Volume 30

in Plant Ecology,

2018
ISSN 1433-8319

ScienceDirect

Available online at www.sciencedirect.com

Esevier | Eyolution and
Systematics
Contents

Special issue: Alpine and arctic plant communities: a worldwide perspective
Guest editors: Fabien Anthelme, Montpellier, France Sébastien Lavergne, Grenoble, France

Alpine and arctic plant communities:
A worldwide perspective
Fabien Anthelme, Sébastien Lavergne

Winter soil temperature dependence of
alpine plant distribution: Implications for
anticipating vegetation changes under
a warming climate
P. Choler

The 90 ways to describe plant temperature
Christian Korner, Erika Hiltbrunner

A multi-scale approach reveals random
phylogenetic patterns at the edge of vascular
plant life
Yoann Le Bagousse-Pinguet, Pierre Liancourt,
Lars Gotzenberger, Francesco de Bello,

Jan Altman, Viktorie Brozova, Zuzana Chlumska,
Miroslav Dvorsky, Katerina Capkova,

Martin Kopecky, Klara Rehakova, Pavel Riha,
Jan Leps, Jiri Dolezal

Reprint of: Disentangling drivers of plant
endemism and diversification in the European
Alps - a phylogenetic and spatially explicit
approach
Jan Smycka, Cristina Roquet, Julien Renaud,
Wilfried Thuiller, Niklaus E. Zimmermann,
Sébastien Lavergne

16

22

31

Stay or go - how topographic complexity
influences alpine plant population and
community responses to climate change
Bente J. Graae, Vigdis Vandvik,

W. Scott Armbruster, Wolf L. Eiserhardt,
Jens-Christian Svenning, Kristoffer Hylander,
Johan Ehrlén, James D.M Speed, Kari Klanderud,
Kari Anne Brathen, Ann Milbau,

@ystein H. Opedal, Inger G. Alsos, Rasmus Ejrnees,
Hans Henrik Bruun, H. John B. Birks,

Kristine B. Westergaard, Hilary H. Birks,

Jonathan Lenoir

Slow community responses but rapid species
responses 14 years after alpine turf
transplantation among snow cover zones,
south—central New Zealand
Janice M. Lord, Alan F. Mark, Tanja Humar-Maegli,
Stephan R.P. Halloy, Peter Bannister,

Allison Knight, Katharine J.M. Dickinson

Plastic and genetic responses to shifts in
snowmelt time affects the reproductive
phenology and growth of Ranunculus acris
Nicola Delnevo, Alessandro Petraglia, Michele
Carbognani, Vigdis Vandvik, Aud H. Halbritter

Gatekeepers to the effects of climate warming?
Niche construction restricts plant community
changes along a temperature gradient
Kari Anne Brathen, Victoria T. Gonzalez,

Nigel G. Yoccoz

41

51

62

71

Contents continued on inside back cover

Table of Contents also available via e-mail by free-of-charge ToC Alert Service.

Register now: www.elsevier.com/locate/ppees

Abstracted/Indexed in

BIOSIS database; Current Contents®/Agriculture, Biology & Environmental Sciences; Ecological Abstracts; Elsevier BIOBASE (Current
Awareness in Biological Sciences); GEOBASE; Geo Abstracts; NISC - National Information Services Corporation; Referativnyi Zhurnal;

SciExpanded; SciSearch; Science Citation Report; Scopus

- S213ewWa3SAS pue uolInjoA3 ‘Ab010d3 Jueld ut saAL3IRdSIDg

8T0¢ - 0€ SWNJOA

HAIAASTH

LSEVIER

Riibel-Foundation, ETH Ziirich

Supported by the European
Ecological Federation

2018

Special issue:
Alpine and
arctic plant

communities:

a worldwide
perspective

Guest editors:
Fabien Anthelme
Montpellier, France

Sébastien Lavergne
Grenoble, France

ISSN 1433-8319
Perspectives in Plant
Ecology, Evolution
and Systematics
30(2018) - pp. 1-132

