low Medium High Very High
(0.1-0.25) (0.25-0.50) (0.5-0.75) (>0.75)
Current 6099.48 6545.66 4920.93 1288.34 18,854.41
CPYR RCP 2.6 6344.43 10,857.13 420.55 16.35 17,638.46
RCP 8.5 6698.12 711.52 4.67 0.00 7414.31
Current 4825.15 7280.36 8192.59 1338.57 21,636.67
EPYR RCP 2.6 5756.46 5986.58 6773.90 5156.05 23,672.99
RCP 8.5 4482.04 4812.61 4664.27 4470.36 18,429.28
Current 7406.57 2796.66 1059.53 686.48 11,949.24
ECARP RCP 2.6 0.00 0.00 0.00 0.00 0.00
RCP 8.5 0.00 0.00 0.00 0.00 0.00
Current 9808.72 4446.85 2123.17 708.15 17,086.89
SCARP RCP 2.6 771.79 0.00 0.00 0.00 771.79
RCP 8.5 0.00 0.00 0.00 0.00 0.00
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Figure 7. Percentage values of econiche factors of Kalmia procumbens characterization in the East
Carpathians in Ukraine and potential changes depending on temperature changes: +1 °C (T + 1),
+2 °C (T + 2) and +3 °C (T + 3); Hd—soil moisture, Fh—variability in soil moisture, Re—soil acidity,
Sl—soil salinity, Ca—soil carbonate, Nt—content of mineral nitrogen available for assimilation,
Ae—soil aeration, Tm—thermal regime, Om—ombro regime, Kn—continental climate, Cr—cryo
regime, Lc—illumination; indicator values 2C+ — X + 20, 2C— X — 20; the range of indicators x + 20
marked in orange.

3. Discussion
3.1. Realized Potential Niches in the Carpathians and Pyrenees

During the LGM, the potential range of K. procumbens was broader in the Carpathians,
and for East Carpathians populations, the model also predicts suitable areas at a lower
elevation, closer to the ice sheet. In the Pyrenees during the LGM, the potential range was
located at lower elevations, and conditions for Central Pyrenees populations were almost
unsuitable. In current conditions, this species attains its southernmost European localities
in the Pyrenees and its close to southernmost European localities in the Carpathians [24,27].
Kalmia procumbens survived in both mountain chains in the subalpine and alpine vegeta-
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tion belts due to the high-mountain climate with low temperatures and relatively high
precipitation, mostly in the places with restricted snow cover during winters [21,22,28,38].

The low altitudinal borders of K. procumbens occurrence in the Carpathians and in
the Pyrenees are at similar elevations, as a rule in habitats orographically or edaphically
inaccessible for shrubs, tall herbs and grasses. The specific site conditions are mostly on
the slopes exposed to the north, in rocky places with very thin layers of soil or on rocks
completely without soil, and in places open to the wind. Sometimes, such conditions can be
anthropogenic; for example, they could result from over-pasturing. This kind of pressure
ceased over the last few decades and could be one of the reasons for the disappearance of
the lowest localities of K. procumbens in the East Carpathians, as it was reported at 1455 m
in the Chornokhora [46] but not found later [22,33]. The reduction in pastoralism in the
Pyrenees during the last few decades could also cause the disappearance of the species’
lowest localities due to the expansion of the tall herbs and shrubs.

The maximal altitudes of occurrence of K. procumbens in the Pyrenees are more elevated
than those in the Carpathians. Such a rule was also observed in other subalpine and alpine
plants that are common in the Pyrenees and Carpathians, such as Juniperus communis
L. var. saxatilis Pall., Salix reticulata L., Salix herbacea L., Salix hastata L., Dryas octopetala
L. and Vaccinium gaultherioides Bigelow (V. uliginosum L.) (Table S1). The differences in
the altitudinal maxima of the subalpine and alpine plants between the Carpathians and
Pyrenees surely result from the higher elevations of the latter. The Carpathian arc is
composed predominantly of medium-sized mountain ridges, with only three or four
massifs being sufficiently well revealing, and several others with only a fragmentary
developed alpine vegetation belt [47,48]. Inversely, in the Pyrenees, this type of vegetation
is more frequent and covers a broader area [28,49-51].

Kalmia procumbens is well adapted to microhabitats with continental climatic conditions,
to the extremely high daily amplitude of temperatures during the vegetation season [52,53]
and early snowmelt [54], but the species could suffer from frost during the beginning of
the vegetation season when development of the generative structures starts [55]. On the
other hand, the late frost disturbances and high temperatures in the exposed places of K.
procumbens occurrence have the effect of reducing most other plant species, promoting
the successful regeneration of Kalmia [55]. In relation to the surrounding grass plant
communities, for which the Index of Continentality is 19.7 or 16.5, after Gorchynsky and
Rivas-Martinez, respectively, in Loiseleurio-Cetrarietum of the East Carpathians, it attains
21.6 and/or 17.5 [40]. Additionally, the average annual temperatures at the elevation of
1000 m in grass plant communities reach 2.6 °C, but in the rock coenoses dominated by K.
procumbens, they reach 3.6 °C [19]. Nevertheless, K. procumbens does not reach its potential
altitudinal maximum in most of the Carpathian ridges, as was determined for some other
alpine shrubby plants in the East Carpathians [48].

3.2. Environmental Conditions of the Realized Niches of K. procumbens

Kalmia procumbens is a calcifuge species occurring in mountains composed of meta-
morphic siliceous rock pH [28,56-58]. The plant communities with dominance of this
species are classified as association Cetrario nivalis-Loiseleurietum procumbentis Br.-Bl. in
Br.-Bl. and Jenny 1926 [59], from alliance Rhododendro-Vaccinion Br.-Bl. 1926. In the Pyre-
nees, the plant community Cetrario nivalis-Loiseleurietum is developed on the north-exposed,
acid sites where the winds blow out snow, thus reducing snow cover [49,50,57,58,60]. A
similar plant community is formed in the South Carpathians [61,62], and a fragmentary
community is formed in the East Carpathians [38,56]. In the latter mountains and in
the South Carpathians, K. procumbens occurs in the grassland communities on siliceous
rocks [56,63,64].

The climate in the regions of K. procumbens occurrence in the mountains of Central
Europe is of an oceanic to sub-continental type, cryo-oro-temperate thermotype and sub-
humid to hyper-humid ombrotype [65,66]. Despite this, the average bioclimatic data
retrieved from World Clim for K. procumbens localities in the Pyrenees revealed slightly
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milder conditions than those in the Carpathians (Table 2). The climate of the Carpathian
localities of. K. procumbens appeared more continental with lower factors of temperature
and precipitation and higher temperature seasonality. The continental climate of the steppes
easterly and southerly from the Carpathians and at a closer distance to the continental
climate of the central Euro-Asiatic continent could play some role in lowering positions
of K. procumbens there, and the alpine and subalpine vegetation belt, in comparison with
the Pyrenees.

The average bioclimatic factors of K. procumbens localities presented a low level of dif-
ferences between the Central and Eastern Pyrenees, revealed mostly in the lower values of
factors connected with precipitation in the central, more continental parts of this mountain
chain (Figure 3). Nevertheless, the more humid climatic conditions in the Eastern Pyrenees
can be a reason for the more dispersed and not-so-abundant localities of the species due to
prolonged snow cover [28]. Similarly, the more Atlantic climate conditions in the Northern
as opposed to the Southern Pyrenees [65.66] can explain a lower abundance and frequency
of occurrence of K. procumbens on the southern macroslopes [28]. On the other hand, the
higher and longer-lasting snow observed in the Eastern Pyrenees could reduce the potential
habitats accessible for K. procumbens, as the species occurrence is connected mostly with
places with thin snow deposits [21,22,28,38,54]. Kalmia procumbens occurs mostly on specific
microhabitats, mainly the rocky ridges and rocks, where the snow is being blown away
and the temperatures reveal high diurnal amplitudes.

The bioclimatic differences between localities of K. procumbens in the East versus South
Carpathians appeared higher than those between the East and Central Pyrenees (Figure 3).
This finding could result from the higher elevations of the South Carpathian mountain
massifs as opposed to those in the East Carpathians, and consequently, the greater number
of K. procumbens populations reported from the higher elevations, which are characterized
by lower temperatures and higher mean diurnal amplitude and isothermality.

The snow-free period appeared important for microsites inhabited by small ericaceous
shrubs in the high mountains and in the arctic zone [67]. The longer snow-free period
positively influenced the wood-ring increment in Empetrum hermaphroditum Hagerup [68],
a species frequently occurring with K. procumbens. At the same time, less snowfall and a
shorter duration of snow cover observed during the last decade were a reason for more
abundant K. procumbens growth [21,69].

The differences in climatic conditions of the current localities of K. procumbens in the
Pyrenees and Carpathians could result from (1) adaptation to different climates during the
Holocene; (2) the origin of the Pyrenean and Carpathian populations from two different
regions, namely the Arctic and the Atlantic for the Pyrenees and more continental for the
Carpathians; or simultaneous action of both processes.

3.3. Possible Influence of Climate Differences

It is to be expected that the differences detected between the average climatic condi-
tions of K. procumbens localities in the Carpathians and Pyrenees influenced the genetic
structure of the species. The isolation of K. procumbens populations between the Pyrenees,
Alps and Carpathians lasting at least during the Holocene [4,70,71] should constitute a
reason for genetic and morphological differences. Gene exchange in Ericaceae is limited
due to the low rate of seed dispersal [72] and restricted pollen transport, especially between
populations from distant mountain chains [73]. These limitations explain the genetic and
morphological differences, as described for other subalpine/alpine plant species, such as
Salix herbacea L. [74], Ranunculus glacialis L. [75], Saxifraga oppositifolia L. [76], Soldanella alpina
L. [77] and Rhododendron ferrugineum L. [78,79], and even provide a reason for speciation,
as in the case of Rhododendron ferrugineum and R. myrtifolim Schott & Kotschy [80].

The worldwide genetic structure of K. procumbens detected using sequences of mul-
tiple nuclear loci revealed that southernmost European and East-Asiatic populations are
genetically similar but different from the Arctic ones [81,82]. The southern populations
of K. procumbens in the mountains diverged from the Arctic during the LG [82,83]. This is
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in contrast with the results of amplified fragment length polymorphism (AFLP) analyses,
which indicated the isolation of the Central European mountain clade [84]. The number
of verified populations and individuals used in these papers [82,84] was sufficient for the
description of the general pattern of geographic differentiation of K. procumbens but was
rather too small for its genetic differentiation in the Central European mountains. It could
be expected that this species reveals differences between Pyrenean, Alpine and Carpathian
localities; this hypothesis, however, should be verified in a specific study.

3.4. Future Ecological Niches in the Carpathians and Pyrenees

A climate-change-caused reduction in the potential niches of K. procumbens at their south-
ern limit of realized ecological niches in the mountains of Central Europe could be predicted
and even expected, as in the case of other subalpine and alpine plants [10,28,29,38,41,48]. In
that context, the drastic reduction in potential niches in the Carpathians in general, and the
quite complete disappearance of suitable niches in the East Carpathians, is not surprising.
The process of reduction in the geographic ranges of cold-adapted, high-mountain plants
and their shifts to higher elevations is restricted in the first place by the highest mountain
elevations. Extinctions could also result from rather slow uppermost colonization by the
plants [85]. The East Carpathians do not possess massifs exceeding an elevation of 2500 m,
which are the main centers of occurrence of alpine and subalpine plants [47,86]. It should
be stressed that the process of the disappearance of the area of potential niches detected in
the case of K. procumbens in fact concerns more or less entire alpine and subalpine flora in
the East Carpathians [24,48].

In the Pyrenees, the reduction in potential niche area suitable for K. procumbens is less
drastic than that in the Carpathians. This results from the more “alpine” character of the
Pyrenees and the higher elevations of their highest peaks, which form the conditions for the
occurrence of alpine flora [28,50]. The more intense reduction in potential niches suitable
for K. procumbens in the Central as opposed to the East Pyrenees could be explained by the
more continental climate of the Central Pyrenees, influenced by the close distance to the
very dry and warm central part of the Ebro Basin from the south. This could reduce the
influence of the Atlantic climate [58,66]. In fact, the westernmost localities of the species
were detected on the northern macroslopes of the Pyrenees, with the more prominent
impact of the Atlantic climate (Figure 1). This could also corroborate the amphi-Atlantic
biogeographic character of K. procumbens proposed by Hultén [25].

The influence of the reduction in the area of potential niches to the currently realized
niches of K. procumbens could be diminished by the presence of microrefugia suitable
for the species within the area of its occurrence [87]. The species in fact settled in such
microsites at their lowermost localities. The current localities of K. procumbens in the East
Carpathians (Figure 1), however, exist in the area of a very low level of suitability of the
potential niches, especially at low elevations, which are quite exclusively on the north-
facing slopes. It could be expected that K. procumbens can exist for a long time outside the
optimal environmental conditions on the northern slopes; this makes extinction following
climate change more prolonged, especially for plants moderately sensitive to the lack
of humidity [88] and heat [31]. Thus, the persistence of K. procumbens in environments
with a very low level of suitability could result from the specific site conditions of the
particular localities eliminating competition of the other plants, but it also could be caused
by mycorrhiza. The symbiosis of K. procumbens with fungi [89,90] could mitigate the
extinction rate, as plants with fungal symbiosis are less vulnerable to harsh environmental
conditions [91,92].

The extinction rate of K. procumbens due to climate change could also be restricted by
the shrub’s longevity, found to be more than 100 years [93]. This longevity with tolerance
to harsh environments, particularly relatively high temperatures, high diurnal temperature
amplitudes, winter frosts [24,52,53,94-96] and episodic summer frosts [97], has the effect of
moderating the influence of climate change. K. procumbens plants covered with a shallow
snow stratum are less vulnerable to spring frosts [98]. On the other hand, the speed of
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shifting of K. procumbens in the mountains after glacier regression could be rather moderate.
In the Alps, this species exists together with other ericaceous shrubs, in areas with relatively
stabilized plant cover, and colonizes new terrain about a century after glacier regression [5].
Our results suggest that cooler slopes may act as microrefugia, buffering the effects of
increases in temperature on plant communities by delaying the extinctions of species with
low temperature requirements [88].

The precipitation of the driest month (bio 14) and precipitation of the warmest quarter
(bio 18) are the most influential bioclimatic factors for the present realized niche of K.
procumbens in the East Carpathians in Ukraine. These bioclimatic factors act as limitations
due to a lack of water in the vegetation period, moving K. procumbens out of the zone of
acceptable risk when the average annual temperature rises by 2 °C and deep into the zone
of catastrophic risk when the temperature rises by 3 °C. The role of other ecofactors is much
lower and concerns only the acidity and salinity of soils, which are stable in the rocks in
the localities of K. procumbens.

4. Materials and Methods
4.1. Study Areas

The Pyrenees and Carpathians were elevated during alpine orogenesis and currently
conserve alpine flora with an abundance of endemic species [4,48,86,99,100]. The Pyrenees
include several massifs reaching an elevation of more than 3000 m, with subalpine and
alpine vegetation belts harbouring several arctic-alpine plants [28,50,51]. The Pyrenean
range is divided into the western portion under Atlantic influence, the central portion with
a more continental climate and the eastern portion under the influence of the Mediter-
ranean climate [28,51]. Kalmia procumbens occupies elevated parts of the East and Central
Pyrenees [28,34].

In comparison to the Pyrenees, the Carpathians cover a broader area and are more frag-
mented and divided into several mountain chains, but only a few of them are sufficiently
high for the development of subalpine and alpine vegetation zones [47,48,86,101,102].
The localities of K. procumbens occupy the most elevated sites in the South and East
Carpathians [33,103], with only one natural locality in the West Carpathians [104-106].

4.2. Data Sampling and Geographic Analyses

Data on the natural localities of the species were extracted from the Global Biodiversity
Information Facility (GBIF) database, the literature, herbaria, and authors’ field notes. The
geographic coordinates of localities were determined using Google Earth when not reported
in the original data. In total, we gathered more than 2000 data, but after verification and
exclusion of duplicates and questionable information, we analyzed 641 georeferenced data,
140 for the Carpathians and 501 for the Pyrenees. Maps of the distribution of K. procumbens
in the Pyrenees and Carpathians were prepared using QGIS 3.16.4 “Hannover” [107]. The
altitudinal ranges of the species in both mountain systems are presented in the graphs.

4.3. Environmental Variables

Temperature, precipitation and elevation determine the current (realized) ecological
niches of species to the highest degree [108]. In spite of that, we used nineteen bioclimatic
variables [109] and altitude (Table 1) to find factors that determine the current potential niche of
K. procumbens. The usage of all these data could shed new light on the adaptation of the species
to specific climatic data, retrieved from WorldClim (WC) database (http://worldclim.org/,
accessed on 1 April 2023) [110]. For LGM (21 ka BP), we used data from PaleoClim (PC)
(http:/ /www.paleoclim.org/, accessed on 1 April 2023), which is based on the use of the
CHELSA algorithm on PMIP3 data [111,112]. The spatial resolution of 30 arc-seconds
(~1 km) of climate variables was applied. For the current climate (average for the years
1970-2000), we used WorldClim 2.1 database [110] bioclimatic data. For the future climate,
we based our work on the Community Climate System Model (CCSM) [113] and used
two representative concentration pathways (RCPs), RCP 2.6 and RCP 8.5 [114]. RCP 2.6
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provides an increase in radiation forcing by 2.6 W/m? and an increase in temperature by
1 °C before 2070 (average for 2061-2080), and RCP 8.5 provides an increase in radiation
forcing by 8.5 W/m? and an increase in temperature by 2 °C during the same period. Both
are climate projections from GCMs that were downscaled and calibrated using WorldClim
1.4 as the baseline climate.

PC used climate data from the CAPE project [115] and CCSM [113] for the delineation
of potential niches during the Eemian Interglacial (LIG, 120-140 ka BP). These climatic
data are based on geomorphological and geographical characteristics and do not take into
account edaphic features and the structure of the substrate, which somewhat changes the
microclimatic conditions.

For retrospective analyses of the climate of the EM (LGM, 21 ka BP), the CHELSA
algorithm was used on PMIP3 data. For the Mid-Holocene (MH) climate (ca. 6 ka BP),
CCSM4 was used. For the current climate (average for the years 1970-2000), we used
WorldClim 2.1 database [110] bioclimatic data. The previsions of future climate changes
utilized were scenarios of two representative concentration pathways (RCPs), RCP 2.6 and
RCP 8.5 [114].

The average values of bioclimatic variables were compared between the Carpathians
and Pyrenees, as well as between regions within these mountain ranges. The Mann-Whitney
U test conducted in the R environment was used for this purpose [116]. The influence
of particular climatic variables on the current potential niches of K. procumbens in the
Carpathians and in the Pyrenees was verified by principal component analysis (PCA). In
PCA, the data for localities in the North Carpathians and South Carpathians and the data
for localities in the Central and East Pyrenees were treated as separate groups.

4.4. Niche Modeling

For the prediction of the potential range of K. procumbens, bioclimatic data related to
its localities were used. MaxEnt 3.4.1. [117-119] was applied in analyses with maximum
entropy modeling for the estimation of a probable distribution of the species outside its real-
ized niche. The model with ENMeval R software [120] for the current climate was evaluated
at first. The evaluation procedure followed that described by Salva-Catarineu et al. [121].
For the evaluation of the results of modeling, receiver operating characteristic (ROC) curves
were used [122,123], and area under the curve (AUC) values below 0.6 were assessed as
nearly random.

QGIS 3.16.4 “Hannover” [107] was applied for mapping the current and predicted
potential niches on the climate variables. The potential distribution of K. procumbens was
calculated for the different classes of suitability [45,121].

The phytoindication method was used for the assessment of econiches, indicators of
the leading climatic and edaphic ecofactors, forecasting their changes depending on the
climate for the Eastern Carpathians [40,124]. Modeling of econiche change and assessment
of habitat loss threats for populations of the Eastern Carpathians were performed on the
basis of the phytoindication data. For this purpose, the point values of the amplitude
(x = 20) were calculated for the leading ecofactors, and their changes were evaluated
depending on the increase in average annual temperatures by 1, 2 and 3 °C. The acceptable
risk zone is where the average values of the obtained data are inside the confidence intervals
of £20, and the catastrophic risk zone is where the amplitudes do not overlap, which means
the complete disappearance of the species from this place [40].

5. Conclusions

Kalmia procumbens occurs in the alpine and subalpine vegetation belts, going down to
elevations of about 1500-1600 m, while the most elevated localities in the Pyrenees are at ca.
3000 m, about 500 m higher than those in the Carpathians. The localities of K. procumbens
in the Carpathians have a more continental climate than those in the Pyrenees, with lower
precipitation and temperatures but higher seasonality of temperature and precipitation.
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Due to climate warming, a strong reduction in the potential area of occurrence by 2100 is
expected in the Carpathians, and a moderate reduction is expected in the Pyrenees.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/plants12193399/s1, Figure S1: Provided potential range of Kalmia procum-
bens during the Last Glacial Maximum in the Carpathians (a and b), estimated using environmental
conditions from (a) the East Carpathians and (b) the South Carpathians, and in the Pyrenees (c and
d), estimated using conditions from (c) the East Pyrenees and (d) the Central Pyrenees; Figure S2: Oc-
currence of populations of Kalmia procumbens in different expositions in the Carpathians (a and
b) (a—East Carpathians; b—South Carpathians) and in the Pyrenees (c and d) (c—East Pyrenees;
d—Central Pyrenees); Table S1: Altitudinal maxima of subalpine and alpine species in the Carpathi-
ans [48,103,104] and Pyrenees [28]; CEUR-Central European mountain; ARALP—Arctic—Alpine;
EUROS—Euro-Siberian mountain.
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Abstract: Climate change increases the extinction risk of species, and studying the impact of climate
change on endangered species is of great significance to biodiversity conservation. In this study,
the endangered plant Meconopsis punicea Maxim (M. punicea) was selected as the research object.
Four species distribution models (SDMs): the generalized linear model, the generalized boosted
regression tree model, random forest and flexible discriminant analysis were applied to predict
the potential distribution of M. punicea under current and future climates scenarios. Among them,
two emission scenarios of sharing socio-economic pathways (SSPs; i.e., SSP2-4.5 and SSP5-8.5)
and two global circulation models (GCMs) were considered for future climate conditions. Our
results showed that temperature seasonality, mean temperature of coldest quarter, precipitation
seasonality and precipitation of warmest quarter were the most important factors shaping the
potential distribution of M. punicea. The prediction of the four SDMs consistently indicated that
the current potential distribution area of M. punicea is concentrated between 29.02° N-39.06° N
and 91.40° E-105.89° E. Under future climate change, the potential distribution of M. punicea will
expand from the southeast to the northwest, and the expansion area under SSP5-8.5 would be
wider than that under SSP2-4.5. In addition, there were significant differences in the potential
distribution of M. punicea predicted by different SDMs, with slight differences caused by GCMs and
emission scenarios. Our study suggests using agreement results from different SDMs as the basis for
developing conservation strategies to improve reliability.

Keywords: climate change; endangered plant; potential distribution; species distribution models

1. Introduction

Climate not only plays an important role in the growth of plants, but also determines
the distribution of species [1,2]. Future climate change will shift the distribution of species
and even cause the extinction of species [3-9]. Some studies have indicated that species
will disperse to higher latitudes and/or altitudes under climate change characterized by
warming [3,10-12]. At lower altitudes and latitudes, species richness and diversity are
therefore predicted to fall, while at higher altitudes and latitudes, endangered species are
predicted to face a greater risk of extinction as a result of increased species competition [13].
Thus, alpine ecosystems in response to climate change will be more sensitive and vulnera-
ble [14-16]. Many alpine species, which have ornamental, economic and medicinal values,
are at risk from climate change [17-19]. In particular, species in the Qinghai-Tibet Plateau
have been adversely affected by climate change [20—22]. Therefore, understanding the
impacts of climate change on the potential distribution of species is of great significance for
species conservation.

Meconopsis punicea Maxim (M. punicea) is a perennial herb belonging to the family
Papaveraceae and the genus Meconopsis [23], mainly distributed in the hillside grassland
and alpine shrub at an altitude of 2800-4300 m in northwest Sichuan, northeast Tibet,
southeast Qinghai and southwest Gansu, with a flower and fruit period from June to

Plants 2023, 12, 1376. https:/ /doi.org/10.3390/ plants12061376 105

https:/ /www.mdpi.com/journal /plants



Plants 2023, 12, 1376

September [12,23-26]. M. punicea is not only a rare resource of Tibetan medicine, but also
has a certain ornamental value [23,24]. According to the Red List of Chinese plants database
(http:/ /www.chinaplantredlist.org/ (accessed on 12 July 2022)), M. punicea is evaluated
as a Least Concern (LC) species. Due to global warming, natural ecological degradation
and overexploitation of wild resources, the living environment of M. punicea has been
seriously and repeatedly damaged, and it is facing the danger of exhaustion of natural
resources [12,23,27]. Therefore, it is necessary to actively carry out the resource investigation
of M. punicea and study the response of the potential distribution of M. punicea to climate
change, which is helpful for the ex situ conservation and the deep resource development of
the species, and provides a theoretical basis for the introduction and domestication of the
species and resource conservation.

With the development of digital information, species distribution models (SDMs)
have been widely used to study the historical geographical distribution of species and
their distribution trend under future climate change [28,29]; it provides a reliable theoreti-
cal basis for endangered species protection, conservation planning and invasive species
control [30-34]. However, there are numerous SDMs algorithms based on statistics and
machine learning, and the potential distribution results of species predicted by different
algorithms significantly differ [35]. Some studies have shown that being dependent on only
one SDM to predict the potential distribution of species would cause the result deviation
problem [35,36]. In addition, studies have shown that different global circulation models
(GCMs) will bring uncertainty to SDMs prediction [37-39], but the uncertainty caused by
emission scenarios is significantly higher than that caused by GCMs [37]. Therefore, the
reliability of conservation studies for endangered species could be improved by considering
the comprehensive results under the influence of various uncertainties, including SDM
algorithms, emission scenarios and GCMs.

In this study, we explored the potential distribution of M. punicea under climate change
using various SDMs (i.e., generalized linear model, generalized boosted regression tree
model, random forest and flexible discriminant analysis). We analyzed the agreement
of the prediction results of the four SDMs to avoid the uncertainty brought by the SDM
algorithm, and also considered the uncertainty brought by emission scenarios and GCMs.
Among them, the emission scenarios are based on the scenarios under the sharing socio-
economic pathways (SSPs), which provide more diverse air pollutant emission scenarios,
and more scientifically describes future climate change under the mode of socio—economic
development [40]. Based on the agreement result of the four SDMs, we aimed to determine
the potential distribution of M. punicea under current and future climate. In addition, we
explored changes in the potential distribution of M. punicea by comparing potential current
and future distributions, and made conservation recommendations based on the potential
distribution changes.

2. Results
2.1. Evaluation of Model Prediction Accuracy and Significance of Bioclimatic Variables

According to the evaluation metric AUC, the performance of the four SDMs were
“excellent”, with the GLM having the highest prediction accuracy, followed by the FDA
(Figure 1a). According to the evaluation metric Kappa, the prediction accuracy of FDA was
the highest, followed by GLM (Figure 1b). Both evaluation metrics consistently showed
higher prediction accuracy of the GLM and FDA than that of the RF and GBM (Figure 1).
No matter the current or future climate scenarios, the results consistently showed that the
SDM algorithm would generate large uncertainties in predicting the potential distribution
of M. punicea (Figures 2 and 3). The prediction through GLM model showed a large
uncertainty in potential distribution caused by the emission scenarios, while under the
other SDMs (i.e., GBM, RF and FDA), the uncertainties caused by the emission scenarios
were small (Figure 4). Under different GCMs, the potential distributions predicted by the
FDA and GLM models consistently showed large uncertainties, while that predicted by the
GBM and RF models were less uncertain (Figure 5). In general, the uncertainty generated
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by GCMs was smaller than that generated by the SDM algorithms and larger than that
generated by the emission scenarios.

1.05 ) b) ® The tests value of the 20 tests
— The density distribution of the 20 tests
== The median of the 20 tests
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Figure 1. Comparison of prediction accuracy of four species distribution models under (a) AUC and
(b) Kappa. The black dots represent the AUC (Kappa) of each test, the thin outline represents the
density distribution of the AUC (Kappa) of 20 random tests, and the thick horizontal line represents
the median AUC (Kappa) of 20 random tests.
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Figure 2. The uncertainty generated by the SDM algorithms in predicting the potential distribution
of M. punicea under the current climate scenarios. (a—d) represent the agreement and uncertainty
of the potential distribution of M. punicea predicted through GLM, GBM, RF and FDA, respec-
tively. The green area indicates the agreement, and the black area indicates the uncertainty. Agree-
ment/Uncertainty means the same/different part of the potential distribution predicted through the
four SDMs.
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Figure 3. The uncertainty generated by the SDM algorithms in predicting the potential distribution
of M. punicea under the future climate scenarios. Here, the future global circulation models (GCMs)
include BCC-CSM2-MR (BCC) and HadGEM3-GC31-LL (Had), and the emission scenarios include
SSP2-4.5 and SSP5-8.5. The first to fourth rows represent the agreement and uncertainty of the
predicted potential distribution of M. punicea under GLM (a-d), GBM (e-h), RF (i-1) and FDA (m-p),
respectively. The green area indicates the agreement, and the black area indicates the uncertainty.
Agreement/Uncertainty means the same/different part of the potential distribution predicted through
the four SDMs under the same climate scenarios.

The importance score of each bioclimatic variable in the four SDMs showed: temper-
ature seasonality (BIO4), mean temperature of coldest quarter (BIO11) and precipitation
of warmest quarter (BIO18) have a major contribution to the prediction of the potential
distribution of M. punicea in the GLM (Table 1). In the GBM and RF, BIO18, precipitation
seasonality (BIO15) and BIO11 play a significant role in determining the potential distribu-
tion of M. punicea (Table 1). In the FDA, the main bioclimatic variables contributing to the
potential distribution of M. punicea were BIO4, mean diurnal range (BIO2) and isothermality
(BIO3) (Table 1). In summary, the dominant bioclimatic variables shaping the potential
distribution of M. punicea are BIO4, BIO11, BIO15 and BIO18.

Response curves for the dominant bioclimatic variables and potential distribution
probabilities fitted through GLM and FDA show similar trends. Among them, the response
curves of the distribution probability of M. punicea to BIO4, BIO11, BIO15 and BIO18
showed an oscillating trend in a certain range and then stabilized (Figure 6). The response
curve trend fitted by GBM and RF were roughly the same, and the response curve of the
distribution probability of M. punicea to BIO4, BIO11, BIO15 and BIO18 showed a unimodal
pattern (Figure 6). The response curves of the four SDMs showed that the temperature
seasonality range is 500750, the mean temperature in the coldest season is below —5 °C,
the precipitation seasonality range is above 80 and the precipitation in the warmest season
is above 500 mm, which were the most suitable climate environments for the distribution
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of M. punicea (Figure 6). However, the response curve trend of temperature seasonality was
different among the four SDMs (Figure 6).
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Figure 4. The uncertainty generated by the global circulation models (GCMs) in predicting the future
potential distribution of M. punicea. Here, the GCMs include BCC-CSM2-MR (BCC) and HadGEM3-
GC31-LL (Had), and the emission scenarios include SSP2-4.5 and SSP5-8.5. The first to fourth rows
represent the agreement and uncertainty of the predicted potential distribution of M. punicea under
GLM (a-d), GBM (e-h), RF (i-1) and FDA (m-p), respectively. The green area indicates the agreement,
and the black area indicates the uncertainty. Agreement/Uncertainty means the same/different part
of the potential distribution between BCC and Had under the same SDMs and emission scenarios.

2.2. Potential Distribution of M. punicea in Current Climate

The current potential distribution predicted by the four SDMs showed a high consis-
tency, and all the models showed that the potential distribution of M. punicea was roughly
distributed in Sichuan, Qinghai, Gansu and Qinghai-Tibet (Figure 7). To be specific, the
main potential distribution areas were located in Aba Tibetan and Qiang Autonomous Pre-
fecture and Ganzi Tibetan Autonomous Prefecture on the western Sichuan Plateau, Gannan
Tibetan Autonomous Prefecture in the south of Gansu Province and Huangnan Tibetan Au-
tonomous Prefecture and Guoluo Tibetan Autonomous Prefecture in the southeast of Qing-
hai Province, which are concentrated between 29.02° N-39.06° N and 91.40° E-105.89° E
(Figure 7). The main potential distribution ranges predicted (29.02° N-39.06° N and
91.40° E-105.89° E) are basically consistent with those of the records (29.53° N-38.32° N
and 94.30° E-104.24° E). However, the potential distribution area predicted by each model
was slightly different, and the potential distribution area predicted by GLM and FDA was
smaller than that predicted by RF and GBM.
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Figure 5. The uncertainty generated by the emission scenarios in predicting the future potential
distribution of M. punicea. Here, the future global circulation models (GCMs) include BCC-CSM2-MR
(BCC) and HadGEM3-GC31-LL (Had), and the emission scenarios include SSP2-4.5 and SSP5-8.5. The
first to fourth rows represent the agreement and uncertainty of the predicted potential distribution
of M. punicea under GLM (a—d), GBM (e-h), RF (i-1) and FDA (m-p), respectively. The green area
indicates the agreement, and the black area indicates the uncertainty. Agreement/Uncertainty
means the same part of the potential distribution between SSP2-4.5 and SSP5-8.5 under same SDMs
and GCMs.

Table 1. The importance scores of each bioclimatic variable in four species distribution models

Had-SSP2-4.5

BCC-SSP5-8.5

Had-SSP5-8.5

(SDMs). The top three most important variables in each SDM are bolded.

GLM GBM RF FDA
BIO2 0.1502 0.0452 0.0198 0.8284
BIO3 0.1276 0.0254 0.0194 0.6464
BIO4 0.9842 0.0092 0.0468 0.9972
BIO5 0.5024 0.0282 0.0398 0.0620
BIO11 0.6760 0.1458 0.0742 0.0096
BIO15 0.48186 0.2244 0.1282 0.1318
BIO17 0.4210 0.0084 0.0244 0.1826
BIO18 0.7922 0.6958 0.3162 0.3958
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Figure 6. Response curves of potential distribution probability for dominant variables based on
four species distribution models for M. punicea. The first to the fifth row represent the response
curves for BIO4 (temperature seasonality), BIO11 (mean temperature of coldest quarter), BIO15
(precipitation seasonality) and BIO18 (precipitation of warmest quarter), respectively. The first to
fourth columns correspond to GLM (generalized linear model), GBM (generalized boosted regression
tree model), RF (random forest) and FDA (flexible discriminant analysis), respectively.
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Figure 7. Current potential distribution of M. punicea based on four species distribution models.
The left column is the prediction of the continuous distribution of M. punicea under the current
environment. The column on the right shows the 0-1 distribution predictions of M. punicea under
the current environment. The first to fourth rows represent the predicted potential distribution of
M. punicea under GLM (a,b), GBM (c,d), RF (e,f) and FDA (g,h), respectively.

2.3. Changes in Distribution of M. punicea under Future Climate Change

Under future climate change, the four SDMs all show that the potential distribution
area of M. punicea expands to the northwest, while a few areas in the eastern part of the
current potential distribution area will not be suitable for M. punicea in the future (Figure 8).
GLM and FDA predicted that by 2050 (2040-2060 average), the potential distribution
area of M. punicea in the Qinghai-Tibet Plateau would widely extend to northwest China
(Figure 8a—d,m—p). However, GBM and RF predicted that the potential distribution area of
M. punicea will expand less to the northwest by 2050 (Figure 8e-l). In addition, under the
SSP5-8.5 scenario (Figure 8b,d,f,h,j,1,n,p), the potential distribution of M. punicea by 2050 ex-
panded more to the northwest than that under the SSP2-4.5 scenario (Figure 8a,c,e,g,i,k,m,0).
In addition, no matter what the GCM, the main change trend in the potential distribution
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of M. punicea was basically the same. The minor difference was that the loss of potential
distribution under the Had was slightly more than that under the BCC (Figure 8).
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Figure 8. The changes in potential distribution under the future climate scenarios compared to
the current climate scenarios based on four species distribution models. Here, the future global
circulation models (GCMs) include BCC-CSM2-MR (BCC) and HadGEM3-GC31-LL (Had), and
the emission scenarios include SSP2-4.5 and SSP5-8.5. The first to fourth rows show the results of
potential distribution changes for GLM (a-d), GBM (e-h), RF (i-1) and FDA (m-p), respectively.
The green area indicates the current and future species presence, denoted as “stable”. The red area
indicates the current species presence, but with no future presence, denoted as “loss”. The orange
area indicates no current presence, but with presence in the future, denoted as “gain”.

3. Discussion
3.1. Comparison of Prediction Results of Four SDMs

In this study, four SDMs were used to predict the potential distribution of M. punicea.
We compared the prediction performance of the four SDMs by evaluation metrics and the
agreement/uncertainty of the model prediction results. The predictive performance of GLM
and FDA was better, as judged by the evaluation metrics (AUC and Kappa). In terms of the
agreement/uncertainty of the prediction results, the model with good performance did not
always perform well. GLM and FDA had the highest agreement and lowest uncertainty
under the current climate, contrary to the performance under the SSP2-4.5 scenario and the
SSP5-8.5 (Figures 2 and 3). In addition, not all models with good agreement/uncertainty
performance had high evaluation metrics (AUC and Kappa). GBM and RF had the highest
agreement and lowest uncertainty under the SSP2-4.5 scenario and the SSP5-8.5, while the
AUC (Kappa) was relatively low. This mismatch may be caused by different algorithms
based on different SDMs. Because the four SDMs selected in this study were carried out
under the same environmental variables, as well as the environmental variables selected
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and the occurrence data were of the same spatial resolution, the only difference lay in the
different algorithms used based on different SDMs. Specifically, GLM and FDA are based
on generalized linear methods, and GBM and RF are based on classification methods. In
addition, emission scenarios generated less uncertainty in predicting potential distributions
than GCMs (Figures 4 and 5). Our findings were inconsistent with previous studies in that
the uncertainty caused by emission scenarios was greater than that caused by GCM [37-39].
The reason for the difference may be the different emission scenarios chosen. Therefore, the
reliability of the model is still insufficient when only using model evaluation metrics, and
the reliability of the model can be evaluated by calculating the agreement/uncertainty of
the predicted results of various models under different emission scenarios and GCMs.

3.2. Significant Variables Affecting the Distribution of M. punicea

The potential distribution of plants is impacted by environmental variables, which
play a crucial role in plant growth [41], especially precipitation and temperature [42,43]. In
this study, the results of the four SDMs consistently showed that the potential distribution
of M. punicea was significantly impacted by two temperature-related bioclimatic variables
(i.e., temperature seasonality (BIO4) and mean temperature of coldest quarter (BIO11))
and two precipitation-related bioclimatic variables (i.e., precipitation seasonality (BIO15)
and precipitation of the warmest quarter (BIO18)). M. punicea is a type of perennial plant
with a seasonal growth and dormancy cycle [23,44,45], and thus strongly correlated with
temperature seasonality and precipitation seasonality. The warmest quarter on the Qinghai-
Tibet Plateau is usually from July to September, which is also the flowering and fruiting
period of M. punicea [23,24,26]. Plants in the flowering and fruiting period need proper
precipitation; too little precipitation affects the blossom and fruit, and too much water
can lead to flower and fruit drops. This is consistent with our results in that the potential
distribution probability of M. punicea increases with an increase in precipitation of the
warmest quarter, and that the optimal water requirement of M. punicea in the warmest
quarter is when precipitation reaches about 600 mm. In addition, our results show that
the increase in the mean temperature of coldest quarter will lead to a decrease in the
potential distribution probability of M. punicea. This is probably due to the coldest quarter
for the dormancy period of M. punicea, during which a temperature rise will affect the
sprouting and growing during the following year [45,46]. The optimum temperature in the
dormancy period of M. punicea is below —10 °C, which is consistent with the cold resistance
of M. punicea [26].

3.3. Impacts of Climate Change on the Potential Distribution of M. Punicea

The prediction results of the four SDMs all showed that the potential distribution of
M. punicea ranged between 29.02° N-39.06° N and 91.40° E-105.89° E under current climate
scenarios. Under future climate change, the potential distribution areas of M. punicea will
be expanded, showing a trend of extending from southeast to northwest. A few areas in
the eastern part of the current potential distribution area will not be suitable for M. punicea
in the future. Our findings are consistent with Zhao et al. [47] in that climate change will
expand the potential distribution of M. punicea. However, Shi et al. [19] and He et al. [12]
suggested that climate change will reduce the potential distribution of M. punicea. The
reason for the difference may be the different future global climate model chosen or different
environmental variables chosen. Instead of representative concentration pathways (RCPs),
we selected a Shared Socio-economic Pathways (SSPs) scenario, which is more suitable
for China [48,49]. Furthermore, we only selected climate variables, and did not select
soil type variables, which may also have an impact on the distribution of M. punicea.
Compared with RCPs, the SSPs scenario provides more diverse air pollutant emission
scenarios, and more scientifically describes future climate change under the mode of
socio—economic development.