in Plant Ecology,

Fvolution.and

Systematics

'
-

(o
i

K2 W ot

www.elsevier.com/locate/ppees



Perspectives in Plant Ecology, Evolution and Systematics 30 (2018) 1-5

. . E E M| | Perspectives _

Contents lists available at ScienceDirect “"inPlantEcology,
Evolution and

== Systematics

Perspectives in Plant Ecology, Evolution and Systematics

journal homepage: www.elsevier.com/locate/ppees

Alpine and arctic plant communities: A worldwide perspective™

1. Background and context

High-elevation and high-latitude ecosystems experience among the most severe climates on Earth where plant and animal life can thrive (Korner,
2003). Termed arctic and alpine regions, they represent 8% of the global land area and occur on all continents (Chapin and Korner, 1995). Despite
their extreme environmental harshness, these ecosystems harbour relatively important biodiversity and endemism, with high diversity turnover
along steepest environmental gradients. Some of these ecosystems have long been the focus of ecological studies and captured the attention of some
of the most popular naturalists and biologists during the last few centuries (reviewed by Billings and Mooney, 1968; Korner, 2003). The reasons for
such a scientific interest are multiple. From a strictly conceptual viewpoint, alpine and arctic ecosystems exhibit relatively simple vegetation
patterns, with little vertical stratification, making it easier to characterize stress and disturbance effects on community and ecosystem functioning
(Chapin and Korner, 1995). They provide “unsurpassed possibilities for comparative ecological research” because of steep elevation and topo-
graphical gradients (Korner, 2003). Their relative isolation allows studying ecological systems at diverse spatial scales, such as local scale com-
munities, along environmental gradients, or entire mountain ranges (e.g. Chalmandrier et al., 2017; Marx et al., 2017). This isolation combined with
the common historical setting of most mountain ranges also allows exploring questions related to the origins of biodiversity patterns, local speciation
and endemism (Molina-Venegas et al., 2015, 2017). Alpine and arctic ecosystems are key providers and regulators of water resources to human
societies (e.g., water towers; Korner, 2003), and also serve as biomass reserve for livestock grazing (Jacobsen and Dangles, 2017). Finally, the
exceptionally high capacity of some arctic and alpine ecosystems to stock carbon makes them efficient carbon pools (Segnini et al., 2010; Tarnocai
et al., 2009).

Although the accumulated knowledge on arctic and alpine environments is now substantial, there remains some unexplored alpine areas, hence
current knowledge on alpine systems is geographically unbalanced (Fig. 1). While some important efforts have been devoted to studying arctic and
temperate alpine ecosystems, mainly in the northern hemisphere, some important alpine areas such as the Himalayas and the Andes have long
remained understudied. Tropical alpine regions are probably the most diverse alpine regions of the world, with unparalleled rates of speciation and
resulting high local endemism (Anthelme et al., 2014; Madrinan et al., 2013), but have been particularly overlooked by researchers (Fig. 1). Such a
discrepancy would be of minor importance if all arctic and alpine ecosystems were facing similar constraints in comparable climatic and edaphic
environments. In fact, despite important common features such as cold temperature, infertile soils and frequent drought (Korner, 2003), a close
examination shows strong dissimilarities between alpine regions of the world, mainly in relation to latitudinal position and topography (Nagy and
Grabherr, 2009). For instance, prevailing climates in tropical alpine areas are much less seasonal, with daily variations in temperatures exceeding
annual variations. As a consequence, winter snow cover, which is considered as a major driver of alpine and arctic vegetation structure (Carlson
et al., 2015; Rixen et al., 2014) is almost absent in the tropics, thus affecting freezing and drought frequency. In addition, the inversion of pre-
cipitation gradients above 3000-3500 m in most tropical alpine systems generates tropical alpine deserts while annual precipitation increases with
elevation in most extra-tropical alpine environments (Anthelme and Dangles 2012). In view of these differences, bridging this latitudinal knowledge
gap between alpine regions is an important challenge, for both understanding how climate shape biodiversity patterns in alpine regions and drawing
scenarios for the future of alpine and arctic biodiversity.

An important modern challenge for the study of alpine and arctic regions is obviously to understand and predict the consequences of the current
high pace and expected high magnitude of global changes on ecosystem properties. A large body of evidence demonstrated that arctic environments
are disproportionately impacted by climate warming, a phenomenon known as arctic amplification (Pachauri et al., 2014; IPPC report). A less known
but now increasingly documented phenomenon is also the expected higher warming at higher elevations (MRI — Mountain Research Initiative EDW
Working Group, 2015; Wang et al., 2016). Accordingly, the impact of warming should be exacerbated in tropical alpine systems, which are mostly
located above 4000 m a.s.l. These issues are particularly alarming for the conservation of biodiversity and ecosystem functioning. The majority of
alpine regions are highly fragmented, isolated and restricted to a very small portion of land surface, thus threatening most species adapted to the
narrow environmental conditions of high elevations and high latitudes. Also, climate warming may induce a release of carbon and methane captured
in permafrosts, with expected large feedbacks to global climate. This calls for more research about how climatic changes (both past and

* This article is part of a special issue entitled Alpine and arctic plant communities: a worldwide perspective published at the journal Perspectives in Plant Ecology, Evolution and
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Fig. 1. Number of publications focusing on arctic/alpine ecology between the years 2000 and 2016 (Web of Science). Research strings used for alpine: alpine OR high-elevation OR high-
altitude (title) AND ecosystem* (topic). Research strings used for arctic: arctic OR high-latitude OR Antarctic (title) AND ecosystem* NOT marine (topic), excluding field “oceanography.
Research strings used for tropical alpine: tropical alpine OR tropical and high elevation OR tropical and high-latitude (title) AND ecosystem* (topic). Results have later been refined
manually, excluding papers out of scope. Analysis made on the 29 of June 2017.

contemporary) affect the biodiversity and functioning of alpine and arctic ecosystems. These thus constitute important sentinel ecosystems where
much fundamental research is motivated by the need to understand and anticipate the effects of global changes.