Our study supports that plants will migrate to higher latitudes under future climate
change [3,7], but the potential distribution area of species will not necessarily shrink under
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future climate change [7,8]. By comparing different climate scenarios in the future, it is
found that the potential distribution area of M. punicea will expand to the northwest more
widely under the SSP5-8.5 scenario. At the end of the 21st Century, the temperature will
increase by 4.7-5.1 °C under the SSP5-8.5 scenario, while the temperature will increase
by 3.8-4.2 °C under the SSP2-4.5 scenario [50]. The temperature increases more under
the SSP5-8.5 scenario, which forces the migration of the cold resistant plant M. punicea
to higher latitudes. At the same time, it faces greater competition during migration to
higher latitudes.

Although our predictions indicate that the potential distribution of M. punicea may
expand under climate change, the actual movement of species in a changing climate may
be characterized by many challenges, such as competition, predation, physical barriers
and lack of dispersal media [51,52]. M. punicea are entomophilous plants, which mainly
rely on flies to transmit pollen [53]. Therefore, a loss of the dispersal potential of flying
insects [54,55] may lead to disruption of the transmission of M. punicea during migration to
higher elevations areas under climate change. In addition, based on the dispersal distance
of plants not exceeding 100 m per year [56-59], we estimate that the species will disperse
by 7 km at most in the next 70 years. The potential distribution in the future, expanding
by about 120 km (Figure 8), and the dispersal distance of the species is much smaller than
the potential distribution in the future. Therefore, most of the potential distribution in the
future is unreachable, and only a small part (at most 6%) can be occupied.

3.4. Protection Strategies for M. punicea

M. punicea, as an endangered plant, is not only of medicinal value, but also of orna-
mental value [23,24,60]. The potential distribution of M. punicea provides a prerequisite
for the development of conservation strategies. According to the predictions of various
SDMs, the potential distribution area of M. punicea will expand to the northwest, while a
few areas in the eastern part of the current potential distribution area will not be suitable
for M. punicea in the future. For places where potential distribution is stable in the future,
in situ conservation can be adopted, such as the establishment of nature reserves [19]. In
addition, field investigation and assessment should be carried out for places where the
potential distribution is gained in the future, and ex situ conservation should be consid-
ered [61]. In addition, the habitat of M. punicea is being destroyed at an accelerated rate
due to overexploitation and climate change [62]. Therefore, it is particularly important to
reduce human activities that lead to the loss of biodiversity, strengthen the construction of
protected areas and take measures to protect and conserve species in natural habitats.

This study only considered the influence of climate conditions on the suitable areas
of M. punicea, and did not involve the influence of human activities, terrain and soil, etc.
Therefore, the future protection status of this plant needs to be studied in many aspects.
In addition, only two future climate scenarios were considered in this study, more climate
models and emission scenarios were selected for simulation in subsequent studies, and
compared with this study, so as to evaluate the response of M. punicea, an endangered
medicinal plant, to climate change in a more objective and comprehensive way.

4. Materials and Methods
4.1. Overview

This study took M. punicea as the research object and three primary steps were con-
ducted to implement this study. Firstly, a pairwise Pearson’s correlation test was used to
select bioclimatic variables. Secondly, the generalized linear model (GLM), the generalized
boosted model (GBM), random forests (RF) and flexible discriminant analysis (FDA) were
used to predict the current and future potential distribution of M. punicea. At the same time,
we considered two global circulation models (GCMs) and two emission scenarios of sharing
socio-economic pathways (SSPs) for future climate conditions. Thirdly, the differences in
the prediction of four SDMs and the potential distribution of M. punicea in response to
climate change were analyzed, and different conservation strategies were discussed.
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4.2. Species Occurrence Data

A total of 230 records of M. punicea (i.e., longitude and latitude of the samples) were
obtained from the Chinese Virtual Herbarium (http://www.cvh.ac.cn/ (accessed on 12 July
2022)), the Global Biodiversity Information Facility (http://www.gbif.org/ (accessed on
12 July 2022)) and the related literature [12,25]. In order to match the current climate data
range (19702000 average), only records after 1970 were screened. In order to reduce spatial
autocorrelation, only one record was retained within 5 km; that is, a circle was drawn
with the sample point as the center of the circle and the radius of 5 km, and all points
except the center of the circle were deleted. Finally, 113 records of M. punicea were obtained,
which were mainly distributed in the eastern part of the Qinghai-Tibet Plateau, including
southwest Gansu, southeast Qinghai, northwest Sichuan and northeast Tibet (Figure 9).
According to the distribution range of the records of M. punicea, the study area was defined
as 73° E-110° E and 25° N—45° N.

45°N -
Elevation (m)
8000
40°N -
l 6000
35°N-
4000
30°N- A 2000
® M. punicea
— Qinghai-Tibet Plateau 0
25°Na ' ' ' ]
73°E 80°E 90°E 100°E 110°E

Figure 9. Distribution of occurrence record points of M. punicea. The red dots in the figure
represent the occurrence record points of M. punicea. The polygon data of the Qinghai-Tibet
Plateau were obtained through the Global Change Research Data Publishing and Repository
(http:/ /www.geodoi.ac.cn/ (accessed on 20 July 2022)).

4.3. Environmental Variables

Bioclimatic variables of current climate (representative of 1970-2000) and future cli-
mate (2050: average of 2041-2060) were taken from the WorldClim database version 2.1
(http:/ /www.worldclim.org/ (accessed on 1 June 2022)) with a resolution of 2.5 arc-min [63].
For the GCMs of future climate, we considered BCC-CSM2-MR (BCC) and HadGEM3-
GC31-LL (Had), which have been commonly used in studies predicting the potential future
distribution of species in the Qinghai-Tibet Plateau [12,19,48,49,64]. We also adopted two
emission scenarios, including SSP2-4.5 and SSP5-8.5, which represent diverse air pollu-
tant emission scenarios and more scientific descriptions of future climate change under
the mode of socio—economic development [48,65-67]. SSP2-4.5 represents the scenario of
moderate social vulnerability and moderate radiation emission (4.5 W/ mz), while SSP5-8.5
simulates the development path of traditional fossil fuels and belongs to the scenario of
extremely high radiation emission (8.5 W/ m?) [50]. In order to reduce the correlation
between bioclimatic variables; the 113 records of M. punicea were first used to extract
19 current climate variables corresponding to geospatial data. Then, we used a pairwise
Pearson’s correlation test (r) of bioclimatic variables, and eight bioclimatic variables were
selected with Ir| < 0.7 (Table 2) [68].
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Table 2. Bioclimatic variables used for species distribution models to predict the potential future
distribution of M. punicea. These variables were screened by Pearson’s correlation test.

Bioclimatic Variables Meaning of Variables

Mean Diurnal Range (mean of monthly

BIO2 (max temp-min temp))/°C

BIO3 Isothermality ((BIO2/BIO7) x 100)

BIO4 Temperature Seasonality (standard deviation x100)
BIO5 Max Temperature of Warmest Month/°C
BIO11 Mean Temperature of Coldest Quarter/°C
BIO15 Precipitation Seasonality (coefficient of variation)
BIO17 Precipitation of Driest Quarter/mm

BIO18 Precipitation of Warmest Quarter/mm

4.4. Species Distribution Model
4.4.1. Data Preparation

The presence data used to construct SDMs were set as 113 records of M. punicea, and
the pseudo-absence data were randomly taken from the study area according to three times
the amount of presence data (i.e., 113 presence data, 339 pseudo-absence data). Among
them, 80% of presence data (pseudo-absence data) were used as the training set, and the
remaining 20% were used as the test set. Three climate scenarios (i.e., current, SSP2-4.5
and SSP5-8.5) were cropped according to the scope of the study area, and then stored in
stacks, respectively.

4.4.2. Parameter Setting of the Model

The four SDMs were operated in the R environment (version 4.1.1) using the basic
packages “mda” (version 0.5-3), “randomForest” (version 4.6-14) and “gbm” (version 2.1.8),
as well as the auxiliary package ‘"MASS’ (version 7.3-57), “biomod2” (version 3.5.1). In the
GLM model, three forms of variables (i.e., linear term, quadratic term, interaction term)
were considered, and the optimal model was determined by stepwise regression according
to the AIC value. The stepwise regression was set to bidirectional, while other parameters
were kept at default values. In the GBM model, in order to determine the optimal regression
tree, it is necessary to consider the number of iterations and learning rate (a smaller rate is
better, but the number of iterations should be increased), the complexity of the decision
tree (i.e., the depth of the tree), the ratio of resampling and the number of cross validations
(used to extract the most appropriate number of regression trees). The number of iterations,
the depth of the tree, the learning rate, the resampling ratio and the number of cross
validations were respectively set to 10,000, three, 0.01, 0.5 and 10. In the RF model, the
number of iterations, which is considered to obtain the optimal model, is set to 1000, and
the other parameters were selected as default settings. In the FDA model, the model was
adjusted by Multivariate Regression Splines, and the remaining parameters were selected
for default settings.

4.5. Data Analysis
4.5.1. Model Evaluation Metrics

In this study, the area under receiver operating characteristic curve (AUC) and
Kappa were used to evaluate the prediction accuracy of the four SDMs. AUC is the
value of the area under the receiver operating characteristic (ROC) curve, where the
ROC curve plots sensitivity (Se) versus 1—specificity (Sp) across all possible thresholds
between 0 and 1. Se represents the proportion of presences correctly predicted, and
Sp represents the proportion of absences correctly predicted [69,70]. As AUC is not
affected by the diagnostic threshold, it is recognized as the best evaluation index at
present [70-72]. The evaluation criteria of AUC are: excellent (0.90-1.00); good (0.80-0.90);
general (0.70-0.80); worse (0.60-0.70); fail (0.50-0.60) [30,31,70,71]. Kappa is calculated
using the following formula: Kappa = (Py — Pe)/(1 — Pe), Py = Pr X Se + (1 — Pr) x Sp and
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Pe=—2 x (Se + Sp — 1) x Pr x (1 — Pr) + Py, where Pr is the proportion of presences in
the dataset [70]. Kappa is between -1 and 1, usually greater than 0. The larger the value, the
higher the accuracy of the model [70,73,74]. Each SDM was randomly simulated 20 times
and the AUC (Kappa) was obtained for each simulation. Then, the median of the 20 AUC
(Kappa) was used to compare the prediction performance of the model.

In order to further compare the prediction performance of the model, the agree-
ment/uncertainty of the potential distribution predicted by each model was calculated
as follows. First, the same part of the potential distribution predicted through each SDM
was considered as an agreement. Second, the different part of the potential distribution
predicted through each SDM was regarded as an uncertainty.

4.5.2. Comparison of Current and Future Potential Distribution Areas

In species conservation practice, information presented in the form of species pres-
ence/absence may be more practical than information presented in terms of probability or
suitability. Therefore, a threshold is needed to convert probability or suitability data into
presence/absence data [75,76]. Furthermore, the choice of threshold through Kappa maxi-
mization is popular in predicting species presence [77,78]. In order to compare the current
and future (SSP2-4.5 and SSP5-8.5) changes in potential distribution, the predicted value of
the potential distribution was converted as follows. For each model, the operation was re-
peated 20 times, and the value that made the Kappa value maximum was respectively taken
and the average was calculated as the threshold of the model. Then, according to the thresh-
old value, the potential distribution probability of the model was converted into 0-1 data,
in which those less than the threshold value were denoted 0 (i.e., absence) and those larger
than the threshold value were denoted 1 (i.e., presence). Finally, the calculation was made
according to the formula: future potential distribution x 2 + 1 + current distribution. In
the calculation results, the number 4 indicates current and future species presence, denoted
as “stable”. The number 2 indicates only current species presence, denoted as “loss”. The
number 3 indicates the species is not currently present, but will be present in the future,
denoted as “gain”.
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Abstract: Human disturbance, such as trampling, is an integral component of global change, yet we
lack a comprehensive understanding of its effects on alpine ecosystems. Many alpine systems are
seeing a rapid increase in recreation and in understudied regions, such as the Coast Mountains of
British Columbia, yet disturbance impacts on alpine plants remain unclear. We surveyed disturbed
(trail-side) and undisturbed (off-trail) transects along elevational gradients of popular hiking trails
in the T’ak’t’ak’muy’in tl’a In’inyaxa7n region (Garibaldi Provincial Park), Canada, focusing on
dominant shrubs (Phyllodoce empetriformis, Cassiope mertensiana, Vaccinium ovalifolium) and graminoids
(Carex spp). We used a hierarchical Bayesian framework to test for disturbance by elevation effects on
total plant percent cover, maximum plant height and diameter (growth proxies), and buds, flowers,
and fruits (reproduction proxies). We found that trampling reduces plant cover and impacts all
species, but that effects vary by species and trait, and disturbance effects only vary with elevation
for one species’ trait. Growth traits are more sensitive to trampling than reproductive traits, which
may lead to differential impacts on population persistence and species-level fitness outcomes. Our
study highlights that disturbance responses are species-specific, and this knowledge can help land
managers minimize disturbance impacts on sensitive vegetation types.

Keywords: alpine plants; human trampling disturbance; global change; recreation; plant traits;
trail planning

1. Introduction

Subalpine and alpine plants are sensitive to disturbances from trampling due to their
perennial nature, short growing seasons, and shallow soils [1,2]. Species’ responses to tram-
pling vary, with different effects seen in growth and reproduction. These species-specific
responses may be related to differences in life history. Grime [3] defined combinations
of different life history traits that make certain groups of species more successful along
gradients of disturbance, stress, and competition. Ruderals, such as grasses and sedges,
are most common in areas with high disturbance, whereas slower-growing, competitive
species do not tolerate disturbance well. For example, studies have found that Phyllodoce
spp. (slow-growing subalpine heathers) are vulnerable to trampling disturbances with
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reduced heights, whereas Carex spp. (sedges) are more resilient [4,5]. The effects of tram-
pling on soils can even have long-term effects on plant community succession, with greater
diversity at trampled sites in the Cascade Mountains in Washington [6].

In addition to reducing plant size, trampling can also reduce reproductive output,
interrupt succession, and lower species richness [7-15]. Disturbance can also decrease
total plant cover, but the severity of effects differs between ecosystems [14,16,17]. Reduced
size, reproduction, and survival due to trampling can scale up to negatively affect overall
population performance and potentially reduce long-term population viability, especially
for hiking trails within small, endangered community types [18]. Population performance
may be less sensitive to trampling when this disturbance affects reproduction more than
survival [19], and thus the plant tissue that is most affected by trampling will likely
influence how trampling impacts overall population performance. However, the extent
that trampling might differently affect vegetative growth versus reproduction, and whether
this effect is uniform across species, is understudied.

One of the main mechanical effects of trampling on plant habitat is that trampling dis-
turbance induces soil compaction. Increased soil compaction has been found to reduce pore
connectivity, which in turn decreases its hydro-conductivity and root permeability [20]. Soil
compaction also reduces the relative abundance of soil microbes and mycorrhizal fungi [21].
Such conditions can make trampled habitats inhospitable for many plant species. Elevation
may also play an important role in how plants and soils respond to disturbance [22]. Cli-
mate, including precipitation and temperature, rates of soil development and hydrology,
relative plant canopy cover, and numerous other factors vary consistently across elevation
gradients, and thus the response of vegetation to the same intensity of disturbance may
vary greatly at different elevation zones [22-24]. Furthermore, species diversity in a plant
community can greatly influence sensitivity to human trampling, with mixed communities
of subalpine plant species having three times higher survival than the same species in pure
stands [25].

The synergistic effects of disturbance and climate further complicate our understand-
ing of trampling impacts on plant communities. Climatic conditions can have varying
effects on alpine communities depending on region, and regional climate changes can
negatively impact the rate of plant regeneration post-disturbance [2,26]. In other cases,
increased precipitation and warmer summers may even increase the richness of alpine
plant species in general, although this response is individualistic and regional [27]. These
changes could mediate or exacerbate the effects of trampling in unique ways with con-
trasting responses to trampling across different climatic zones [28,29]. Taken together, the
complex interplays between anthropogenic disturbances and climate change emphasize
the need to study these effects in alpine regions experiencing rapid changes in climate and
human recreation.

One region experiencing rapid changes in climate and human recreation is British
Columbia’s (BC) Coast Mountains. These ocean-proximate mountains are unique on a
global scale as they are among the most southerly glaciated mountains of the northern
hemisphere and receive high levels of precipitation year-round [30]. Glacial landscapes
and alpine ecosystems, such as those in this region, experience greater warming than other
regions in the globe and have seen increasingly rapid glacial retreat in recent years [31].
They are also near Vancouver, Canada, a major population center of 2.64 million people [32].
This large and growing population has led to a rapidly increasing number of outdoor
enthusiasts and new trails are being built into the most accessible mountain terrain. For
example, visits to Garibaldi Provincial Park within this region increased by 62% (3-year
average) between the periods 2006-2009 and 2015-2018 [33-35]. Understanding how these
BC ecosystems will respond to warming and increasing trampling due to recreation will
help park management determine the least sensitive areas for infrastructure development.
However, our understanding of the effects of human trampling disturbance on alpine plant
communities in the Coast Mountains of BC is surprisingly limited.
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To our knowledge, only two studies have examined the effects of trampling in BC. In
a managed subalpine/montane forest stand, one study found negative effects of trampling
by livestock (cattle) on lodgepole pine tree plantations primarily in the first 2-3 years
of planting in the Kamloops and Merritt Forest Districts [36]. Another study found that
disturbance reduces plant percent cover in montane to alpine systems, but does not affect
species richness in Mount Robson Provincial Park [37]. Studies in nearby alpine ecosystems
in the Colorado Rockies have documented immediate and long-term impacts of trampling
disturbance, including decreasing plant cover, lower reproductive output, soil erosion,
and changed plant community structure [2,29,38]. However, we expect these findings to
differ from trampling responses in the BC Coast Mountains, where a much deeper winter
snowpack may buffer trampling impacts through winter but relatively high precipitation
and snowmelt in summer may increase mud, resulting in trail widening by hikers.

Given the lack of information on disturbance impacts in the alpine systems of the BC
Coastal Mountains, here we study how human trampling disturbance affects characteristic
plant species in this region. Our goal is to increase our understanding of how increased
human recreation might affect alpine plant communities found across the globe and help
to inform future trail designs to minimize disruption locally. We surveyed dominant and
common plant communities on and off popular hiking trails in the T’ak’t’ak’'muy’in tl’a
In’inyaxa7n (“Landing Place of the Thunderbird”) region (Garibaldi Provincial Park, British
Columbia, Canada) in the Squamish and Lil’'wat territories. We quantified the impacts of
trampling at community (plant percent cover) and species (growth and reproductive traits)
levels over elevational gradients to ask:

1.  How does human trampling disturbance affect alpine plant communities and proxy
traits for plant growth and reproduction, and does this effect vary with elevation?

2. Which plant species and functional types (evergreen shrubs, deciduous shrubs, sedges)
are most sensitive to human trampling disturbance?

We computed plant percent cover from standardized photographs and measured traits
on the dominant species in the heath, heather, blueberry, and sedge meadows found fre-
quently throughout this region, encompassing evergreen and deciduous perennial shrubs and
graminoids. Our focal species represent common subalpine and alpine plant communities
found across arctic and alpine regions worldwide, making our results relevant to other regions
around the world. Because of their frequency and broad distribution in the study area, we se-
lected Phyllodoce empetriformis (Sm.) D. Don (Ericaceae) and Cassiope mertensiana (Bong.) G. Don
(Ericaceae), Vaccinium ovalifolium Sm. (Ericaceae), and Carex spp. (Cyperaceae) (Figure 1). We
included a berry species due to their importance to the local Skwxxwti7mesh (Squamish) and
Lil'wat peoples [30,39]. These species provide other important ecosystem services including
forage and habitat for wildlife [40], and soil stabilization and high soil carbon storage through
fungal mycelium [41]. In addition, the local park authority, BC Parks, aims to better understand
how recreation affects common plant communities to help plan for needed infrastructure in
areas experiencing an immense increase in recreational traffic, making our study of particular
interest from a management perspective.