Apart from modern societal challenges, alpine and arctic ecosystems raise a number of fundamental questions. The scope of these questions is
very large, spanning the entire spectrum of ecological and evolutionary theory, and certainly cannot be tackled within a sole journal special issue,
not even a single book. These key fundamental questions concern: (i) the evolutionary origins and historical build-up of species rich biomes and
biodiversity hotspots, (ii) the effect of quaternary climatic oscillations on species distributions and biodiversity patterns, (iii) the ecological and
micro-evolutionary drivers of species distributions and species range shifts in changing environments, (iv) the mechanisms of community assembly
and species coexistence at local spatial scales, and the nature of biotic interactions (both plant-plant and plant-animal interactions). High elevation
and latitude ecosystems provide very suitable settings for teasing apart these different mechanisms at varied temporal and spatial scales, and the
conceptual contributions of arctic and alpine studies clearly goes beyond the sole study of these biomes.

2. Objectives and themes of this special issue

This special issue presents a selection of papers exploring some of the aforementioned key topics, following a symposium entitled ‘High-elevation
ecosystems’, held at the Ecosummit conference, Montpellier, August 29th — September 1st 2016. The selected papers present cutting-edge research on
arctic and alpine plant communities along a double latitudinal and altitudinal gradient, thus reflecting the biogeographic continuum between arctic
and alpine ecosystems (see Fig. 2a). These regions include arctic areas in Norway, high alpine areas of Europe, New Zealand, Himalayas, but also
high tropical alpine areas. These studies have been selected because they provide significant advances to current ecological theories and improve our
understanding of global change effects on plant communities. They also describe a number of original methods, which might be inspiring for future
research.

Based on authors’ extensive experience in alpine ecology, some papers of the special issue offer conceptual contributions centred on key climatic
parameters critical to understanding arctic-alpine ecosystems. By reviewing up to 90 ways to measure temperature, Kérner and Hiltbrunner (2018)
highlight important pitfalls and propose a narrow selection of indices to depict the effects of temperature on plant distributions. They argue that
mean annual temperature may be one of the less pertinent measurements because it does not consider the effects of snow cover and seasonal/diurnal
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Fig. 2. Biogeographic situation of different empirical contributions to this special issue. (a) Diagram showing the continuous distribution of different study areas along latitude (x-axis)
and elevation (y-axis) gradients worldwide. (b) Map depicting different alpine areas of the world according to a ruggedness scale (from light grey to black), following Kérner et al. (2011)
and the geographic position of all empirical papers included in this special issue. Note that the position of the two conceptual papers of this special issue, namely Kérner and Hiltbrunner
(2018); Graae et al. (2018), are not depicted in these two figures.
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variations in temperature. Given the singularity of each site, the inherent complexity of alpine topography and the frequent occurrence of biotic
thermal refuges, the authors recommend researchers to not rely on temperature extracted from extrapolated databases but rather measuring mi-
croclimate directly in their own target environments. Along the same line but with a purpose more focused on the structure of alpine vegetation
under a warming climate, Choler (2018) demonstrates the need to measure temperature at a finer scale to account for the considerable local-scale
environmental heterogeneity of alpine ecosystems. Focusing on the root zone temperature of temperate alpine plants, the author proposes that the
combination of two temperature indices, namely growing degree days (GDD) and freezing degree days (FDD), represents a so-far undocumented
“leading axis of habitat differentiation in the alpine zone”, which allows drawing very realistic scenarios of plant community change in relation to
snow cover duration. In a conceptual contribution aiming at characterizing the main survival options for plants in a changing environment (“stay or
go0”), Graae et al. (2018) combine macro and micro-climatic variables during the growing season and winter. They propose that plant communities in
more heterogeneous landscapes are less prone to species range shifts under global warming than communities occurring in homogeneous landscapes.
In turn, communities in homogeneous landscapes may face high extinction rates, resulting in unsaturated communities. This is expected by the
authors to leave more opportunities for other species to immigrate locally due to lower interspecific competition. Interestingly, these three con-
tributions agree on the fact that local environmental heterogeneity is a major driver of plant distribution and community assembly in a changing
world. Because each of the three contributions focuses on alpine and arctic environments periodically covered by snowpack, the authors insist that
confronting these models to the reality of tropical environments or dry steppes, where snow cover is very limited in time, is an important challenge
for future research in alpine ecology (Choler, 2018).

Along with Choler (2018) and Graae et al. (2018), three other contributions focus on the effects of snow cover dynamics on plant communities.
First, Lord et al. (2018) present a 14-year transplant experiment of vegetation turves across a natural snow cover gradient in the mountains of South
Island, New Zealand. One interesting result, among others, was that communities were strongly altered by this environmental shift, both by reduced
fitness of initial species and by colonization from surrounding vegetation. The authors conclude that biotic interactions and species-specific traits are
key drivers of alpine vegetation change following the alteration of snow cover regimes. Second, assuming that changes in temperature and pre-
cipitation will impact the timing of snow cover, Delnevo et al. (2018) tested to what extent warmer and wetter conditions (according to IPPC
scenarios) impact the phenology and growth of Ranunculus acris (Ranunculaceae) through changes in snow cover duration. To do so, they also
performed a transplant experiment along environmental gradients in the mountains of southern Norway. Advanced snowmelt resulted in accelerated
reproductive phenology, hence a greater exposure of reproductive organs to the risk of frost damage. Interestingly, those phenological changes
experienced by the study species were both due to phenotypic plasticity and genetic changes, and were less pronounced at higher elevation (i.e. in
the most limiting environment). This second result is echoed by another contribution to this issue by Cavieres and Sierra-Almeida (2018), who study
seed germination of fifty Andean alpine plants from Chile. They find that the importance of cold stratification for seed germination was more
pronounced for lower elevation species, suggesting that modifications of snow cover duration could affect disproportionately germination phenology
of lower alpine species than the ones growing at higher elevations. These latter two studies together suggest that plants facing the harshest conditions
at higher elevations may exhibit little phenological responses to global changes. Further research is therefore needed to assess whether this lack of
phenological adjustment reflects a greater plasticity or rather an absence of adaptive potential due to strong conservatism in phenological features,
and how these potential plastic and genetic responses are potentially mediated by biotic interactions.

Alpine and arctic plants are adapted to high levels of environmental stress with a set of specific traits, well known as stress tolerance syndromes
(Cerabolini et al., 2010; Grime, 2006) such as slow growth rate, reduced stature, high individual longevity and varied protective traits. The rapidly
changing climate combined with abrupt land use changes may now start favouring different adaptive traits in plants. In this issue, Zimmer et al.
(2018) use a 38-year post-glacial chronosequences in the tropical Andes, matching a known period of accelerated climate warming. They observed
that most plants having colonized recently unglaciated areas were anemochorous and rapidly growing ruderal species whereas slow-growing, stress-
tolerant species were far less abundant. This suggests that the rapidly shrinking glacier cover may favour plants with opportunistic ecological
strategies over slow-growing, stress tolerant, plants typical of high alpine environments, likely generating unexpected and likely novel plant
communities at such elevations. However, this may not mean that slow growing, stress tolerant plants are immediate candidate to extinction in high
alpine and arctic environments. Schittek et al. (2018) examine the longevity of a cushion-forming plant in the dry Andes of Peru. Radiocarbon dating
on the peat formed by the cushion identified a chronosequence of 1050 years and permitted reconstructing past plant communities during humid/
dry climatic oscillations. The cushion plant was able to cope with extended droughts, demonstrating that stress tolerant species can also support the
effects of environmental oscillations in the long term. Nevertheless, the authors indicate that the capacity of the cushion to survive in a changing
climate is conditioned by the maintenance of its protective plant surface. It is possible, then, that the intensification of land use will generate higher
mortality of this type of plants, resulting in a regression of patrimonial habitats, but also loss of valuable data on past climate and vegetation.

Positive interactions among organisms are a crucial driver of plant community organization in arctic and alpine environments (Cavieres et al.,
2014). One major challenge of ecological research is to infer how these interactions will change in response to global changes (Bulleri et al., 2016;
HilleRisLambers et al., 2013; Olsen et al., 2016). Several contributions in this special issue have devoted some efforts to answering this question.
Lord et al. (2018) demonstrate that plant-plant interactions and plant-invertebrate interactions were very strong drivers of community changes in
response to an alteration of snow cover regimes. Zimmer et al. (2018) suggest that the reduced capacity of stress-tolerant nurse plants to colonize
recently unglaciated alpine areas might have cascading effects on vegetation structure, by not allowing lower elevation species to colonize these
sites, as they would normally do thanks to facilitative effects. Llambi et al. (2018) identify in the Venezuelan Andes a complex network of plant
reciprocal interactions where nurses facilitated the presence of a native community and an exotic species. The exotic species had no reciprocal effect
on nurse plants but had a negative effect on the rest of community members. By facilitating the presence of an exotic species, the nurse plant hence
impact negatively the native community through indirect interactions. In a macro scale study in the Norwegian tundra, Brathen et al. (2018)
characterize an extended network of interactions involving plants and a large herbivore (Rangifer tarandus), along a temperature gradient. They show
the overwhelming influence of the allelopathic shrub Empetrum nigrum on the distribution and abundance of other plant species and demonstrate that
this shrub is currently spreading due to a combination of climate warming and lack of herbivory, announcing a scenario of local biodiversity loss in
the next decades. Such a scenario would not have been detected by studying only interactions among pairs of plant species only. Focusing on alpine
communities dominated by cushion-forming nurse plants, Raevel et al. (2018) examine variations in the functional traits of subordinate plants,
which may provide insights into the ecological processes shaping species niches (Albert et al., 2011). They show that graminoids developed a stress
avoidance strategy whereas forbs shifted from stress avoidance to stress resistance along an increasing stress gradient. They also demonstrate that
cushion plants were able to buffer the effects of biotic and abiotic stresses on subordinate plant traits. Given that stress levels are expected to increase
under global changes, these positive effects of nurse plants in the high Andean peatlands may preserve important ecosystem services such as water
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resource and biomass production.