At a community level, we predict that disturbance will reduce plant percent cover. At a
species level, we predict that graminoids (with multiple ramets) will be the least sensitive to
disturbance based on their quick recolonization and high survival in disturbed areas [42]. We
further predict that the deciduous (V. ovalifolium) or evergreen (P. empetriformis, C. mertensiana)
brittle shrubs will be more sensitive to trampling, with the slow-growing evergreen shrubs
most affected by multi-year repeated disturbances [42]. Regarding the effects of trampling on
plant size, we hypothesized that trampling would break branches and thus decrease plant size.
We expected slow-growing species (P. empetriformis, C. mertensiana, and V. ovalifolium) to be
most sensitive to this. With regard to reproduction, we expected that trampling will either
(i) decrease fruit numbers due to smaller plant biomass, but not change the relative number of
reproductive structures per biomass of the plant [43], or (ii) increase the density of reproductive
structures on trampled plants in response to higher stress [44]. Our results suggest that species
have different sensitivities to human trampling, with V. ovalifolium being the most sensitive in
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the T'ak’t’ak'muy’in tl'a In’inyaxa7n region, and elevation might not be as important as widely
understood. Future studies will be needed to determine if the responses to trampling that we
observed are species-specific in this region or can be generalized for broader groups (e.g., other
graminoids, evergreen shrubs, or deciduous shrubs [42]).

(b) Cassiope mertensiana  (c) Vaccinium ovalifolium (d) Carex spp.

Figure 1. Study species. The four focal species in our studies are common and dominant species
of the heath (a), heather (b), blueberry (c), and sedge (d) communities in the T’ak’t’ak'muy’in tl'a
In‘inyaxa7n region (Garibaldi Provincial Park, British Columbia, Canada). They are of cultural
importance to the Squamish and Lil’'wat Nations and of management concern to the park authority,
BC Parks.

2. Results

At the community level, we found that disturbance reduced plant percent cover in
quadrats located on trails compared to those off trails (Table 1, Figure 2). At the species level,
we found that trampling disturbance reduced size in two out of four species and reproduction in
one species, although the intensity of this effect varied by species and some species’ traits were
not affected by disturbance. Disturbance increased species size in only one case. In particular,
disturbance reduced both the maximum height and maximum diameter in the deciduous shrub
(V. ovalifolium), making this the species with the highest sensitivity to disturbance. However,
disturbance only reduced the maximum diameter in one evergreen shrub (P. empetriformis)
but had no effect on the growth proxies of the other evergreen shrub (C. mertensiana). For the
sedges (Carex spp.), disturbance increased maximum height and had no effect on diameter
(Table 1, Figure 2).

Of the three shrub species for which we quantified relative reproductive output (defined
as summed buds, flowers, and fruit per plant area, relative to maximum reproductive output
for that species), disturbance only affected the reproductive output of the evergreen shrub
C. mertensiana (Table 1, Figure 2). Cassiope mertensiana individuals growing on the trail had
a significantly lower reproductive output (per plant area) than those growing off the trail.
Individuals of P. empetriformis and V. ovalifolium showed no difference in reproductive output
whether growing on or off the trail. However, total mean and median reproduction were lower
on the trails, and since larger plants produce more reproductive structures (Generalized Linear
Mixed Model with random effects of species and transect pair: estimate = 0.019, standard
error = 0.0009, p-value < 0.001), and this is likely due to smaller plant sizes on trails. The
effects of disturbance and elevation only interacted in one case, such that the positive effects of
trampling increased with elevation on only Carex spp. height (Table 1). However, the effects
of trampling did not change with elevation for plant percent cover or other species traits.
Elevation alone, within the narrow range we studied, did not affect plant percent cover nor
any of the species’ traits that we measured (Table 1, Figure S1).
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Table 1. Estimated parameters of hierarchical models. Sample size (N), intercept, untransformed
parameter estimates, and credible intervals (shown in parentheses) from Bayesian generalized non-linear
mixed models testing the effects of disturbance, elevation, and their interaction (Dist. * Elev.) on total
plant percent cover, and maximum height, maximum diameter, and relative reproductive output of
Phyllodoce empetriformis, Cassiope mertensiana, Vaccinium ovalifolium, and Carex spp. Estimated parameters
whose 95% credible intervals do not overlap zero are in bold, and can be interpreted as having an effect.
Note that we report untransformed estimates from negative binomial and beta distribution models, and
in the case of height for Carex spp., this means that disturbance increased height (see Figure 2d). We fit
models with a random intercept of transect pair and fit separate models for plant percent cover and each
species by trait combination to account for different responses. We did not measure reproductive output

for Carex spp. Additional model fitting information is given in Table S1.

Species Trait N Intercept Bpisturbance BElevation Bpist.*Elev.
[All Plants] Percent Cover 267 6.58 (0.34,12.61) —8.38 (—12.56, —4.4) 0(—-0.01,0) 0(0,0.01)
P. empetriformis Height 500 7.04 (2.13,12.15) —0.48 (—3.11,2.12) 0(0,0) 0(0,0)
Diameter 500 10.48 (6.66, 14.16) —7.15 (—10.53, —3.85) 0(0,0) 0(0,0.01)
Reproduction 500 —4.77 (~7.78, —1.76) 0.39 (—3.47, 4.22) 0(0,0) 0(0,0)
C. mertensiana Height 429 7.9 (3.74,12.03) 0.66 (—1.26, 2.55) 0(0,0) 0(0,0)
Diameter 429 9.44 (5.9, 12.98) ~251 (~5.13,0.17) 0(0,0) 0(0,0)
Reproduction 429 0.66 (—4.18, 5.38) —4.28(—8.13, —0.52) 0(0,0) 0(0,0)
V. ovalifolium Height 634 2.13 (—4.7,8.59) —4.58 (—7.28, —1.8) 0(0,0.01) 0(0,0)
Diameter 634 6.39 (—0.05, 12.96) —9.18 (—12.34, —5.99) 0(0,0) 0.01 (0, 0.01)
Reproduction 634 —4.5(-7.93, -0.73) —3.76 (—7.99, 0.33) 0(0,0) 0(0,0)
Carex spp. Height 209 22.62 (5.36,39.1) —19.89 (—30.45, —9.68) —0.01 (—0.02, 0) 0.01 (0.01, 0.02)
Diameter 209 ~6.29 (~29.7, 16.07) 11.98 (—0.5, 23.86) 0.01(~001,002)  —0.01(—0.01,0)
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Figure 2. Effects of disturbance on plant traits and plant percent cover. Responses to human trampling
disturbance are species-specific, with variable effects on maximum plant height, maximum plant diameter,
and relative reproductive output (summed buds, flowers, fruits by total plant area, relative to the
maximum per species). Shown are back-transformed parameter estimates (circles) of disturbance with
their credible intervals (bars) from Bayesian hierarchical non-linear mixed models. Parameter estimates
of disturbance and elevation are shown in Figure S1. Asterisks (*) indicate parameter estimates whose
credible intervals do not encompass 0 and can be interpreted as having an effect. Legend for all plots is as
in (a). Note that y-axes are on different scales.
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3. Discussion

This study is one of only a few to document human trampling disturbance in BC’s
Coastal Mountains. We focused on the dominant plant species heather (C. mertensiana),
heath (P. empetriformis), blueberry (V. ovalifolium), and sedge (Carex spp.) on- and off-
trails in a popular subalpine and alpine recreation region. We quantified community
plant percent cover and measured proxies of plant growth and reproduction. We provide
detailed measurements for nearly 1800 individuals of four focal plant species that are
of particular regional importance, both culturally, in terms of traditional uses (berries),
and ecologically, in terms of their importance within the flora (heath, heather, and sedge
meadows). Disturbance reduced plant percent cover and decreased proxy traits for growth
and reproduction in some species, although the intensity of these effects varied considerably
by species. Unexpectedly, disturbance effects increased with elevation for only Carex spp.
height, whereas disturbance effects on plant percent cover and species traits stayed constant
with elevation. Surprisingly, elevation alone did not have an effect at the community or
species level.

3.1. Species-Specific Responses

Heather (C. mertensiana), heath (P. empetriformis), blueberry (V. ovalifolium), and sedge
(Carex spp.) were sensitive to trampling. Human trampling disturbance reduced the
size in two out of our four study species (P. empetriformis, V. ovalifolium) and reduced
reproductive output in just one (C. mertensiana). Our empirical findings match those for
another study in the nearby Washington Cascades [4], which found reduced height among
experimentally trampled, multi-species communities dominated by P. empetriformis. Further,
their study finding that Carex spp. were relatively resilient to trampling disturbance as
compared to other taxa corresponds to our finding that Carex spp. increased in height
with disturbance. Another study in this region found that sedge communities are the most
resilient to trampling, and heaths the least resilient [40]. Resilience among sedges and other
graminoids may be explained by the presence of adaptations, such as multiple ramets and
effective root storage, that buffer against tissue damage [42]. We found Carex spp. height,
but not diameter, to be sensitive to disturbance impacts, highlighting the need to measure
multiple species traits for a better understanding of disturbance effects. While disturbance
reduced the diameter of one of our heath species (P. empetriformis) and reproductive output
in our heather species (C. mertensiana), blueberry (V. ovalifolium) was most sensitive to
disturbance with reduction in both growth proxies (height and diameter).

Other studies have also found differences in disturbance impacts between species and
traits [42,45]. Variable responses of flower production to trampling across species might
be related to both differences in the sensitivity of flowers to direct trampling and plant
response to reduced (i.e., trampled) plant size. Reduced growth from trampling might limit
the number of resources available for reproduction, an energetically costly process [46].
Meanwhile, species-specific fruit production responses to disturbance could be related to
the effect that disturbance might have on pollinators. For example, insects, which might be
negatively affected by human trampling [47], could reduce their pollination services for
insect-pollinated species near trails. While it is unclear how negative effects on growth may
scale up to influence population persistence in perennial species, decreases in reproduction
are more closely tied to plant fitness. However, some work has shown that population
performance may be less sensitive to trampling affecting reproduction than survival [19].

3.2. No Effect of Elevation on Species Traits

We found no effects of elevation on species traits in our study, and the effects of dis-
turbance only increased with elevation for one species trait. This is surprising, since plant
height and reproduction generally decrease with elevation, as higher areas are regionally
cooler and less productive [48,49]. The 400 m elevation gradient of our survey may be too
small for macroclimatic differences to override microclimatic effects [50]. Moreover, the
particular climatic conditions that characterize this maritime-influenced region, particularly
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the deep, long-lasting snowpack [51], may protect flora against foot traffic in winter. By
comparison, in the nearby drier Colorado Rockies there is evidence that vegetation is vul-
nerable to trampling on windswept and exposed substrates [2]. Snowpack also suppresses
tree recruitment, lowering the elevational transition to alpine tundra by several hundred
meters in this region relative to less maritime-influenced regions at similar latitudes [51].
As a result, environmental conditions well above the treeline are likely more similar to
those at lower elevations in many other alpine zones. In addition, the strong maritime
climate moderate conditions here year-round. Moreover, climate change is altering mois-
ture patterns and producing a thinner snowpack here [51,52] and across western North
America [53]. Trampling may thus interact with elevation in the future, amplifying the
need for further study.

3.3. Future Research

Although we did not explicitly investigate species richness, other studies have found
that decreased species richness occurred alongside growth and reproductive effects of tram-
pling (e.g., [28]), including in heavily experimentally trampled P. empetriformis-dominated
communities (e.g., [4]). Our results that disturbance reduces plant percent cover may
be in line with previous work that found that disturbance reduces species richness and
diversity in an alpine system [28]. Community level impacts from trampling are thus
likely, but further study will be needed to evaluate these in the present system, and we
are conducting ongoing surveys at our transects to quantify the effect of disturbance on
species richness and diversity. Higher levels of species richness have also been associated
with higher resilience of subalpine plant communities to trampling [25], making this an
important consideration of land management to promote highly mixed rather than single
species-dominated vegetation alongside trails.

Another major impact of human disturbance, including trampling, is promoting
the survival and spread of invasive species in plant communities by the unintentional
introduction of seeds carried on clothes and shoes, as well as the intentional introduction
of non-natives for ornamental or other purposes [54,55]. Exacerbating this issue is that
non-native species can outperform native species in trampled habitats [54,56-58]. However,
there is limited data to corroborate such findings for alpine ecosystems. The few studies
that have examined disturbance and invasibility find cold-climate ecosystems to be more
prone to invasion [59]. While we did not investigate this issue, ongoing studies at our
permanent transects examine both changes to species diversity and species invasions.

3.4. Implications for Trail Planning

With interest in outdoor recreation in BC rapidly increasing [34,35], there is a need
for more trails to spread out disturbance impacts while still providing public access to
outdoor spaces. Our findings suggest that some species are more affected by trampling
than others and specific management approaches may need to be tailored toward particular
species. These varying species-specific impacts should be considered in the planning of
future trail and recreation infrastructure (i.e., avoid trails through regions with species
that respond strongly to trampling disturbances and/or exist in very localized areas). We
suggest that trails through graminoid-, heath- and heather-dominated meadows may be
able to recover more quickly from regular disturbance than trails through deciduous shrubs,
such as blueberry, based on our findings and those of previous studies [42]. However, it
should be considered that sedge meadows often have significantly moister soil and this
can result in trail widening (when hikers avoid getting muddy and wet feet) affecting a
much larger area and number of individuals (pers. obs.). Based on our results that blueberry
(V. ovalifolium) was most affected by trampling out of the four species we measured, trails
should avoid going through these berry ecosystems since it may decrease berry yields for
cultural harvesting and for wildlife. We emphasize that our findings only reflect the four
species along the elevational gradient that we studied, and future studies are needed on
additional species and in other regions to make our findings generalizable.
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Although we studied the common species found in well-established, large subalpine
meadows, alpine ecosystems are also filled with less common, sometimes endangered,
species found in small microhabitats [18]. Based on our findings that individuals on trails
were smaller than those off trails, sometimes resulting in less biomass for reproduction, we
suggest that trails should avoid going through microhabitats hosting rare or endangered
species for whom a decrease in local reproduction could have population-level conse-
quences. Trail shape and infrastructure (e.g., trail markers, boardwalks, etc.) likely also
affect community-level sensitivity to trampling. Small and rare communities are likely
much more affected by trails that repeatedly go through them, especially if trampling
disturbance impacts decrease in a gradient from the trail edge (e.g., switchbacks). Fu-
ture studies should investigate how far from trail edges plant size and reproduction are
affected. If effects are always directly next to trails, then small, rare plant communities
should be avoided for any trail development. Finally, our study highlights the need for
public education and outreach efforts aimed to minimize trampling damage. There is some
ongoing research into how best to achieve this, for example, by providing the public with
short courses and learning materials [60], installing educational signs at park trailheads,
and erecting deterrent signage and low fencing along trails [61], strategies that have been
effective at reducing or spatially confining trampling impacts in US park settings (e.g.,
Acadia National Park, Maine; Yosemite National Park, California).

3.5. Conclusions

Given that we monitored these plant communities and their individuals for only a
single growing season, it is notable that we find such reduced vegetative growth and repro-
duction across species, even if this effect is variable. This suggests a need for long-term
studies that include more taxa and explore invasive species as well as species diversity.
Human recreation in alpine regions will likely continue to grow, increasing the risk of
plant trampling by hikers. Furthermore, continued climate change may further exacerbate
species-specific plant vulnerability to trampling. For example, trampled trailing edge popu-
lations might be more prone to displacement via colonization from lower elevation species
expanding their ranges [62]. Given the decreases in size, reproductive capacity, and plant
cover observed in our study, it will be important to evaluate possible interactions between
trampling and climate change in other systems where displacement by colonization of
lower-elevation species is expected.

4. Materials and Methods
4.1. Study Site

We conducted this study in the T’ak’t’ak’'muy’in tl’a In’inydxa7n (“Landing Place of
the Thunderbird”) region (Garibaldi Provincial Park, British Columbia, Canada) in the
Squamish and Lil’'wat territories (Figure 3a). The area is classified as Coast Mountain
Heather alpine zone within the Biogeoclimatic Ecosystem Classification (BEC) system of
BC, where a deep long-lasting winter snowpack limits tree recruitment and the transition to
alpine tundra begins at lower elevations than for other alpine zones at comparable latitudes
towards the interior [51]. Vegetation is dominated by dwarf shrubs, including Cassiope
spp. and Phyllodoce spp. (mountain heathers and heaths), Luetkea pectinata (partridgefoot),
and herbaceous species of sedge, grass, and forb. There are patches of stunted trees or
“krummbholz” at the treeline, comprised mainly of Abies lasiocarpa (Subalpine fir), Picea
engelmannii (Engelmann spruce), and Tsuga mertensiana (Mountain hemlock). The mean
annual temperatures for the BC alpine have historically been between —4 and 0 °C, with a
short growing season and mean annual precipitation of 700-3000 mm, much of which falls
as snow [63].

Approximately 100 km from the city of Vancouver, the study area is one of the most
popular hiking destinations in southwestern British Columbia [64]. Garibaldi Park atten-
dance has increased substantially, especially since the highway linking Vancouver with the
park was upgraded for the 2010 Winter Olympics [33-35]. Popular trailheads (Diamond
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Figure 3. Methods schema. (a) We quantified the effects of disturbance along elevational gradients
on four dominant subalpine and alpine plant species along disturbed (orange) and undisturbed
(grey) transects in the T’ak’t’ak’'muy’in tl’a In'inyaxa7n (“Landing Place of the Thunderbird”) re-
gion (Garibaldi Provincial Park, British Columbia, Canada) in the Squamish and Lil’'wat territo-
ries. We established transects (not all shown) along the popular Taylor Meadows, Black Tusk, and
Panorama Ridge trails. (b) Along each trail (indicated in brown), we established transects (not all
shown) at the edge of the trail (orange = disturbed) and 5 m perpendicular to the disturbed transect
(grey = undisturbed) below and above the treeline. We recorded plant data in 100 cm by 50 cm
quadrats (photo inserts) along each transect. (c) At each quadrat, we randomly selected five individ-
uals of each of our focal species to measure maximum plant height and maximum plant diameter
(indicated along picture, not to scale), and counted the number of buds, flowers, and fruits (white
circles). We did not count reproductive metrics for Carex spp. as it was not possible to accurately
distinguish between phenophases. (d) At each quadrat, we also took a standardized photograph
from which to compute plant percent cover.

We focused our work on four focal species (Phyllodoce empetriformis, Cassiope merten-
siana, Vaccinium ovalifolium, Carex spp.) that are common and dominant in the region. We
sampled all Carex species, both clump forming and rhizomatous. Based on the herbarium
records for the area, C. aenea, C. albonigra, C. aquatalis, C. aurea, C. canescens, C. circinata,
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C. engelmanni, C. hindsii, C. illota, C. lenticularis, C. luzulina, C. macrochaeta, C. mertensii, C.
microptera, C. nigricans, C. pachystachya, C. phaeocephala, C. preslii, C. pyrenaica, C. rossii, and
C. spectabilis may have been present in the plots.

4.2. Data Collection

To answer how hiker trampling disturbance affects common subalpine and alpine
plant communities (blueberry, heath, heather, and sedge meadows) along elevational
gradients, we chose sites at multiple elevations (1580-1980 m a.s.l.) along three different
trails (Figure 3b). We set up 14 permanent 10 m x 0.5 m paired trail-side (disturbed) and
off-trail (undisturbed) transects in August 2022 along the heavily used Taylor Meadows-
Helm Creek, Black Tusk, and Panorama Ridge trails. We established transects directly
adjacent to the trail’s edge and at least a 5 m perpendicular distance away from the trail
to compare trampled and untrampled plant communities, respectively (following [28,29]).
To mark the trail’s edge, we identified sections of the trails disturbed predominantly by
human trampling, but not by water run-off or trail cut construction, thus choosing diffused
trail edges with evidence of trampling next to the main trail. We marked the start of each
transect with a wooden stake and recorded latitude and longitude in the field with the Gaia
mobile application v2022 (WGS 84, ESPG: 4326). This also enabled us to obtain elevation
per site (see below).

We recorded plant data in ten continuous 1 m x 0.5 m quadrats within each transect.
In each quadrat, we identified all individuals per focal species (Phyllodoce empetriformis,
Cassiope mertensiana, Vaccinium ovalifolium, Carex spp.) with numbered flags and randomly
selected five individuals with a random number generator. If there was a need to eliminate
any individuals, it was c. 5 or less. As it is difficult to distinguish ramets from genets
of our focal species, we focused on ‘individual” plants and defined individuals as plants
growing out of a central point with all structures growing in the same direction and with
a larger spacing to the next plants than within an individual. We recorded the maximum
plant height (height perpendicular to the ground without stretching the plant) and the
maximum diameter of each selected plant within the quadrat (Figure 3c, Table 2). To keep
the measured plant area consistent across all transects, we only measured the structures
growing within a given quadrat. To quantify reproductive output of our focal shrub species,
we counted the number of buds, flowers, and fruits on each of the five plants randomly
selected. We did not count reproductive metrics for Carex spp. as it was not possible to
accurately distinguish between phenophases. For image analyses of plant percent cover,
we took a standardized photograph 1.5 m directly above each quadrat (Figure 3d). We note
that while we had mostly V. ovalifolium in our transects, at higher elevations there was likely
a bit of V. uliginosum and V. deliciosum and we do not distinguish these in our analyses.