An outstanding component of alpine biodiversity is constituted by its high rate of endemism. Smycka et al. (2018) tested two alternative
hypotheses to understand the origins of endemic plant species in the European Alps. Through a spatially-explicit bayesian analysis of phylogenetic
structure of the high alpine flora, they observe that high endemism occurs in potential glacial refugia, but mainly on calcareous bedrock, and also at
high elevations. Plant assemblages in calcareous refugia showed a signature of phylogenetic overdispersion — suggesting non-selective persistence of
different lineages during ice ages, whereas those located in high mountain areas showed phylogenetic clustering — indicating repeated recent
speciation and environmental filtering. From a conservation viewpoint, the authors conclude that calcareous glacial refugias are more important to
conserve, as they host many range restricted species and more diverse evolutionary lineages. It is interesting to note that the primary drivers of
mountain endemism cited by these authors, elevation and glacial refugias, are exacerbated in tropic alpine areas (Crawford, 2008; Sklenar and
Laegaard, 2003). These regions have been cited to exhibit remarkable rates of endemism in plants and animals, especially in the Andes (Anthelme
etal., 2014). A nice research challenge following the approach of Smycka et al. (2018) would then consist in inferring endemism patterns in the high
tropical mountains of the Andes. In another study conducted in the trans-Himalayas, Le Bagousse-Pinguet et al. (2018) hypothesized that more
constraints at higher elevation should led to higher phylogenetic clustering of local plant communities. They instead observed that plants at higher
elevation displayed random phylogenetic patterns, and that no particular mechanism of niche-based species coexistence process could therefore be
inferred from the phylogenetic structure of these plant communities. This study echoes a recent one conducted in nival communities of higher
summits of western European Alps, where the authors could not reject neutral mechanisms of community assembly by comparing community
phylogenetic structure to neutral based simulations of community assembly (Marx et al., 2017).

3. Conclusion and perspectives

The discovery and study of unknown ecosystems and biodiversity have often provided novel knowledge and explicative models in biology (e.g.
Rothschild and Mancinelli, 2001). So the position of arctic and alpine ecosystems at the climatic extreme of plant and animal life suggests that their
study bears unique findings regarding the ecology and evolution of natural communities. We hope that the paper selection included in this special
issue provides a first demonstration of the importance of studying arctic and alpine systems, both for advancing ecological and evolutionary theories,
but also for understanding the future of cold-adapted ecosystems under contemporary global changes. A noteworthy progress in artic-alpine studies
reflected in this special issue is the increasing integration with research techniques and concepts typically associated with physical sciences (gla-
ciology, paleogeomorphology, cosmogenic nuclid and carbon isotopic dating, micro-climatic monitoring etc...). Also notable is a number of em-
pirical approaches that will need to be undertaken by networked researchers across different mountain ranges of the globe; these are long term
monitoring of multi-trophic community changes and whole-community transplant experiments (meadow turves) along key climatic gradients. We
thus hope that this special issue will serve inspiring future research in the field of arctic-alpine ecology and beyond.
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ARTICLE INFO ABSTRACT

The topographical heterogeneity of mountain landscapes and the associated species turnover over short dis-
tances should prompt us to examine the relationships between climate and mountain plant distribution at a
much finer scale than is commonly done. Here, I focused on the root zone temperature experienced by low-
stature perennial-dominated plant communities of temperate mountains, which are seasonally covered by snow.
Based on the analysis of multi-annual recordings of ground temperatures across a broad spectrum of plant
communities, I propose a habitat template using Growing Degree Days (GDD) and Freezing Degree Days (FDD).
These two indices summarize soil thermal conditions experienced during the favorable and the unfavorable
period for growth. This heuristic framework allows refining our working hypotheses on the range shifts of
mountain plants in response to recent and future climate change. Regional trends in climate variables controlling
GDD and FDD indicate that the combination of earlier snow melt-out and higher summer temperatures have led
to an overall increase in GDD over the last decades. However the persistence of cold episodes in spring and in fall
along with the shorter snow coverage suggest that the positive effect of an extended growing season might be
counteracted by the detrimental effects of increasing FDD. I thus hypothesize (i) a local-scale, downward shift of
plant species along mesotopographical gradients, with marked species infilling in sparsely vegetated, long-
lasting snow patches that contain vacant niches and (ii) a watershed-scale upward shift of subalpine species
inhabiting south-exposed grasslands and able to cope with moderate FDD. This perspective challenges the
simplistic view of an overall range shift of mountain plants along elevational gradients and calls for the im-
provement of models of snow cover dynamics and root zone temperature to draw up realistic scenarios of
mountain vegetation changes under a warmer climate.
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1. Introduction

In arctic and temperate mountain ecosystems, snow cover dynamics
not only determine the length of the favorable period for growth but
also tightly control the duration and intensity of freezing temperatures
that belowground, perennial tissues have to cope with during the un-
favorable period. Shallow or inconsistent winter snowpack causes soil
frosts that can persist over weeks or months in cold contexts and this
has a long-term ecological significance for the distribution of over-
wintering organisms (Callaghan et al., 2011; Sutinen et al., 1999). A
seasonal reduction of snow cover duration may expose tissues to da-
maging frosts in spring or in fall and several studies emphasized the
impact of this climatic hazard on the performance of organisms (Abeli
et al., 2012; Inouye, 2000; Kreyling, 2010; Pauli et al., 2013; Wipf et al.,

2009). The legacy of wintertime temperature regime on nutrient
availability for plant growth during the following summer is also a key
aspect of the functioning and the vegetation dynamics of snow-covered
arctic and alpine ecosystems (Kreyling, 2010; Sturm et al., 2005). For
example, increased microbial activity and higher N retention are ob-
served in soils that benefit from the insulating effect of the snow
(Baptist et al., 2010; Edwards et al., 2007) whereas freezing tempera-
tures may favor the physical degradation of soil organic matter and the
amount of inorganic nitrogen (Freppaz et al., 2008).

In mountain landscapes, thermal differentiations among nearby
sites are related to the high topographical heterogeneity (Billings, 1973;
Scherrer and Korner, 2010; Walker et al., 1993). During winter, these
differences might be exacerbated by wind snow redistribution between
sheltered sites where snow accumulates and exposed, wind-blown sites
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Fig. 1. Location of plots in the study area (A) and overview of the Roche Noire watershed (B). The arrow on the map indicates the position of the photographic shooting. The inset map
shows the location of the study area in the French Alps. Symbols for plant communities follow Table 1.

where it is eroded (Essery and Pomeroy, 2004). As a result, highly
contrasting soil temperature regimes are reported over mesotopo-
graphical gradients, i.e. ridge-to-snow bed gradients which typically
represent a distance of a few meters (Baptist and Choler, 2008;
Wundram et al., 2010). Consistent patterns of functional and taxonomic
beta diversity and for different trophic levels have been documented

along these gradients (Heegaard, 2002; Kudo et al., 1999; Zinger et al.,
2009). Consequently, the response of alpine plants to ongoing climatic
change cannot be properly assessed if this patchiness of the thermal
landscape is not properly understood (Graae et al., 2012). In line with
this reasoning, a recent study pointed out that the magnitude of pre-
dicted change in temperature is relatively weak compared to what
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plants would experience given a very short-distance range shift
(Scherrer and Korner, 2011).

Current models that aim to project the distribution of high elevation
species under a warmer climate suffer from the insufficient under-
standing and representation of the thermal envelopes of alpine plants.
Fields of forcing variables are unavailable at the spatial scale that really
matters for alpine plant life and the common practice of downscaling
global climate gridded data is questionable because the local tem-
perature experienced by low-stature plants is decoupled from atmo-
spheric variables (Graae et al., 2012; Korner, 1999). If the local scale
variation of key drivers of plant distribution is overlooked, projected
distribution maps cannot be relevant. For example, Graae, (in press)
emphasized the pivotal role of topographical complexity to understand
how mountain plants will respond to climate change. Another weakness
of current models pertains to the insufficient consideration of winter-
time climate conditions because snow cover dynamics is poorly re-
presented in these models (Carlson et al., 2013; Pradervand et al.,
2014). Studies accounting for snow cover change on ecological pro-
cesses, mainly focus on the impact of the first snow free day and the
growing season length but winter soil temperature remains a missing
dimension (Choler, 2015; Ernakovich et al., 2014; Heegaard, 2002).
This is at odds with the recognition that winter conditions, and parti-
cularly winter soil temperature, are pivotal to capture biodiversity
patterns and ecosystem functioning in snow-covered ecosystems (Pauli
et al., 2013; Petty et al., 2015).

There is an increasing recognition that snow amount and duration
have significantly declined in the Alps since the eighties in relation with
a warmer climate (Beniston, 1997; Hantel et al., 2000; Hantel et al.,
2012). This trend is clearly observed at intermediate elevations — ty-
pically below 1800 m (Hantel and Hirtl-Wielke, 2007) because of the
high sensitivity of the snowpack to air temperature in this elevational
range. Higher up, there remain large uncertainties essentially because
inter-annual and regional variations in winter precipitation are poorly
known (Beniston et al., 2003). The consequences of these snowline
shifts on mountain vegetation have been mainly discussed from the
viewpoint of its positive effect of the growing season length and its
likely effect on the upward shift of plants (Carlson et al., 2015; Gottfried
et al.,, 2011; Keller et al., 2005). However, a comprehensive assessment
of the effects of snow cover changes on plant performance and dis-
tribution should also account for winter conditions and the interplay
between snow cover, air temperature, and soil temperatures (Wheeler
et al., 2014).