Table 2. Measured parameters. Description of all the parameters used in this study, and the method-
ology, unit, spatial scale, and precision of measurement. Precision for plant percent cover is calculated
from the pixel size used in our plant percent cover calculation algorithm, and since this varies by
camera used, we report the mean pixel size for the lowest resolution camera. Precision for elevation
is not available for this region.

Parameter Method Unit of Measurement Spatial Scale Precision
Maximum plant height Field measurement Plant 0.001-1m 0.001 m
Maximum plant diameter Field measurement Plant 0.002-1.5m 0.001 m
Reproductive Structu-r es Field counts Plant NA 1 count
(buds + flowers + fruits)
Plant Percent Cover Computed from field photos Quadrat 1x05m 0.6 mm?
(0.00001%)

Elevation

Computed from field latitude

and longitude Transect 30m NA

In total, we sampled 1772 plants from 280 quadrats along 14 paired trail-off trail
transects across a 400 m elevational gradient between 1580-1980 m a.s.l. These plants
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comprised 500 P. empetriformis individuals, 429 C. mertensiana individuals, 634 V. ovalifolium
individuals, and 209 Carex spp. individuals.

4.3. Data Processing

We conducted all data processing and analyses in R version 4.2.3 [65]. We used
field-recorded latitude and longitude data to obtain elevation per site using the USGS
NEDI1 digital elevation model at 30 m resolution [66]. We used the ‘tidyverse’ [67] and
‘dplyr’ [68] packages to check for unusual patterns or outliers in our data. For an area-
standardized reproductive output per individual plant, we first calculated a proxy for
plant area by multiplying the maximum plant height by the maximum plant diameter.
We then summed bud, flower, and fruit counts and divided this by plant area for an area-
standardized summed reproductive output. Finally, we calculated relative reproduction
for each individual by dividing summed reproductive output by that species” maximum
reproductive output (i.e., the individual with the highest reproductive output over all
transects). While other studies have shown that reproductive output density increases
with plant area [69,70], this is not the case in our study in either disturbed or undisturbed
transects (tested with a linear mixed model with package ‘ImerTest’; [71]; Figure S2).

To standardize our quadrat photos for percent coverage calculation, we manually
flattened and cropped all images to just the quadrat border using Google Drive’s photo
editing software (https:/ /photos.google.com). To account for any shading in the plot, we
increased image saturation to the point where changes in lighting negligibly affected color
intensity. Logs and rocks found in quadrats (25% of photos) were counted as non-green
coverage and moss was counted as green cover, although very little moss (8% of photos)
was seen in the photos. To account for any shading in the plot and highlight any green
vegetation, we increased each image’s saturation by a factor of 30 with a custom algorithm
in Python 3.10 [72]. Using the RGB color space, the algorithm then filters the image to only
pixels that have a higher green channel digital number (DN) than both red and green DN,
which through testing on a randomly selected subset of images (n = 20) appeared visually
to effectively isolate green vegetation (Figure 3d). The fraction of qualifying pixels out of
the entire image is then calculated as an estimate of percent plant coverage in the quadrat.

4.4. Data Analyses

To test how trail disturbance, elevation, and their interaction affect plant percent
cover and species traits, we fit Bayesian generalized non-linear mixed models. We fit
separate models for plant percent cover and each species by trait to account for potential
response differences. These models allow for non-linear relationships and account for the
non-independence of data within a transect pair (i.e., on- and off-trail transect pair) by
using a random effect of transect pairs. Our model equation is response ~ disturbance
* elevation + (1|transect pair), where ‘response’ is plant percent cover, maximum plant
height, or maximum plant diameter. We account for spatial variation among trails using
the random effect of transect pair, which accounts for the unique location of the paired
transects within a given trail. Quadrats were simply used to facilitate measurements along
the entire length of the transect and measurements between quadrats do not vary more than
within quadrats, thus we use transect pair as a random effect instead of trail and quadrat.

To account for the left skew in the diameter and height trait data, we fit negative
binomial models (link = ‘log’, link_shape = ‘log’) for these response variables and rounded
measured diameter and height values to the nearest integer value for this distribution family.
The Beta model outperformed the Zero-inflated Beta model (tested on P. empetriformis) as
checked with a leave-one-out cross-validation (‘1oo()’), so to best model our left-skewed
proportional relative reproduction data, we fit Beta models (link = ‘log’, link_phi = ‘log’).
We also modeled plant percent cover with the Beta distribution. We adjusted 0, 1 values by
0.0001 to keep our data within the Beta distribution interval [0,1]. All models and family
distributions are described in Table S1.
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We fit models with the ‘brms’ [73-75], ‘rjags’ [76], and ‘R2jags’ [77] packages. We fit
models using 3 chains, 5000 iterations and 1000 warmup iterations on 4 cores on macOS
Version 12.6.5 with a 2.2 GHz Quad-Core Intel Core i7 processor. We set ‘init = 0" for plant
percent cover and reproduction models. We inferred any parameter estimate’s credible
interval that did not contain zero as evidence for an effect of the parameter. For each model,
we assessed the model fit by checking that (i) Rhat > 1.1 and that Estimated Sample Size
(Bulk_ESS and Tail_ESS) > 1000 (‘summary()’), and (ii) all MCMC chains converged (“plot()").
We assessed the prior distribution of each model by checking that priors do not overwhelm
likelihood (‘powerscale_sensitivity()’). We assessed the posterior distribution by checking
that (i) predicted values are similar to posterior distribution with 1000 posterior draws
(“‘pp_check(ndraws = 1000)’), (ii) scatterplot matrices of posterior parameter distributions
are normally distributed (‘pairs()’), (iii) skew is properly modeled using the Fisher-Pearson
Skew function (‘ppc_stat()’), (iv) Pareto k values < 0.5 (‘loo()’), and (v) dispersion is properly
modeled (“‘ppc_loo_pit_overlay()’). The models generally fit well with some exceptions.
Skew and dispersion were moderately well to poorly modeled, depending on the species
and trait modeled (Table S1). Some models also had one observation where Pareto K
values > 0.7, which slightly decreases the reliability of the Monte Carlo error estimates from
Bayesian models. The indicated functions are from the ‘bayesplot’ [78,79], ‘loo” [80,81], and
‘priorsense’ [82] packages. See Table S1 for additional information on model fit.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12173040/s1, Table S1: Model fitting details; Figure S1:
Effects of disturbance and elevation; Figure S2: Reproductive structure density.
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Abstract: Green alder (Alnus alnobetula), a tall multi-stemmed deciduous shrub, is widespread at
high elevations in the Central European Alps. Its growth form frequently leads to asymmetric radial
growth and anomalous growth ring patterns, making development of representative ring-width series
a challenge. In order to assess the variability among radii of one shoot, among shoots belonging to one
stock and among stocks, 60 stem discs were sampled at treeline on Mt. Patscherkofel (Tyrol, Austria).
Annual increments were measured along 188 radii and analyzed in terms of their variability by
applying dendrochronological techniques. Results revealed a high agreement in ring-width variation
among radii of one shoot, among shoots of one stock and largely among stocks from different sites,
confirming the pronounced limitation of radial stem growth by climate forcing at the alpine treeline.
In contrast to this, a high variability in both absolute growth rates and long-term growth trends
was found, which we attribute to different microsite conditions and disturbances. These factors also
override climate control of radial growth under growth-limiting environmental conditions. Based on
our findings we provide recommendations for the number of samples needed to carry out inter- and
intra-annual studies of radial growth in this multi-stemmed clonal shrub.

Keywords: climate forcing; green alder; growth variability; multi-stemmed shrub; radial stem growth;
ring width; tree ring

1. Introduction

During the last decades, land use change and climate warming favor the spreading of
shrubs in arctic and alpine environments (e.g., [1-3]), resulting in widespread impacts on
ecosystem services, plant diversity, soil nutrient content and biogeochemical cycles [4-8].
The most expanding shrub species in the European Alps is green alder (Alnus alnobetula
(Ehrh.) K. Koch former Alnus viridis (Chaix) DC; [9-11]), a tall multi-stemmed early suc-
cessional shrub forming dense 2—4 m tall canopies with shoots showing arched ascending
growth [12,13]. The spreading of tall Alnus spp. shrubs is also reported for the tundra eco-
tone [14-16]. Due to clonal growth by layering, stocks are developed from which numerous
shoots sprout [17]. Preference for clonal growth over vertical stem growth is part of the
successful and rapid expansion strategy within the treeline ecotone triggered primarily by
decreasing grazing pressure and land abandonment [18-20].

Due to environmental alterations that occur in the course of shrub expansion, the
drivers of shrub growth are being increasingly studied by applying dendrochronological
techniques (for a review see Myers-Smith et al. [21]). With regard to tall shrubs, dendrocli-
matic analyses were applied to quantify the climatic sensitivity of radial growth of, e.g.,
Salix lanata, Salix glauca, Alnus viridis ssp. fruticosa and Alnus alnobetula [22-26]. These
studies focused on the mean climate response of all individuals (=stocks) at a given site,
disregarding variability in radial growth among radii of one shoot, shoots belonging to
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one stock and stocks. In multi-stemmed Alnus alnobetula, ascending growth of stems often
leads to a pronounced asymmetric radial growth, forming ellipse-shaped growth rings
with eccentric pith in the lower ascending stem region, which is enhanced by heavy snow
load occurring in avalanche tracks. Furthermore, above the closed forest, environmental
conditions and disturbances (e.g., snow load, wind) frequently change at small spatial
scales and temperature gradients, resulting in differences in insolation that can develop
within tall multi-stemmed shrubs [27]. For this reason, it can be assumed that radii of
one shoot and shoots belonging to one individual may show high variability in radial
growth due to varying microclimates and disturbances. Hence, the development of reliable
ring-width series necessary to determine, e.g., climate forcing of radial growth or long-term
growth trends in response to climate warming, is associated with great difficulties due to
frequently poor agreement among ring-width series that are (i) measured along different
radii, (ii) developed from different shoots belonging to one individual or (iii) among indi-
viduals. In order to cope with these challenges, several authors suggested methodological
approaches for dendrochronological studies of especially dwarf shrubs [21,28-30].

The main focus of this study was to evaluate the variability in radial growth among
radii of one shoot, among shoots of one individual and among individuals of the tall multi-
stemmed shrub Alnus alnobetula spreading above 2100 m asl within the alpine treeline
ecotone on Mt. Patscherkofel (Tyrol, Austria; [26]). Based on our considerations, we
formulated the following three Hypotheses (H):

H1. Radial growth measured along several radii of one shoot shows high variability in absolute
growth and low synchrony in year-to-year ring-width fluctuations.

H2. Radial growth compared among radii of different shoots within one individual (stock) shows
low variability in absolute growth and high synchrony in year-to-year ring-width fluctuations.

H3. Radial growth compared between different individuals exposed to site-specific environmental
conditions and disturbances shows high variability in absolute growth and long-term growth trends
and low synchrony in year-to-year ring-width fluctuations.

Recording growth variability among different radii of one shoot, among shoots be-
longing to one individual and among individuals will allow specifying how many radii
and shoots of one multi-stemmed individual and how many individuals must be sam-
pled in order to develop representative ring-width time series of this tall multi-stemmed
shrub. An adequate sampling design is a prerequisite to determine climate forcing of radial
stem growth and long-term growth trends in this clonal shrub spreading rapidly at the
alpine treeline.

2. Results

Collected shoots had a mean stem length of 2.5 m (stocks IM and AG) and 1.6 m (stock
WE), and mean stem diameter ranged between 2.7 cm (stock WE) and 4 cm (stock AG;
Table 1). Mean cambial age close to the stem base varied between 23 and 29 yrs, and mean
ring width was 462 pm (stock WE), 566 pm (stock IM) and 618 pum (stock AG). Recorded
growth parameters as well as shoot age of stock WE differed significantly (p < 0.01) from
the other individuals (i.e., stocks IM and AG).

2.1. Variability in Radial Growth among Radii of One Shoot

Ring-width series of all radii (cf. Figure 1) recorded in all shoots taken from one stock
are depicted in Figure 2a—c. In all three stocks investigated, radius a2 was significantly
wider than radii b, ¢ and d and varied between 508 to 703 um at the WE and AG sites,
respectively (Figure 2d—f). At the AG site, mean ring width of radius d was also significantly
different (p < 0.01) from mean ring widths of radii a and c. Mean ring widths of opposite
radii (=ab and cd) were significantly different (p < 0.05) from each other at the IM and AG
sites, but were not significantly different from mean ring widths of all radii (=abcd) in all
stocks (Figure 3).
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The agreement of inter-annual radial growth among radii of one shoot is depicted in
Figure 4a—f. The highly significant agreement (p < 0.001) in ring width variations of radius
aand b (i.e., a:b) and radius a and mean of radii c and d (i.e., a:cd), as well as mean of radii
aand b and c and 4 (i.e., ab:cd), are striking (Figure 4a—c). Mean tgp-scores for all radius
comparisons in all individuals were more than twice as high as the value of 3.5, indicating
highly secure cross-dating.

2.2. Variability in Radial Growth among Radii of Different Shoots of One Stock

All statistical parameters estimating agreement in year-to-year variation of ring-width
series (i.e., EPS, S/N-ratio, EV and Rbar) were high for all single radii, mean values of
opposite radii and mean of all radii (Table 2). The highest values for single radii (i.e., radius
a, b, c or d) were obtained for radius a at the WE and AG sites. These statistics increased
only slightly when calculated on the basis of the mean value of all radii. MS values were
quite similar in all radii (including mean values calculated from different radii) and all stocks,
ranging from 36.7% to 48.9%. AC was rather low (r < 0.26) in all radii recorded in shoots
sampled at the WE and AG sites. AC reached at most a value of r = 0.430 at the IM site.

Table 1. Characteristics of selected Alnus alnobetula individuals (RW = ring width; SD = standard
deviation; ShA = shoot age; ShD = shoot diameter; ShL = shoot length; sites: WE = wind-exposed
ridge; IM = intermediate site; AG = avalanche gully). Statistically significant differences of mean
values among individuals (=stocks) are indicated by different letters (p < 0.01; Student’s t-test).

. ShA 2 (yrs)
1 3
Site  Shoots ' (1) ShL (m) Mean + SD  ShD (cm) Mean + SD Min/Max/Mean - SD RW*° (um) Mean + SD
WE 15 1.6 +022 2.7 +032 19/25/235+1.82 462 +592
M 16 254+01Pb 384+06P 23/32/28.6 +2.6° 566 + 107 °
AG 16 254+03b 4040.7°b 19/35/29.2 £ 55P 618 4+ 134 b

1 Number of shoots taken from one individual (total number of shoots varied between 3040 for each stock).
2 Mean cambial age of shoots (stem discs were taken close to the stem base). * Mean of all four radii measured in
all shoots belonging to one stock.

b

uphill

downhill

d

Figure 1. Schematic representation of measured radii. Radii 2 and b are oriented on the lower and
upper side of the stem, respectively. Radii c and d are aligned perpendicular to these radii (p = pith).

139



Plants 2023, 12, 1708

Ring width (um)

Ring width (um)

Ring width (um)

a 1500 d
1500 WE (60)
a
1000 b b b
1000
500
500 ﬁ ﬁ
0 T T T T T T 0
3000 q
b 1500 o -
IM (64) 3 b b
2000 1000 -
1000 500 -
0 T T T T T T 0
3000 1500+ f
¢ . bc b c
AG (64)
2000 - 1000+
1000 500
0 . . . . . : 0
1985 1990 2000 2005 2010 2015 2020 a b c d
Year Radius

Figure 2. Ring-width series: (a—c) of all measured radii (grey lines; number of radii measured per
stock are given in brackets) at a wind-exposed ridge (site WE), an intermediate site (IM) and a
north-facing avalanche gully (site AG). Mean values of radii are shown in red (radius a), orange
(radius b), dark blue (radius c) and light blue (radius d); (d—f) box-plots of ring width of all radii of
each stock. The filled square and line indicate the mean and median ring width, respectively, the
upper extent of the box indicates the 75th percentile, the lower extent indicates the 25th percentile
and whiskers represent the 5th and 95th percentile. Statistically significant differences of mean values
between radii are indicated by different letters (p < 0.01; Student’s ¢-test).

140



Plants 2023, 12, 1708

Sign agreement (Glk; %)

tgp-score

%0/
8o
701

60

50

304

204

1200 \ i
aA aA aA ! aB bB abB '+ aB bB abB

T 800~

= i :

5 ! E

o ! ! | §

o .- Plm

2 : . :

> m : |

& 400 i E

0 T T T L T T T L T T T
Q o) ke Q ke ke Q ke Ro
‘F 2 £ 0¥ ? 8 ® ¢ 3
w w © = = © Q Q [
< = i - - = < < O
= = <

Figure 3. Box-plots showing variability in ring width among mean values of radii 2 and b (=ab), mean
of radii measured perpendicular to these radii (=cd; cf. Figure 1) and all radii (=abcd) of all shoots

taken from one stock at a wind-exposed ridge (site WE), an intermedjiate site (IM) and a north-facing

avalanche gully (site AG). Statistically significant differences of mean values between and within
stocks are indicated by different capital and small letters, respectively (p < 0.05; Student’s t-test). For
details on box-plots, see Figure 2.
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Figure 4. Box-plots showing variability in percentage of sign agreement ((a—c); Glk = Gleichlaufigkeit;
Eckstein and Bauch 1973) and the tgp-score ((d-f); Baillie and Pilcher 1990) among opposite radii
(i.e., a:b and c:d), radii taken at the lower and upper side of the stem to the mean of radii measured

perpendicular to these radii (i.e., a:cd and b:cd, respectively) and mean of radii 2 and b vs. mean of radii
cand d (i.e., ab:cd) of all shoots taken from one stock at a wind-exposed ridge (site WE), an intermediate
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site (IM) and a north-facing avalanche gully (site AG). Number of shoots measured per stock are
given in brackets. In (a—c), horizontal dashed black and grey lines indicate the significance level of
p <0.001 and p < 0.05, respectively. In (d—f), the horizontal dashed black line indicates a t-value of
3.5 (see Section 4 for details). For details on box-plots, see Figure 2.

Agreement of inter-annual radial growth among single radii and combinations of
radii (=ab, cd and abcd) of shoots belonging to the same stock are depicted in Figure 5a—f.
It is evident that radius a achieved the highest mean percentage of sign agreement (Glk;
Figure 5a—c) and mean tgp-score (Figure 5d—f) of all single radii in all individuals. Mean
Glk for radius a of all shoots belonging to the same stock were statistically significant at
p < 0.01 (stock WE) and at p < 0.001 (stocks IM and AG). Mean tgp-score for radius a was
close to (stock WE) or higher than (stocks IM and AG) 3.5. Time series of mean ring width
calculated from measurement of all radii (=abcd) show high agreement in year-to-year
variation in radial growth in shoots taken from one stock (Figures 5a—f and 6a—c). Larger
radial growth variability in favorable years (e.g., 2003, 2015, 2017) than in years having
poor growing conditions (e.g., 2002, 2004, 2016) are reflected by a wider and narrower
interquartile range, respectively. There is also a pronounced coincidence in radial growth
increase and reduction in 2003 and 2016, respectively, among shoots and WE and IM
individuals. Ring width in 2003 is not significantly different from the mean in individual
AG. However, in these extreme growth years, mean ring widths in all individuals were
significantly different (p < 0.001) from the preceding year. Mean ring widths of all four radii
measured (Figure 6d—f; “all years”) are significantly (p < 0.001) lower at site WE compared
to mean ring widths recorded at other sites, i.e., IM and AG, which are not significantly
different (p = 0.062).

Table 2. Statistics of ring-width series measured along different radii (a-d) and mean values of combi-
nations of radii (ab, cd, abcd) of all shoots taken from one stock at a wind-exposed ridge (site WE), an in-
termediate site (IM) and a north-facing avalanche gully (site AG). Statistics are calculated based on de-
trended ring-width series for the common interval 2001-2021 (AC = autocorrelation; EPS = expressed
population signal; EV = variance 1st eigenvector; MS = mean sensitivity; Rbar = mean inter-series
correlation among radii).

Site Radius MS (%) AC EPS S/N-Ratio Rbar EV (%)
WE a 419 0.255 0.961 249 0.657 68.8
b 415 0.109 0.950 19.0 0.593 62.6
c 422 0.112 0.943 16.5 0.559 60.2
d 419 0.124 0.951 19.5 0.600 64.6
ab 40.4 0.226 0.964 27.0 0.675 70.2
cd 40.7 0.117 0.956 21.8 0.627 66.4
abed 40.5 0.171 0.966 28.1 0.684 71.2
™ a 47.4 0.430 0.966 28.8 0.643 68.9
b 48.9 0.326 0.959 23.3 0.593 63.5
c 47.9 0.349 0.954 20.5 0.562 62.5
d 45.5 0.333 0.970 32.3 0.669 69.4
ab 47.7 0.389 0.970 324 0.669 70.7
cd 454 0.332 0.971 34.0 0.680 70.7
abed 458 0.365 0.975 38.7 0.708 73.5
AG a 41.2 0.208 0.919 11.3 0.465 52.6
b 41.6 —0.058 0.904 94 0.419 49.2
c 40.0 —0.026 0.894 8.4 0.392 47.2
d 36.7 0.074 0.861 6.2 0.324 415
ab 41.2 0.099 0.928 129 0.497 55.4
cd 38.0 0.019 0.898 8.8 0.405 48.2
abed 39.4 0.072 0.926 12,5 0.489 55.4
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2.3. Variability in Radial Growth among Different Sites

Agreement among ring-width series (single radius and combinations of radii) of
different individuals are given in Table 3. Stocks WE and IM show high Gik (p < 0.001)
and tgp-scores (close to or higher than 7) for all single radii and calculated means (=ab,
cd, abed). Glk values are also significant (p < 0.05) for all radii among ring-width series at
sites WE and AG (mean tgp-score = 2.4). The lowest level of agreement was found among
ring-width series of single radii of stock IM and AG (mean tgp-score = 3.6). Radial growth
of combinations of radii (i.e., ab, cd, abcd) are statistically significantly different (p < 0.05)
between stock WE and stocks IM and AG, but not between the latter two (Figure 3).
Although trends in ring-width series at different sites show a general consistency, they
differ strongly with respect to the more recent growth trend. While at site AG there
is a decreasing growth trend, constant growth is detectable at site WE, and at site IM
Alnus alnobetula shows the most steadily increasing growth after the low-growth period
occurring around 2007 (Figure 7).

IS
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Figure 5. Box-plots showing variability in percentage of sign agreement ((a—c); Glk = Gleichldufigkeit;
Eckstein and Bauch 1973) and tgp-score ((d—f); Baillie and Pilcher 1990) among single radii (i.e., a, b, ¢
and d), means of opposite radii (i.e., ab and cd) and mean of all radii (i.e., abcd) of shoots taken from
one stock at a wind-exposed ridge (site WE), an intermediate site (IM) and a north-facing avalanche
gully (site AG). Number of shoots measured per stock are given in brackets. In (a—c), horizontal
dashed black and grey lines indicate the significance level of p < 0.001 and p < 0.05, respectively. In
(d—f), the horizontal dashed black line indicates a t-value of 3.5 (see Section 4 for details). For details
on box-plots, see Figure 2.
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Figure 6. Ring-width series (a—c) of all radii (i.e., mean values of radii a, b, c and d) of all shoots taken

from one individual (grey lines; number of shoots measured per stock are given in brackets) at a

wind-exposed ridge (site WE), an intermediate site (IM) and a north-facing avalanche gully (site
AG). Mean values of all shoots are given as black lines. Vertical dashed lines indicate exemplary

extreme growth years: 2003 and 2016 show growth increase and decrease, respectively. Box-plots

(d-f) showing ring-width variability in all years and in 2003 and 2016; the latter two cases include the
previous and subsequent year. Statistically significant differences between (i) mean ring widths of

all years and extreme growth years (2003, 2016) are indicated by upper case letters, and (ii) mean
ring widths of extreme growth years and the preceding and subsequent year by lower case letters

(p < 0.001; Student’s t-test). For details on box-plots, see Figure 2.
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Table 3. Percentage of sign agreement (Glk), statistical significance and tgp-scores (given after)
calculated among ring-width series of single radii (radius 4, b, ¢, d), mean values of combinations
of radii (a and b = ab; c and d = cd) and all radii (=abcd) among stocks sampled at a wind-exposed
ridge (site WE), an intermediate site (IM) and a north-facing avalanche gully (site AG). Length of
time series are given in brackets. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

Radius a Radius b Radius ¢ Radius d Mean ab Mean cd Mean cd
WE IM AG WE IM AG WE IM AG WE IM AG WE IM AG WE IM AG WE IM AG
WE 96 71 83 75 88 71 83 81 92 75 88 73 88 71
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Figure 7. Long-term trend in ring-width series (mean of all radii, i.e., abcd) of all shoots of
Alnus alnobetula sampled at a wind-exposed ridge (site WE), an intermediate site (IM) and a north-
facing avalanche gully (site AG). Long-term trends (dashed lines) were calculated by fast Fourier
transform low-pass filter (3 yrs).

3. Discussion

The multi-stemmed shrub Alnus alnobetula shows clonal growth by layering and
root sprouts (e.g., [31]). The vegetative horizontal spread can be triggered by mechanical
disturbances, e.g., avalanches, high snow load, wind exposure or livestock grazing. Shoots
from one rootstock therefore emerge at intervals and have varying ages (Table 4). The
highest variability in cambial age, ranging from 19 to 35 years, was found for shoots
sampled in the avalanche track (site AG), indicating that this stock was exposed to the most
frequent occurrences of disturbances, which most likely have induced successive sprouting.
Extreme environmental conditions are most likely responsible for the significantly lower
elongation and diameter growth at the site WE compared to other stocks (Table 4). To be
specific, shallow soil depth and strong wind exposure on the south-facing ridge may impair
water availability and make shoots of the individual WE also highly susceptible to frost
drought during winter [26].
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Low autocorrelation in ring-width series of all radii and radius combinations (Table 2)
indicates that current climate conditions primarily determine radial growth of this decidu-
ous shrub, which is consistent with a conceptual tree model put forward by Zweifel and
Sterck [32] that shows that legacy effects are related to lifetimes of organs and reserves.

3.1. Variability in Radial Growth and Synchronicity among Radii of One Shoot

We expected that due to strong bending of shoots causing asymmetric radial growth
and eccentric pith, mean ring width would differ between several radii. However, we
found that in two of three individuals, only mean ring width of the longest radius (radius a)
significantly differed from mean ring width of all other radii (Figure 2). In stock AG
occurring within an avalanche track, growth was significantly different between several
radii, which indicates that under a high disturbance regime (i.e., high and long duration of
snow cover), cambial activity along different radii is more strongly influenced by irregular
tension and compression load. Because radial growth only takes place during the snow-free
period [27], we assume that due to heavy and prolonged snow load, shoots do not fully
return to their original position, which accounts for the differences in mean ring width
among radii.

Glk and tgp-scores among radii belonging to the same shoot of one individual show
very high agreement in year-to-year variability of radial growth independent of radius
measured (Figure 4) and thus contradict our hypothesis (H1). Our results suggest that
although irregular tension and compression load can affect amount of total annual incre-
ment (i.e., ring width of radius a is significantly wider than that of other radii), year-to-year
variability in ring width of all radii is determined by environmental forcing, most likely
climate forcing. Climate factors most strongly related to radial growth of Alnus alnobetula
within the study area are summer temperature and winter precipitation [26]. Hence, results
corroborate our recent finding that climate forcing is the primary determinant of cambial
activity in Alnus alnobetula, irrespective of differences in physical strain acting on different
radial directions, e.g., of the upper and lower side of the stem.

High values of MS (primarily > 40%) as well as statistics of chronology homogeneity
of all single radii and combinations of radii found at all sites (Table 2) also indicate a
strong and homogenous response of cambial activity to environmental forcing. It is worth
noting that ring-width series of radius a having the widest ring widths in all individuals
and also show the predominantly highest homogeneity statistics compared to other sin-
gle radii (Table 2). This finding supports the use of the fastest growing radius, mainly
occurring on the lower side of the stem, for recording intra-annual stem radius variations
by applying point dendrometers. Averaging four radial measurements in the crosswise
direction increases statistics of chronology homogeneity compared to radius a only slightly.
Somewhat lower but still acceptable statistics were found in the individual located in
the avalanche track (site AG), indicating that at a high disturbance regime, a decrease in
agreement of inter-annual radial growth occurs among samples (here, shoots belonging to
the same stock). This finding is well-known in dendrochronological studies by taking care
of tree and site selection, i.e., avoidance of undesirable disturbance factors as a principle of
sampling (e.g., [33,34]).

3.2. Variability in Radial Growth and Synchronicity among Shoots Belonging to One Stock

A high level of agreement among ring-width time series (single and combinations of
radii) of shoots belonging to the same stock (Figure 5a—f) indicates strong climate forcing
of radial growth, confirming our hypothesis (H2). Ring-width series of the longest radius
(=radius a) achieve the highest agreement (synchronicity) among shoots in all individuals.
That the growth rate affects agreement in year-to-year growth variability is also supported
by higher values of Glk and tgp-scores at sites IM and AG, showing significantly wider
annual increments compared to stock WE. We suggest that under generally growth limiting
environmental conditions prevailing at site WE (Table 4), disturbances limited to individual
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shoots can override climate forcing of radial growth, especially in “average” climate years,
leading to lower synchrony in ring-width series.

Although based on an average of four radii measured per stem disc, high variability
in radial growth among shoots of one individual shows itself through a large interquartile
range, which is especially pronounced in favorable years (Figure 6a—f), confirming our
hypothesis (H3). Because in Alnus alnobetula a closed canopy growth form is not generally
developed, growth variability among shoots of one individual might be explained by influ-
ence of small-scale differences in microclimate on cambial activity. That a strong influence
of canopy cover on microclimate might occur at the treeline has been demonstrated for
deciduous beech (Fagus sylvatica) by Rita et al. [35].

During the heat wave that occurred in the extraordinary summer of 2003, when mean
summer temperatures exceeded the 1961-1990 mean by c. 3 °C in Central Europe [36], a
significant increase in radial growth was detected, which corroborates strong temperature
forcing of radial growth (cf. Supplementary Material, Figure S1). In contrast, an exceptional
late frost event (daily mean temperatures fell below —10 °C in late April to early May 2016)
combined with a cool summer may have resulted in a distinct reduction of radial growth
for all individuals in that year (cf. [26]). A significant increase and decrease in radial growth
in 2003 and 2016, respectively (p < 0.001), compared to the previous year are found in all
three stocks independent of site conditions (Figure 6d—f). Results indicate that extreme
temperature forcing overlays microclimatic conditions and disturbances, which are present
on a small scale and cause high growth variability and partially reduced agreement in
year-to-year variability of radial growth at selected sites (Table 3).

The first few ring widths near the pith occasionally show reduced agreement among
shoots (Figure 6a—c), and growth trends in ring-width series (even when developed from
four radii) can be very pronounced and run in opposite directions in ring-width series
developed from shoots belonging to the same individual, i.e., wide rings at low cambial
age are becoming narrower with increasing age and vice versa. Most likely, the influence of
environmental conditions (e.g., duration of snow cover, wind exposure, frost drought) and
microtopography differently affect not only growth of young shoots, which are particularly
sensitive to mechanical stress (e.g., snow load), but also growth of shoots over longer
periods of time. A change in resource allocation over time between aboveground and
belowground growth [37] and among shoots belonging to the same stock [21] has also to
be considered.

3.3. Variability in Radial Growth and Synchronicity among Stocks

Significantly lower annual increments at site WE compared to sites IM and AG were
found (Table 1 and Figure 6d—f). Because the elevational differences among sites are
rather small (at most 35 m; Table 4), growth variability can be explained by differences
in water and nutrient availability during the growing season. Shallow soil depth and
significantly lower soil moisture at site WE (Table 4) compared to other sites supports
this assumption. Although the long-term trend in radial growth over the past 30 years is
largely consistent among individuals (Figure 7), striking differences in growth rates have
occurred in recent years, i.e., growth rates are decreasing at site AG, constant at site WE
or increasing at site IM. Changes in disturbance intensity, e.g., duration of snow cover
or site-specific impacts of climate warming that affect the growth of single individuals,
are likely the cause of temporarily occurring differences in growth trends. Although the
basal area increment (BAI) reduces the effects of age and stem size on growth trends and
is more closely related to biomass increment than ring width (e.g., [38,39]), BAI could not
be adequately determined due to the frequent occurrence of pronounced stem eccentricity.
It should also be noted that determining long-term growth trends from tree-ring series is
generally a difficult task [40,41].

Highly synchronized radial growth between individuals at sites WE and IM (Table 3)
suggests that similar climate variables control radial growth of these individuals. In
contrast, inter-annual radial growth among individuals exposed to different aspects shows
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lower synchronicity, i.e., lower values of statistical parameters (Glk, tgp-scores; Table 3).
These findings corroborate results of a previous study within the study area, which required
the elimination of about a quarter of the measured ring-width series to create a composite
chronology out of eight study plots [26]. A high sensitivity of radial growth to site-specific
environmental conditions (MS amounts to c. 40%; Table 2), which can change rapidly
over small spatial scales within the treeline ecotone [27], is most likely responsible for
lower agreement in ring-width variations among some individuals. For example, in the
period 2005-2007, stock AG shows opposite growth variations compared to stocks WE
and IM occurring on a SSE facing slope (Figure 7), which suggests the modulation of
regional climate factors through site-specific conditions, e.g., water or nutrient availability,
or disturbances such as avalanches (cf. [15]). Hence, our hypothesis (H3) that radial growth
(absolute and trend) and year-to-year variations are influenced by prevailing site-specific
environmental conditions is largely confirmed by results of this study.

3.4. Recommended Sampling Design for Determining Climate Forcing and Radial Growth Rates of
Alnus alnobetula

The high agreement (=synchronous growth) among radii of one shoot and among
shoots of one individual, which are also exposed to quite different environmental conditions
(Table 4), underline the pronounced limitation of radial growth of Alnus alnobetula at treeline
by climatic factors. Recently, we found that summer temperature and winter precipitation
are the main climate drivers of radial stem growth of this tall shrub within the study
area [26]. On the other hand, site-specific environmental conditions (e.g., water and nutrient
availability) and/or disturbance factors (e.g., high snow load, wind exposure) cause a
decrease in synchronicity among ring-width series developed at different sites ([26]; this
study). Therefore, site-specific variability in climate-growth relationships of Alnus alnobetula
must be considered in topographically heterogenous environments, which led us to the
following recommendations: measuring 1 radius per shoot (preferably the one with the
longest radius), 3 shoots per individual, and c. 10 individuals within 1 stand, in which
individuals are exposed to the same (i.e., homogeneous) environmental conditions (total
c. 30 radii per study plot). Note that the number of individuals to be sampled within one
plot depends on the variability in radial growth among individuals, which we recommend
determining in advance.

However, the determination of absolute growth rates as well as growth trends (e.g., with
respect to recent climate warming) is strongly hampered by the pronounced variabil-
ity in ring width (i) among radii of one shoot, (ii) among shoots of one individual and
(iii) among individuals exposed to different environmental conditions and/or disturbance
regimes. To be able to take this growth variability into account, the following recommen-
dation is made: measuring 4 radii per shoot (preferably in crosswise-oriented radii along
the longest and shortest diameter and excluding stem discs showing extreme abnormal
growth), >5 shoots per individual, >10 individuals within 1 stand, in which individuals
are exposed to the same (i.e., homogeneous) environmental conditions (total c. 200 radii
per study plot). At sites characterized by a high frequency of disturbances (e.g., in highly
active avalanche tracks or grazed areas), a higher number of shoots and individuals is
required to account for anomalous growth patterns, discontinuous rings and extreme
asymmetric growth.

3.5. Recommendations for Determining Intra-Annual Radial Growth

Our results are also relevant for studies focusing on intra-annual dynamics of radial
growth of tall shrubs by applying dendrometers, which allow determination of (i) key
phenological stages of cambial activity (i.e., onset, end, time of maximum growth and
growth duration) and (ii) influence of seasonal and short-term extreme weather conditions
on radial growth (e.g., [42—44]). Due to pronounced variability in growth rates among
shoots sprouting from one individual, >5 shoots per individual should be equipped with
appropriate measuring devices. Preliminary point dendrometer records gathered from
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Alnus alnobetula within the study area confirmed the high growth variability among shoots
found in this study, and also revealed pronounced temporal differences (up to three weeks)
in key phenological dates of radial growth, demonstrating the high sensitivity of cambial
activity to microclimate in this species. Thus, in future studies we suggest the use of band
dendrometers instead of point dendrometers, as the former integrate growth over the entire
stem circumference. On the other hand, we suggest that point dendrometers be mounted
on the radius showing the highest growth rate (usually at the lower side of the stem),
because inter-annual agreement in radial growth is related to growth rate.

4. Materials and Methods
4.1. Study Area and Site Selection

The study area is within the treeline ecotone of Mt. Patscherkofel (2246 m asl) in
the Central European Alps (Tyrol, Austria; 47°12" N, 11°27' E) where Alnus alnobetula
stands are developed between c. 1950 and 2200 m asl primarily in leeward avalanche
tracks but also on south- to southeast-facing wind-exposed slopes. The geology of the
study area is dominated by gneisses and schists [45]. According to the World Base for
Soil Resources [46], the soil type within the study area is classified as haplic podzol [47].
The local climate is characterized by the frequent occurrence of strong southerly foehn
winds [48]. During the period 1991-2020, the mean annual temperature was 0.8 £+ 0.7 °C
and the coldest and warmest months were February (—6.6 °C) and July (8.9 °C), respectively
(Supplementary Material, Figure S1). The mean annual precipitation during this time
period was 889 mm, with the majority falling during summer (June-August; 371 mm),
while the winter (December-February) was the driest season (134 mm). Snow depth shows
pronounced spatial variation due to irregular distribution caused by strong winds. While
at south-facing wind-exposed slopes snow depth hardly is >1m and only small patches of
snow exist till early April, on leeward north-facing slopes (particularly in avalanche tracks)
snow height can reach up to 3 m and a permanent snow cover may persist till late spring
and into early June.

4.2. Sampling and Growth Ring Measurements

In order to cover a large range of environmental conditions, we selected three
Alnus alnobetula stocks exposed to different site conditions and disturbance regimes be-
tween 2115 to 2150 m asl (Table 4, Supplementary Material Figure S2): a north-facing
avalanche gully (hereafter referred to as the AG site or AG stock), a wind-exposed ridge
(hereafter WE site or WE stock) and an intermediate site (hereafter IM site or IM stock).
At each site, soil moisture at 10 cm soil depth was recorded every 30 min during July and
August 2022 using four ThetaProbe ML2 devices (Delta-T Devices Ltd., Burwell, UK). Snow
load and water availability were at maximum and minimum at the AG site and at the WE
site, respectively, and were intermediate at the IM site (Table 4). Accordingly, stem bending
and growth were highest at the AG site and lowest at the WE site.

Table 4. Description of selected study sites (WE = wind-exposed ridge; IM = intermediate site;
AG = avalanche gully; asl = above sea level). Statistically significant differences of mean values
among sites are indicated by different letters (p < 0.01; Student’s t-test).

Site Elevation (m asl) Aspect Topography Slope (°) Soil Depth (cm) Soil Moisture (Vol.%)
WE 2150 SSE Ridge 5 5-10 11.5+£3.0%
M 2140 SSE Slope 10 10-15 201 +2.7°
AG 2115 N Avalanche gully 20 NA'! 23.0+32°¢

! Boulder debris impaired the correct determination of soil depth.
Special care was taken to ensure that selected shoots belonged to one stock, i.e., one

individual, and that no vegetative links existed to other stocks nearby (cf. [31]). Around the
rootstock, i.e., from all cardinal directions, we sampled 20 shoots from each stock (i.e., about
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half of all shoots sprouting from one stock). All shoots of one stock were taken within
a radius of no more than 50 cm from the center. Because the lifespan of shoots is less
than 50 years within the study area [26], stem discs were cut using a folding saw from
the basal part of the shoot to allow the development of the longest possible ring-width
series. After an initial visual inspection of stem cross sections, 4-5 stem discs sampled
from each individual were discarded due to expression of extreme anomalous growth
patterns, e.g., multisectoral eccentricity, lobed growth or high number of wedging rings.
The remaining stem discs were air-dried, and the surface was prepared with a sharp razor
blade and treated with wood stain to make the annual ring boundaries more clearly visible.