Miniature and standalone sensors enable a much more accurate
picture of the thermal conditions really experienced by alpine plants
compared to air temperature data provided by weather stations (Graae
et al., 2012). Multi-annual soil temperature monitoring has been used
to revisit some of the long-standing issues in the biogeography of cold
ecosystems, such as the thermal features of the treeline (Kérner and
Paulsen, 2004; Korner et al., 2003). However studies examining multi-
annual variations of summertime and wintertime thermal conditions
and across a large range of mountain habitats are lacking. In this
manuscript, I report analysis of a previously unpublished database of
soil temperature regimes collected in a broad spectrum of above-forest
habitats in the French Alps. I build upon this analysis to propose a
thermal-based template for alpine plant distribution. More specifically,
I show that (i) the duration and intensity of ground freezing tempera-
ture is complementary to the Growing Degree Days index to define the
thermal niche of dominant alpine plants, (ii) the observed trends in
regional climate and snow cover have significantly shifted these
thermal domains over the past decades, and (iii) paying further atten-
tion to local soil temperature regimes, and especially during winter-
time, is pivotal to move beyond the simplistic view of an overall upward
shift of mountain plants under a warmer climate.
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2. Materials and methods
2.1. Study area

Most of the data were collected in two sites locally known as Roche
Noire and Aravo and located in the Grand Galibier Massif of the South-
Western French Alps (Fig. 1). The Roche Noire site is a high elevation
watershed with a predominant northwest to southeast orientation
(Fig. 1). The main bedrock is represented by flysch sediments, called
the ‘Flysch des Aiguilles d’Arves’ (Deharveng et al., 1987). The Aravo
site consists of an inclined depression located between 2600 and
2650 m on calcareous shales (Fig. S1, Choler, 2005). A few additional
plots were installed in the immediate vicinity of the Galibier pass
(Fig. 1). In RON and ARA sites, soils are slightly acidic (pH between 5
and 6.5). Details on soil structure and chemistry are provided in table
S1 of Zinger et al. (2011). The treeless vegetation is dominated by a
mosaic of heathlands and productive subalpine grasslands in the lower
part and by short stature alpine meadows, screes and rocks in the higher
part. Based on previous vegetation surveys (Choler and Michalet, 2002)
it is hypothesized that the subalpine to alpine ecotone is located be-
tween 2300m and 2500 m depending on slope exposure. Sites are
grazed extensively by cattle or sheep from June to September.

2.1.1. Field data

The study area lies between the Lautaret and Galibier passes and is
well-known for its rich variety of bedrocks and landforms. Plots were
only established on non-acidic sedimentary rocks with base-rich soils to
ensure that the targeted plant communities are sharing a common
species pool. Based on a regional field survey of vegetation (Choler and
Michalet, 2002), I selected 56 plots to cover the most common vege-
tation types of the area. The sampling design was based on the phy-
siognomy (vegetation cover, grassland vs. shrubland) and the presence/
absence of dominant species. The resulting ten groups (Table 1) align
well with the standard plant classification schemes of the Alps
(Theurillat et al., 1994) and are representative of the subalpine, alpine
and nival belts of this part of the French Alps.

Sites were equipped with miniaturized and standalone temperature
data loggers (Hobo pendant UA, Onset Computer Corporation, Bourne,
MA). Loggers were buried at 5cm below ground level to monitor the
near surface ground temperatures on an hourly basis. Most of the time
series on which this analysis is based begin in 2007 and end in 2015.
Vicissitudes of the monitoring program including battery issues and loss
of sensors explain the numerous gaps in time series. Details on data
availability per plot are shown in supplementary Fig. S1. Soil tem-
perature monitoring and vegetation surveys are ongoing as part of a
long-term program.

Near surface soil thermal conditions are representative of those
experienced by the root system of perennial plants, which have a high
density of roots in the topsoil layer. Root zone temperatures are highly
responsive to snow cover dynamics (Harris et al., 2009; Schmid et al.,
2012). Daily mean soil temperatures around 0 °C and showing no cir-
cadian thermal amplitude are indicative of the presence of a deep
winter snowpack with efficient insulated effect. By contrast, negative
daily mean soil temperatures generally occur in snow free conditions or
when the snowpack is too shallow to buffer negative air temperatures.
Negative soil temperature may eventually occur below a deep snow-
pack in the case of delayed snowfalls overtopping frozen soils.

2.1.2. Climate data

Time series of temperature, precipitation and snow height were
provided by the SAFRAN-SURFEX/Crocus-MEPRA model chain (S2 M),
hereafter SAFRAN—Crocus, developed by Météo France for the French
Alps (Durand et al., 2009a,b; Vionnet et al., 2012). The model combines
observed data from a network of weather stations and estimates from
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Table 1
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Main characteristics of the twelve surveyed plant communities. N is the number of plots per plant community. Mean (+/— 1 standard deviation) are given for elevation and bioclimatic

variables (see Material and Methods for details).

Symbol N Dominant vascular plant

Elevation (m a.s.) Plant cover range

First Snow Free Day Growing Degree Days Freezing Degree Days

(%) (Julian Day) [{9) 9]

C) 3 Bromus erectus, Festuca laevigata 2062 (89) 70-90 80 (3) 1688 (117) —108 (79)