Particularly at the stem base, the arched ascending growth form of shoots of Alnus alnobetula
cause eccentricity of the pith and elliptical-shaped annual increments. Therefore, radial
growth was measured along four radii from the pith towards the cambium (Figure 1)
including the longest and shortest radius, which were most frequently occurring at the
lower (radius a) and upper (radius b) stem side, respectively. Additionally, radial growth
along two radii (radius c and d) oriented orthogonal to the longest stem diameter were
measured. Annual increments were measured along each radius to 1 pm precision using
the LINTAB measuring system (Rinn, Heidelberg, Germany). A total of 188 radii were
surveyed. Correct dating of ring-width time series (identifying missing or false rings) was
checked by visually cross-dating all radii of one shoot, whereby special attention was given
to the presence of extreme growth years, and finally using COFECHA software [49]. In
a few cases it was necessary to insert a missing ring into the ring-width series (value of
zero). Based on cross-dated ring-width time series measured from one stem disc, three
radial combinations, i.e., averages of >2 radii, were calculated: mean of radii a and b (=ab),
mean of radii ¢ and d (=cd) and mean of all four radii (=abcd; Figure 1).

4.3. Statistical Analysis

Two different cross-dating methods were applied to quantify the agreement of the
year-to-year ring-width changes among time series. Changes in ring width from year to
year can be simplified to a binary variable (increase or decrease in ring width from one year
to the next) and agreement can be quantified non-parametrically by counting the number
of agreements and disagreements. Expressed as percentage of agreement, this is referred
to as percentage of parallel variation [50] or “Gleichldufigkeit” (Glk; [51]). Agreement
among ring-width values was also quantified parametrically using the product-moment
correlation coefficient r, which in turn was adjusted for the amount of overlap between
ring-width series using the standard t-statistic [52]. The value of f is defined as:

where r is the product-moment correlation coefficient and N is the amount of overlap
between ring-width series.

A tgp-score of 3.5 is regarded as an acceptable agreement among ring-width se-
ries [50,52,53], and this tgp-score is also employed as a minimum for dating control in
the software COFECHA. The value of t cannot be converted to a corresponding significance
level, because autocorrelation is not considered [54] and cross-dating involves a high degree
of multiplicity [55].

To determine the high-frequency (i.e., annual) agreement among ring-width series,
age/size-related growth trends and other transient disturbance pulses had to be elimi-
nated [55]. All ring-width series (i.e., ring-width series developed from single radii and
all combinations of radii) were standardized to dimensionless radial growth indices by
the ARSTAN program [56]. A conservative detrending method, i.e., a linear regression
of negative slope or a negative exponential decline, was fitted to each ring-width series.
Dimensionless radial growth indices were formed by dividing the observed ring-width
value by the predicted ring-width value. Several statistics were then calculated for the
standardized ring-width series. Mean sensitivity (MS) is a measure of the mean relative
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change between adjacent ring widths [33]. A high MS indicates that radial growth is highly
responsive to the environment. The first-order autocorrelation (AC) assesses relationships
with prior growth. The strength and confidence of ring-width series were estimated by
calculating the signal-to-noise ratio (S/N-ratio) and the expressed population signal (EPS).
The S/N-ratio is an expression of the strength of the observed common signal [57] and is
defined as:

S/N=Nsx*xr/(1-71)

where r is the average correlation between radii and N is the number of radii. The mean
correlation technique was applied to estimate the chronology signal strength (EPS), which
quantifies the degree to which a given sample chronology reflects the hypothetically perfect
chronology. Though a specific range of EPS values, which constitute acceptable statistical
quality, cannot be given, Wigley et al. [57] suggested a threshold value of 0.85 as reasonable.
Correlation matrices were calculated for the maximum period common to a specific radius
and the mean inter-series correlation coefficient (Rbar) estimated according to formulae
given in Briffa and Jones [58]. ARSTAN also calculates the common variance among
ring-width series using principal component analysis [59]. Higher common variance
accounted for by the first principal component (or eigenvector, EV) indicates a greater
climatic influence on growth [33,58].

Student’s independent sample f-test was applied to determine significant differences
among growth characteristics (shoot length, diameter and cambial age) of different stocks,
and ring-width time series of single radii or combinations of radii. All the statistical anal-
yses were performed using the STATISTICA software package (version 13.5.0.17; TIBCO
Software Inc., Palo Alto, CA, USA).

5. Conclusions

We can summarize that at the alpine treeline, climate factors are the primary drivers of
radial growth in the tall multi-stemmed shrub Alnus alnobetula leading to a high agreement
among ring-width series developed from different radii, shoots and individuals, while dif-
ferences in compressive and tensile forces and particularly variation in microsite conditions
determine absolute growth rates and long-term growth trends. Thus, a high agreement
of inter-annual radial growth contrasts with a high variability of growth rates, indicating
that the research focus is also of central importance for the development of a suitable
sampling design for dendroclimatological and ecological studies of tall multi-stemmed
shrubs (cf. [21,60]).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants12081708 /s1. Figure S1: Mean air temperature and precipi-
tation during June-August and January-December recorded during 1991-2020 at Mt. Patscherkofel
(2246 m asl). Figure S2: Green alder (Alnus alnobetula) individual located within an avalanche gully.
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Abstract: In the upper vegetation limit of the Andes, trees change to shrub forms or other life forms,
such as low scrubs. The diversity of life forms decreases with elevation; tree life forms generally
decrease, and communities of shrubs and herbs increase in the Andean highlands. Most of treeline
populations in the northwestern Argentina Altiplano are monospecific stands of Polylepis tarapacana,
a cold-tolerant evergreen species that is able to withstand harsh climatic conditions under different
life forms. There are no studies for P. tarapacana that analyze life forms across environmental and
human impact gradients relating them with environmental factors. This study aims to determine
the influence of topographic, climatic, geographic and proxies to human uses on the occurrence
of life forms in P. tarapacana trees. We worked with 70 plots, and a new proposal of tree life form
classification was presented for P. tarapacana (arborescent, dwarf trees, shrubs and brousse tigrée).
We describe the forest biometry of each life form and evaluate the frequency of these life forms in
relation to the environmental factors and human uses. The results show a consistency in the changes
in the different life forms across the studied environmental gradients, where the main changes were
related to elevation, slope and temperature.

Keywords: tree growth form; stem; multi-stemmed; scrublands; scrub; tree; Argentinean highlands;
high Andean vegetation

1. Introduction

Life forms are functional types that have been used to describe the adaptation of
vegetative structures of plants to certain ecological conditions. They refer to the general
physiognomy of the tree or the common habit of the individual [1,2], and are used to
interpret the functionality of vegetation [3,4] as well as to group individuals with similar
morphologies [5], which allows comparisons between floras from different regions [4].
Solbrig [6] described life forms as functional groups based on a single character and
Raunkizer expressed that, in response to harsh environments, plants can develop adapta-
tions that allow the protection of renewing shoots [7].

In the upper limit of vegetation, trees change their growth strategy to shrub or other
life forms, such as low scrubs [8]. These ecosystems are characterized by a marked thermal
seasonality defined by long winters and short growing seasons, which greatly influence
plant growth. Trees are subjected to the synergistic actions of stress, due to extreme
fluctuations in temperature, drought, nutrient limitations and high levels of radiation [9,10].
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Tree distribution boundaries are rarely sharp, and the transition from tree to shrub-only
stages may be fragmented and stretched over a few meters in steep terrains or over many
kilometers in flat terrains [8].

The topography, soils and the degree of human disturbance can modify the distribution
and structure of arid and semi-arid vegetation [11]. The diversity of life forms and tree
growth forms decreases with elevation; tree life forms generally decrease while shrubs and
herbs increase in the Andean highlands [4]. Elevation represents the best example of an
environmental gradient, where resources change due to a complex combination of climatic
factors (e.g., temperature, rainfall, soils and substrate stability) [12], and it is a decisive
factor that shapes the spatial patterns of plant life forms [13]. Therefore, the identification
and estimation of different tree life forms are relevant for the evaluation of ecosystem
structure and function [14,15].

In the Andean regions at the tree line, trees show a series of morphological and
physiological responses to face extreme low temperatures and other environmental stresses,
such as drought (caused by greater levels of evaporation), lower rainfall and higher solar
radiation [16,17]. The response to this type of environmental stress is a reduction in the
aboveground biomass, manifested as a decrease in tree height [18]. In this area, some
individuals with unbranched or slightly branched woody stems have different tree life
forms [19], standing out in places with little vegetation that does not exceed 50 cm in
height [20]. These observations have generated greater interest in the adaptive importance
of tree forms in the highlands [21]. In the Andean forests, there are individuals that growth
in prostate or creeping forms, due to the effect of wind and snow, generating crooked
trunks [19]. This type of growth is described for Nothofagus pumilio (Poepp. et Endl.)
Krasser and Austrocedrus chilensis (D. Don) Pic. Serm. and Bizzarri, where low temperatures
and drought are the limiting factors that condition the growth and tree development [22],
as well as for Polylepis tarapacana Phil. forests in the Chilean highlands [19].

In the highlands of the South American Andes, P. tarapacana forests present differences
in forest structure at different elevations and climate [23]. This species is sensitive to soil
moisture content and, in response to drought, it can distribute its biomass in multiple
individual stems with smaller diameters and heights to conserve the available moisture of
the plant [19,21].

Rios [24] and Saavedra [19] described two life forms for P. tarapacana in Chilean forests:
(i) single stem trees and (ii) multi-stemmed trees. These authors calculated the frequency of
each tree life form, but they did not assess its relationship with environmental gradients
or past human uses. Due to the correlation between the environment and the structure of
these forests [21,23], it is expected that there is some influence of environmental factors
on tree life forms [13]. Therefore, there is a need to review the classification developed by
Rios [24] and Saavedra [19], and propose a broader classification of tree life forms based on
those described for different tree-line life forms [25-32].

Tree life form classifications, which can better present the tree line [26], are: (i) “Treelets”,
or trees shorter than 5-10 m, and (ii) certain scrubby but very tree-like forms of 1-5 m,
called “dwarf-trees”. The noun ‘arborescent’ is used to refer to woody plants that branch
near the ground level. (iii) “Arborescents” are thus an intermediate form between trees
and shrubs. (iv) “Krummholz” is a wind-stunted woody scrub occurring primarily at the
tree-line and other exposed sites in mountains. (v) “Shrubs” are woody plants with multiple
stems arising from the ground level. (vi) “Dwarf shrubs” are woody, generally small-
leaved chamaephytes, not taller than 0.50 m, and more commonly 0.30 m. (vii) “Cushion
shrubs” are small krummholz forms occurring near to constantly desiccating, often cold
winds, with a completely limited vertical branch extension, resulting in an extremely dense
mass of short branches forming a flat or rounded shape. Likewise, (viii) “brousse tigrée”
(tiger bush) appear on slope gradient bands of vegetation formed perpendicular to this
direction [26,29-32].

There are no studies that relate P. tarapacana life forms with environmental and human
factors along elevation gradients [33], which is a topic of great ecological importance as a
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species adapted to very restrict environmental conditions. Moreover, it is considered a Near
Threatened species [34] due to human impact, which mainly led to habitat degradation
caused especially by the extraction of wood for fuel and construction in the area [35]. Some
studies have attempted to make comparisons among plant life forms in the Altiplano
region, but they always study different species in a community [13,36] and are not focused
on a single species that might present different life forms. These studies are needed to
assess the variability in tree life form composition within the region. There are also some
intriguing differences in this region that deserve attention. For example, where are the
tree life forms with only one trunk found? Is it more frequent to find multi-stemmed
individuals? Does the extraction and use of firewood and poles modify the frequency of
single-trunk life forms in the landscape? This and other similar questions are based on
more or less anecdotal evidence of distribution patterns, which generally relate to forest
structure data rather than form description.

In this paper, we elucidate how tree life forms change along different environmental
and human use gradients. This study aims to determine the influence of topographic,
climatic, geographic and human use factors on the occurrence of P. tarapacana life forms.
In particular, we aim to answer the following questions: (i) Which tree life forms does
this species have and what tree-specific biometric characteristics do the different tree life-
forms have? (ii) How does the tree life forms and its distribution change with topography
(elevation, slope and aspect), climate (temperature and precipitation), life zones and proxies
of human uses (human footprint and distance to towns)?

2. Results

The 70 plots presented a large heterogeneity in topography (e.g., location, elevation,
slope and aspect), where the N-S range was 156 km and W-E was 61 km. The elevation
gradient was 789.1 m, where four life zones occur: Tropical alpine moist tundra (TAMT),
Tropical alpine wet tundra (TAWT), Tropical subalpine dry scrub (TSDS) and Tropical
subalpine moist forest (TSMF). Likewise, the average distance to towns was 9.7 £ 4.7 km
(average + standard deviation). During the surveys, 1801 trees were recorded, with an
average area of 1.29 m? of tree crown, 7.8 cm of DBT and 86.1 cm of H.

2.1. Life Forms of P. tarapacana

We found four different life forms in the studied plots: arborescent (Ar), dwarf trees
(Dt), shrubs (Sh) and brousse tigrée (Bt). The Ar life form has a unique base and branches
that cover the entirety of the trunk, protecting buds from wind damage on the bark
(Figure 1). The Ar life form presents a highly variable size between individuals (DAB
8.3 4+ 7.0 cm, H 73.8 + 51.6 cm). Its tree crown was 0.42 + 0.57 m? and showed a CsR
circular to oval shape (1.3 & 0.3). In Dt, the crown is observed at the end of the main axis
of the trunk, which is not covered by branches and has frequent signs of crown dieback
(Figure 1). The DAB was 10.9 £ 7.4 cm and H was 101.0 & 55.3 cm. Its TC and CsR were
similar to those of Ar, with values of 0.35 & 0.41 m? for TC and a similar CsR (1.3 = 0.3). In
the shrub life form, we observed multiple trunks, where the shortest ones were located at
the periphery of the bush and the tallest ones in the center. A high mortality of the central
trunks was observed in some shrub life forms (Figure 1). The size was 9.1 £ 6.3 cm for
DAB and 100.7 £ 49.4 cm for H. A broad and highly variable tree crown (size and shape)
was observed, measuring 2.0 + 2.4 m?Z, while the CsR value was similar to that of Ar and
Dt (1.3 £ 0.3) (Figure 1). Brousse tigrée (Bt) occurs in P. tarapacana in bands, with different
sizes of trunks, where the smallest were in the direction of the slope and the tallest were
upslope (Figure 1). In the brousse tigree life form, some trunks located upslope were dead
or with a low presence of live leaves. The size was 4.3 & 3.0 cm for DAB and 57.6 & 27.1 cm
for H, where the tree crown was 1.4 & 1.6 m? with an elongated shape (2.74 + 1.36).
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Figure 1. Classification of life forms in P. tarapacana. Ar: Arborescent; Dt: Dwarf tree; Sh: Shrubs; Bt:
Brousse tigrée. The red line in the photo indicates the vertical cut that is observed in the graph on
the left.

The size of the individuals among the different life forms presented significant dif-
ferences (DAB Hregt: 77.1, p < 0.0001, and H = Hregt: 94.8, p < 0.0001), where the smallest
values were observed in Bt, followed by Ar, Sh and finally Dt (Figure 2). A higher frequency
(Hrest: 305.0, p < 0.0001) of small crowns was observed in Ar and Dt, intermediate values
were observed in Bt, and the highest values were observed in Sh. The crown spread ratio
did not present differences among Ar, Dt and Sh, while Bt was always more elongated, with
an average value of 2.74 and a maximum value of 9.33 (Hrest: 185.6, p < 0.0001). The vitality
of the individuals, classified by life form, presented significant differences (Hregt: 41.3,
p <0.0001), following the gradient of Dt < Sh < Ar = Bt, with Dt values close to intermediate
vitality and Ar and Bt close to healthy. We provide complementary information of the
biometric characteristics of each life form in Table Al in Appendix A.
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Figure 2. Kruskal-Wallis test for the diameter, height, tree crown and crown spread ratio of P. tara-
pacana life forms. Different letters indicate significant differences (p < 0.05) by Conover-Iman test.

2.2. Changes in the Frequency of Life Forms According to Topographic, Climatic, Geographic and
Human Use Factors

The frequency of each of the four life forms was analyzed by plot, and showed a
higher value for Sh (50%), followed by Ar (24%), Bt (16%) and Dt (9%). Table 1 shows that
topographic factors (elevation, slope and aspect) significantly affect the frequency of the
defined life forms. There were significant differences for all P. tarapacana life form frequency
in elevation, while slope only showing differences in Ar and Bt. At higher elevations, the
frequency of Ar and Dt was higher (>30% in Ar and >13% in Dt for >4700 m a.s.l.), while
for Sh and Bt, the frequency decreased (from 59% in <4400 m a.s.l. to 40 % at >4700 m
a.s.l. in Sh and from 19% to 12% at the same elevations for Bt). In the same way, there is an
inverse relationship between the slope and frequency of Ar, and a direct one in Bt. For the
different aspects (north and east aspects), we did not detect significant differences among
the studied life forms.

Differences in the frequency of P. tarapacana life forms were observed in relation to
the following factors: life zone, annual mean temperature and distance to towns (Table 2).
AMT showed a similar pattern to those observed in the elevation gradient analysis (Table 1),
where the frequencies of the lowest temperatures are those located at the higher elevations.
Additionally, the frequency of all life forms presented significant differences among the
different life zones, with a greater number of Ar and Dt in the alpine life zone (TAMT
and TAWT) and Sh and Bt in the subalpine areas (TSMF and TSDS). The alpine life zones
are located at higher elevations compared with the subalpine zones, which corroborates
the change in the structure described in the elevation analysis. For temperature, it was
observed that the frequency of Ar and Dt increased in colder zones, and the opposite trend
occurred for Sh. Likewise, neither AP nor HF showed significant differences. However, it
was observed that the frequency of Ar and Bt increased and decreased, respectively, with
the distance to towns (DTT).
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Table 1. Kruskal-Wallis test for the relative frequency of Polylepis tarapacana life forms compared with
topographic factors (elevation in m a.s.l,, slope in degrees and two aspects). Different letters indicate
significant differences (p < 0.05) by the Conover—-Iman test.

Variable Range n Ar Dt Sh Bt
Elevation <4400 14 17 a 5a 59b 19b
4400-4500 17 17 a 8 ab 51 ab 24 b
4500-4600 19 26 ab 10 abc 53 ab 11a
4600-4700 6 30b 16 ¢ 39a 14 ab
>4700 14 35b 13 be 40a 12a
4 0.0082 0.0349 0.0123 0.0017
Hrest 13.7 10.2 12.7 171
Slope <15 18 30b 11 55 8a
15-25 25 27 ab 11 48 14a
>25 27 18a 7 50 24b
4 0.0268 0.2320 0.5501 0.0002
Hrest 7.2 2.8 1.2 17.2
NA N 27 22 8 52 18
Rest 43 25 10 49 15
4 0.3250 0.3049 0.5542 0.2000
Hrest 0.9 1.0 0.3 2.7
EA \ 13 28 10 50 12
Rest 34 22 10 51 17
E 23 24 9 50 17
4 0.6889 0.9677 0.9456 0.5978
Hiest 0.7 0.1 1.1 1.0

Elevation in m a.s.l; slope in degrees; NA: North aspect (N: from 315° to 45°); EA: East aspect (E: from 45° to 135°,
W: from 225° to 315°). The aspects were calculated as sine and cosine functions, where sine values range from —1
(west) to 1 (east), while cosine values range from —1 (south) to 1 (north). Ar: Arborescents; Sh: Shrubs; Dt: Dwarf
trees; Bt: Brousse tigrée. Different letters indicate significant differences determined by comparisons of means
(Conover-Iman test, p < 0.05).

Table 2. Kruskal-Wallis of the frequency of Polylepis tarapacana life forms compared with climatic (tem-
perature and precipitation), geographical (life zones), human footprint and distance to towns factors.

Variable Range n Ar Dt Sh Bt
Life Zone TAMT 8 42b 17b 36 a 5a
TAWT 2 39 ab 18 ab 39 ab 5ab
TSDS 43 18a 8a 52 ab 22b
TSMF 17 29b 8a 55b 8a
14 0.0006 0.0446 0.0426 0.0001
Hrest 17.3 7.9 8.2 21.8
AMT <5 15 34b 15b 39a 11
5-6 33 22a 9a 52b 17
>6 22 20 a 7a 55b 18
4 0.0340 0.0232 0.0199 0.0629
Hrest 6.8 75 7.8 5.5
AP <150 26 24 9 50 17
>150 44 24 10 51 16
[4 0.9399 0.6171 0.9890 0.3618
Hrest <0.01 0.3 <0.01 0.9
HF 0 53 25 10 50 15
>0 17 20 8 50 21
[4 0.2758 0.5673 0.9891 0.1700
Hrest 1.2 0.3 <0.01 1.9
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Table 2. Cont.

Variable Range n Ar Dt Sh Bt
DTT <5 13 14a 6 58 23b
5-10 32 23 a 9 51 17 ab
>10 25 31b 11 45 12a
4 0.0039 0.2661 0.1225 0.0436
Hrest 11.0 2.6 4.2 6.2

Life zones: Tropical alpine moist tundra (TAMT), Tropical alpine wet tundra (TAWT), Tropical subalpine dry
scrub (TSDS) and Tropical subalpine moist forest (TSMF). AMT: Annual mean temperature in °C; AP: Annual
precipitation in mm.yr’1 ; HF: Human footprint; DTT: Distance to towns in km. A: Arborescents; Sh: Shrubs; Dt:
Dwarf trees; Bt: Brousse tigrée. Different letters indicate significant differences determined by comparisons of
means (Conover—Iman test, p < 0.05).

Topographic (elevation, slope and aspects), climatic (temperature and precipitation),
and human use (human footprint and distance to towns) factors were used to define the
frequency of life forms per plot (Figure 3). The plots were categorized into one simple (Sh
n = 12), three doubles (Sh 1 Arn =22, Sh|Btn = 18 and Sh| Dt n = 4), one triple (Ar | Bt| Dt
n=5) and one multiple (M n = 9) in relation to the abundance of life forms. Elevation and
slope presented two differentiated groups, where, in the plots with multiple forms, Sh | Ar
and Sh | Dt occurred in high- and low-slope areas, shrubs occurred at low-elevation and
-slope areas, and finally the formations with Bt occurred on high slopes. The aspect factor
presented less marked differences, with one single group located in the north aspect and
dwarf trees (Dt) occurred in the west aspect, while shrubs with Bt and Ar tended to occupy
the east aspects. Regarding human footprint (HF) and DTT, the Dt life form was observed
far away from towns, while shrubs occurred closer to towns. The HF showed a gradient in
which Dt and Ar were found in values close to 0, and as this value increased, Sh and Bt
were more frequently observed.
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Figure 3. Topographic, climatic and human use factors classified by the frequency of life forms.
Relationship among topographic variables ((A) Elevation and slope, (B) Aspects), climatic ((C) tem-
perature and precipitation) and human use ((D) human footprint and distance to towns). Bars indicate
the standard deviation of each axis. Elevation in m a.s.1.; Slope in degree; SIN: North Aspect; W | E:
East aspect. The aspects factors were calculated as sine and cosine functions, where sine values range
from —1 (west) to 1 (east), while cosine values range from —1 (south) to 1 (north). AMT: Annual
mean temperature in °C; AP: Annual precipitation in mm.yf1 ; HF: Human footprint; DTT: Distance
to towns in km. Ar: Arborescents; Sh: Shrubs; Dt: Dwarf trees; Bt: Brousse tigrée; M: Multiple forms.
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3. Discussion

In this study, a new proposal to classify life forms of P. tarapacana was presented.
The new life forms considered were arborescent, dwarf trees, shrubs and brousse tigrée.
This proposal differs from that of Rios [24] and Saavedra [19] as it divides the single
stem category into two (Ar and Dt) and the multi-stem into another two (Sh and Bt).
The justification for this new classification lies in the marked differences in their specific
biometric characteristics as well as in the described influence of topographic, climatic
and human uses factors, mainly on their frequency. The inclusion of the additional life
form categories (Ar and Bt, novel for this species) help to achieve a more comprehensive
overview of the life form composition for P. tarapacana.

3.1. Frequency of P. tarapacana Life Forms in the Argentinean Altiplano

Several authors agree in the classification of the life forms of P. tarapacana into single
trunk and multi-trunk [19,24], concluding that the highest proportion of individuals found
correspond to multi-trunk. These observations were made in small and specific areas of
the distribution of P. tarapacana, and the present work offered results in a larger study
area, covering most of the heterogeneity of its distribution (e.g., location, elevation, slope
and aspects).

According to Mooney [37], there should be, for a given combination of climate and
community succession, an optimal dominant life form. With this, a high degree of similarity
in life forms would be expected at each of the sampled stands in this study because a large
environment condition was covered. We found that the highest frequency of life form
corresponded to Sh (50.3%), where the highest proportion was related to the extreme
climatic conditions of the study area. The Altiplano plateau of the central Andes represents
one of the harshest places on Earth for plant growth [8], where shrubs are associated with
disturbed and stressful environments [38,39], and due to their lower height, plants take
advantage of the relatively favorable climate near the surface [40,41]. A relatively smooth
surface reduces the turbulence and, thus, minimizes heat loss, implying that, in calm
and clear conditions, the daytime temperature of shrubs is generally higher than the air
temperature [42]. The highest proportion of Sh was found by other authors in the Chilean
P. tarapacana [19], where 64% of the individuals have a multi-stem tree life form and only
36% present a single stem. Rios [24] found, further south in the Province of Iquique (Chile),
that the proportion of life forms changes according to different topographic conditions.
Likewise to other species that inhabit extreme ecosystems [43], the different life forms of
P. tarapacana show a great phenotypic plasticity (i.e., an ability to respond to changes in their
architecture to adapt to different environmental variations throughout their distribution).

3.2. Biometric Characteristics of Different P. tarapacana Life Forms

The size and shape of the life forms was determined by the growth restrictions that
affect the lateral shoots and apical buds as well as the ability of plants to produce shoots
from the root [4,7,13]. For example, in our study, Shrubs (Sh) presented the largest tree
crown. Epicormic shoots under the bark facilitate the horizontal growth of shrubs [44],
so they can expand horizontally as their length and mass increase to capture more light
than a small tree that tends to grow mainly upwards [45-47]. In cold and alpine areas, low
vegetation survives extreme weather and strong winds better, due to a better aerodynamic
resistance [48-50]. In P. tarapacana shrubs, the highest trunk mortality occurs in the central
zone due to the risk of cavitation caused by drought and freezing [51,52]. This could be a
beneficial adaptation to hostile environments, such as the highlands, where the maximum
height of the trees is determined in part by the problem of exposure to water in the upper
crown. A lack of water can cause xylem embolism [53] and the risk of cavitation increases
with stem height due to gravity. Related to this, both the brousse tigrée (Bt) and shrub (Sh)
life forms, by developing multiple stems, have a continuous horizontal growth, close to the
ground, allowing new roots and vertical shoots to develop [44,51].
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In the case of P. tarapacana, our results show that the dwarf trees (Dt) life form had a
lower vitality than the arborescents (Ar). This could be, as in the case of Pinus aristata, due to
the exposure of the trunk in this tree life form to wind-induced desiccation and wind-driven
cambial dieback [54,55]. The tree life form Ar had a greater general vitality, since its trunk
is covered with branches. In the case of brousse tigrée (Bt) and Sh, multiple trunks protect
one another, generating intermediate values of vitality. This could explain the increase in
the proportion of Ar as elevation increases, because of the extreme characteristics of the
climate [23].

In P. tarapacana forests, brousse tigrée occurs perpendicular to the slope line, where
the smallest are down to the slope and the tallest, with a low presence of live leaves,
are upslope. The formation of banded vegetation patterns on the slopes responds to a
deposition of sediments by the interception of plants [56,57] that affects the properties and
structure of the soil, leading to the deterioration of the environment [58] and to mortality
in the upper slope vegetation bands. The form and function of different life forms of the
alpine plant communities reflect various avoidance, tolerance, or resistance strategies to
the interactions of cold temperature, radiation, wind, and desiccation stresses that prevail
in the short growing season [59]. In this way, it can be considered that each P. tarapacana
life form fills a particular niche, so each life form has different adaptations in response to
different environmental conditions. The concept of life form as a morphological expression
of belonging to a group can help to understand the functioning of this species.

3.3. Influence of Topographic, Climatic, Life Zones and Human Use Factors in the Frequency of
Life Forms

A life form is the morphological outcome of a number of selection pressures, both
abiotic (e.g., climate and elevation) and biotic (e.g., competitive interactions and human
uses). It is a structural and functional compromise that allows for the optimization of
cost-benefit relationships [60]. In P. tarapacana, Hoch and Kérner [21] found that the greater
the abundance of shrubby forms, the higher the elevation. However, not only elevation
influences the general behavior of tree life forms, but also slope, temperature, life zone and
resource use, as observed in this study.

Elevation represents a complex combination of climatic variables to which species
have to adjust and has been considered an important environmental factor affecting com-
munity structure and organization [61,62]. Two variables closely related to elevation are
temperature and precipitation [63] and this is the best example of a complex gradient
where resources change [12]. Although elevation is the most important variable explaining
differences in tree shape, this factor indisputably exercises an indirect influence through
interactions with temperature, humidity and topography [17,64]. The development of
P. tarapacana in higher elevation areas is limited by temperature drops [21,65], where forms
that protect the cambium dieback are necessary. According to an ecophysiological study
in the Chilean Altiplano, the photosynthetic processes and carbon assimilation of this
species are well adapted to withstand cold temperatures [66], which allows them to thrive
at elevations higher than 4700 m a.s.l. This was observed in this study, highlighting the
differences found in the frequencies of Ar, Dt and Sh with changes in temperature as well
as the different life zones [67].

The structure of the studied areas presented smaller trees and a higher crown cover
when the elevation decreased [23], where there was a higher proportion of Sh and Bt. This
response could be the result of the combined effect of the decrease in temperature and the
increase in precipitation as elevation increases [68], increasing the proportion of the Ar
form over the others.

Moderate to steep slopes are environments where this species presents its greatest
development [19,23], because these landscapes provide safe and suitable sites for seed
survival, germination and development of individuals, provided by, among other factors,
the higher soil moisture and proportion of daytime with shade offered by rocks that reduce
soil evaporation, as well as the smaller temperature fluctuations moderating competition
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for water with herbaceous vegetation [69]. We observed that the frequency of Ar decreases
with the slope, while the Bt form increases its frequency considerably, mainly due to
the instability of the soil, which produces the banded shape for this species, and the
damages caused by this movement of gravel and soil reduces the frequency of Ar forms.
We observed that the frequency of single-trunk forms (Ar and Dt) increases in alpine
life zones (TAMT and TAWT), while in subalpine zones (TSDS and TSMF), the Sh form
increases in proportion. This could be due to alpine areas presenting low temperatures and
intermediate precipitation values, optimal factors for the development of this species [23],
with the Sh form being more adapted to higher temperatures and low rainfall [26,37,70].
We observed the largest number of Sh and Bt specimens farther from the towns. This could
be related to human uses and access to these areas, since individuals at lower elevations
are the most accessible to the local communities, who select the Dt form that has larger
dimensions [23,24] for fuel and construction purposes [35]. This is due to the fact that the
trunks of P. tarapacana in the Argentinean highlands were used as beams for the construction
of the roofs of houses, requiring trunks of at least 2-3 m in length [35]. However, the high
durability of the wood of this species allows people to not need to replace the cut pieces
frequently, generating a lower impact on forests. Likewise, in lower elevation regions
(below 3500 m a.s.l.), there are forests of other tree species (Polylepis tomentella Wedd.
and Strombocarpa ferox (Griseb.) C.E. Hughes and G.P. Lewis) that are greatly preferred
compared with P. tarapacana, reducing its use in those regions [35].

The results of this study indicate the possible life forms that can be managed sustain-
ably. In the case of multi-trunk life forms (Bt and Sh), it is possible to extract those that
have a low vitality or are totally dry for their use for fuel or construction. In this context,
the specimen is not completely eliminated, maintaining the conservation of genetic diver-
sity [71]. In addition, it is important to consider the different life forms of P. tarapacana when
conducting conservation studies and management plans, since each life form occupies a
particular environmental situation and conserving these forests without differentiating its
life forms is to lose part of its ecological niche.

The results of this investigation are preliminary, due to the short period of research
and being concerned with an arboreal species with a very slow growth and long life,
and the lack of information about how these life forms are subject to succession. It is
necessary to continue with studies on the structure of these forests and their relationship
with environmental characteristics, taking into account P. tarapacana life forms. Likewise,
we suggest to carry out studies that evaluate the combined effect of biotic and abiotic
factors on various forms of tree life to identify the important factors that have a major
influence on their distribution and biometric characteristics.

4. Materials and Methods
4.1. Study Species

Polylepis tarapacana (Rosaceae: Sanguisorbeae) is a species that constitute rare, monospe-
cific evergreen forests distributed in the sem-iarid high beds of the western Altiplano from
southern Peru to south-western Bolivia, northern Chile and adjacent northwest Argentina
(16°-23° S) [72] at 3400-5013 m a.s.l. [18,23,73,74]. This species is adapted to the Altiplano,
which is capable of withstanding harsh climatic conditions. Under different life forms,
P. tarapacana ranges from small shrubs to trees up to 7 m height [75]; however, specimens
usually oscillate between 1 to 5 m high [73]. Polylepis tarapacana is a unique tree because it
lives at a higher elevation compared to any other tree species and comprises the highest
elevation tree line on Earth [74].

4.2. Study Area

We worked in shrublands and forests of P. farapacana distributed in the Andean
cordillera in the Province of Jujuy, Argentina (22°04'-23°40" SL at 66°46'-65°49" WL;
Figure 4), located in the high peaks of the Argentinean Andes mountain range from
4160 to 4952 m a.s.l. [23]. The climate is cold and dry with strong winds, characterized

163



Plants 2023, 12, 1806

by a reduced seasonality of temperature, but marked seasonality in precipitation [76,77]
with 135 to 165 rnm.yf1 concentrated in summer, and with 4.2 to 6.5 °C of annual mean
temperature [23]. The vegetation in this area is composed of many species with traits
linked to extremely low temperatures, wind and xerophytism [77], and specially with
dwarf shrubs and cushion plants [20,78,79].
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Figure 4. Distribution of Polylepis tarapacana forests (green) in the study area (Altiplano, Argentina),
showing plots (red circles), towns (black circles) and contour lines, at 4000 m a.s.l. (narrow line),
4500 m a.s.l. (medium line) and 5000 m a.s.l. (tick line). Modified from Lépez et al. [23].

4.3. Classification of Life Forms of P. tarapacana

The considered life forms were arborescents (Ar), dwarf trees (Dt), shrubs (Sh) and
brousse tigrée (Bt), where Ar is an intermediate form between trees and shrubs, with a
single base and branches that arise from the base of the trunk and along the main axis of
the tree. Dwarf trees have a single main stem shorter than 5 m, where the trunk is not
covered by branches, and well-developed lateral branches forming a crown. Shrubs are
multi-stemmed short woody plants, branching at the ground with vegetative buds to form
new shoots. The brousse tigrée tree life form occurs in bands perpendicular to the slope
line (Figure 1).

4.4. Data Obtained

We worked in 70 P. tarapacana shrublands and forests patches throughout the distribu-
tion range [23]. The patches were selected according to: (i) homogeneous cover, where the
distance between individuals was nearly constant; (ii) accessibility; and (iii) the patch size
being >1 ha. In the center of each patch, we established one plot (20 x 50 m) to describe
the vegetation structure, maintaining the elevation level. We corrected the areas according
to the slope of the terrain using the following formula: Corrected area = Area X cosine
(slope in degrees) [80]. In this way, the starting point and the ending point of the plot
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had the same elevation. We measured all live plants >0.20 m height, recording: (i) tree
life form of each individual; (ii) diameter at the base (DAB, cm), corresponding to the
trunk or the tallest trunk of multi-stem plants (Figure 5); (iii) height (H, cm) of the trunk
or tallest trunk of multi-stem trees (Figure 5); (iv) diameter of the maximum axis and of
the axis at 90 degrees from the each crown to calculate the area of the tree crown (TC, m?)
with the ellipse formula and the crown spread ratio (CsR) as the relation between the two
measurements; and (v) vitality or health status of each individual to test the influence
of wind damage for the different tree life forms into 3 types: (a) low vigor (more than
50 % of the foliage light green, more than 50% of dead branches and more than 50% of
dead trunk section), (b) intermediate vigor (less than 50% of light green foliage, less than
50% of dead branches and less than 50% of dead trunk section) and (c) healthy (deep
green foliage, no dead branches and no damage in the trunk). The measurements were
made in March-April and October-November, coinciding with the periods of less rain and
intermediate temperatures.

Figure 5. Determination of the height, diameter at the base, crown diameter of the maximum axis
and of the axis at 90 degrees for each life forms in P. tarapacana. H: height; DAB: diameter at the base
of the tree; Ar: Arborescent; Dt: Dwarf tree; Sh: Shrubs; Bt: Brousse tigrée.

4.5. Environmental Characterization

In all the plots, we registered longitude, latitude and elevation (m a.s.l.) with a global
geopositioning device (GPS), slope using a clinometer (°) and the aspect with compass as
sine and cosine functions of the north magnetic direction. Sine values ranged from —1 (west)
to 1 (east), while cosine values ranged from —1 (south) to 1 (north) [80]. The environmental
characteristics of each plot were registered through Holdridge life zones following Derguy
etal. [67]: (i) Tropical alpine moist tundra (TAMT), (ii) Tropical alpine wet tundra (TAWT),
(iii) Tropical subalpine dry scrub (TSDS) and (iv) Tropical subalpine moist forest (TSMF).
The climatic factors, annual mean temperature (AMT) (°C) and annual precipitation (AP)
(mm.yr~1), for the period of 1970-2000 were obtained from WorldClim [81], the values
of the human footprint (HF) were extracted from Lizarraga and Monguillot [70], and the
distance to the nearest town (DTT) was obtained using QGIS software.

4.6. Data Analysis

We conducted non-parametric Kruskal-Wallis tests to compare forest structure vari-
ables (DAB, H, TC, CsR and vitality) for the different life form categories determined for
P. tarapacana. Additionally, we also performed non-parametric Kruskal-Wallis tests using
topographic, climate, geographical and human use variables as the main factors to analyze
the frequency of each life form. Differences were determined by comparisons of the means
(Conover-Iman test at p < 0.05).
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To characterize the life forms, we used the maximum relative frequency of the plots in
relation to topographic, climatic and human uses, where each plot was categorized into
single, double, triple and multiple categories in relation to the abundance of the different
life forms. Single categories were considered when a frequency was >70% for a certain tree
form (e.g., 74% life form Ar, 12% Dt, 8% Sh, 6% Bt = Category Ar) and double categories
when the single categories do not reach 70% but the sum of two higher categories reaches
>70% (e.g., 54% life form Ar, 22% Dt, 16% Sh, 8% Bt = Category Ar | Dt). The multiple (M)
category is when three or more categories are needed to reach >70% frequency (e.g., 36% life
form Ar, 24% Dt, 24% Sh, 16% Bt = Category M). When the categories were represented by
less than 5% of the plots (<4 plots), these categories were grouped creating a new category
(e.g., Ar I Dt = 3 plots; Ar|Sh =2 plots: Ar|Dt|Sh =5 plots). With these categorizations,
the means and the standard deviations were calculated for each topographic, climatic
and human use. Additionally, the variability of the plots was determined in terms of the
simultaneous occurrence of the different forms life forms depending on the topography,
climate and human use.

5. Conclusions

A life form is the morphological result of selection pressures, both abiotic (e.g., climate
and altitude) and biotic (e.g., competitive interactions and human uses). In this study,
a new proposal for the classification of P. tarapacana life forms was presented, and we
demonstrated the influence of elevation, slope, life zone, AMT and DTT in the life form
frequency. Each life form of P. tarapacana occupies a particular niche, and this concept can
help us to understand the ways in which these Altiplano communities function.

In this study, the relative success of each life form was measured in terms of relative
frequency, but other measures, such as the biomass of each life form, may be useful
and provide additional information. This study showed a general consistency in the
changes in life forms of the high-altitude Andean vegetation, and the changes generated
by environmental gradients in this species were explained. This consistency provides a
framework for broader comparisons with species of the genus Polylepis in other parts of
South America. These comparisons will provide information on the distribution of these
and other life forms and may help us to understand the mechanisms that determine the
structure of these high-elevation forest communities and beyond.
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Abbreviations

DAB Diameter at the base of the tree
H Height

TC Tree crown

CsR Crown spread ratio

GPS Global geopositioning device
TAMT  Tropical alpine moist tundra
TAWT  Tropical alpine wet tundra
TSDS  Tropical subalpine dry scrub
TSMF  Tropical subalpine moist forest
AMT  Annual mean temperature
AP Annual precipitation

HF Human footprint

DIT Distance to town

M Multiple category

Ar Arborescents

Dt Dwarf tree

Sh Shrubs

Bt Brousse tigrée

NA North aspect

EA East aspect
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