6  Patzkea paniculata 2201 (234) 90-100 116 (20) 1317 (181) —4(6)
i 3 Helictotrichon sedenense 2634 (136) 30-50 119 (16) 1082 (230) —196 (235)
. 5 Carex myosuroides, Dryas octopetala 2538 (30) 50-70 132 (11) 1082 (143) —536 (105)
r 5 Carex sempervirens, Trifolium alpinum 2499 (98) 70-90 147 (4) 985 (23) —42 (58)
’ 5 Carex myosuroides, Sesleria coerulea 2670 (54) 70-90 141 (20) 1029 (168) —322 (210)
v 3 Vaccinium myrtillus, Vaccinium 2292 (58) 80-100 145 (8) 867 (96) —178 (166)

uliginosum
A 5 Salix retusa, Salix reticulata 2562 (51) 40-60 148 (11) 802 (121) —343 (211)
4 9  Festuca violacea, Trifolium pratense 2615 (133) 30-60 160 (21) 1010 (144) -39 (91)

3 Salix herbacea, Plantago alpina 2629 (2) 60-80 161 (5) 877 (106) —-13 (15)
ﬁ 6  Achemilla pentaphyllea, Carex foetida 2581 (37) 90-100 167 (10) 762 (102) 0 (0)
[ ‘ Ranunculus glacialis, Poa 2649 (165) 5-15 199 (15) 447 (143) 0 (0)

distichophylla

numerical weather forecasting models to provide hourly data of at-
mospheric parameters and snow amount and duration for 23 massifs of
the French Alps. The model accounts for topographic features and cli-
mate variables are simulated for 300 m-wide elevational bands, aspect
(seven orientations, and slope (flat, 20° and 40°). Because of its physical
basis and the unavailability of forcing variables at the relevant scale,
the model cannot represent mesotopographical variations of snow
cover duration and amount. Therefore, model outputs were essentially
used to provide a long-term temporal context of the regional climate
and not to predict local thermal conditions. Climate re-analyses corre-
sponding to the period 1959-2015 were extracted for different eleva-
tions and for the reference flat surface. The studied sites are located at
the limit between the two climate massifs Thabor and Oisans. Because
there were no significant differences when comparing long-term tem-
perature and snow cover trends between these two massifs, figures
given here are for the Oisans massif.

2.1.3. Data analysis

First the daily average of hourly values of soil temperature was
calculated as follows

Tavg = 0.5x (Tmin + Tmax)

where Tmin and Tmax are the minimum and maximum daily tem-
perature, respectively.

Soil thermal conditions during the favorable period for growth were
summarized by calculating a Growing Degree Days (GDD) index cor-
responding to the sum of average daily degrees above a given threshold
(Zgpp) following

GDD = %; Tavg; with Tavg; = 0 if Tavg; < Zgpp

I used a threshold value of 1 °C instead of 0 °C because slightly po-
sitive daily averages can be observed even under a deep snowpack due
to measurement errors of the sensor. Other Zgpp values ranging from
1°C to 5°C were used without bringing any significant change to the
comparative analysis of plots. GDD was estimated either by considering
the whole set of days during which Tavg was above 1 °C or by setting a
temporal limit at the end of August to restrict the analysis to the pro-
ductive season. Again, this did not impact the main findings of this
study. Noticeably, the GDD-based ranking of plots was not sensitive to
this choice. This is mainly because the date of the first snow fall in
autumn exhibits low variability among plots. On average, I found a

GDD decrease of 20% to 25% when the reduced time frame was used.
Because this study mainly focused on spring and summer changes in
thermal conditions, results are presented for the period ending on
August 31st.

Soil thermal conditions during the unfavorable period were sum-
marized using a Freezing Degree Days (FDD) index. FDD was calculated
as the sum of average daily degrees below the threshold Zgpp, following

FDD = ¥,; Tavg; with Tavg; = 0 if Tavg; > Zppp

Zrpp Was set to —1 °C for the reasons explained above. The computa-
tion of FDD follows the same logic used to estimate GDD, although a
different threshold is used. FDD is used in climate science to capture
both frost intensity and the length of the frost episodes for a given
period (https://nsidc.org/cryosphere/glossary/term/freezing-degree-
days). In this study, FDD was estimated on a yearly basis from the be-
ginning of August of year n-1 to the end of July of year n to capture
winter harshness.

3. Results and discussion
3.1. A bi-dimensional template for mountain plant thermal niches

The two year-long time series of root zone temperatures shown in
Fig. 2 illustrate three contrasting soil thermal conditions. A comparison
with daily minimum and maximum air temperature at 2500 m is also
provided (Fig. 2A). A subalpine grassland dominated by the tall fescue
Patzkea paniculata and located on gentle south-exposed slopes benefits
from long and warm growing season (GDD around 2000 °C) and does
not experience severe winter ground freezing temperatures (Fig. 2B).
The slightly negative FDD in 2011-2012 is due to a very cold episode in
spring 2012 — with minimum air temperatures below — 10 °C (Fig. 2A) —
at a time where the melting snowpack was shallow. At a higher ele-
vation, a turf alpine meadow located on wind-blown ridges and
dominated by Carex myosuroides copes with a reduced GDD (around
1200°C) and most noticeably with intense and long-lasting ground
freezing temperatures during winter (Fig. 2C). At the same elevation
although in sheltered locations where snow accumulates, a short stature
plant communities dominated by Alchemilla pentaphyllea is thermally
insulated from the atmosphere all the winter long and shows FDD va-
lues equal to O (Fig. 2D). Though the growing season is much shorter
than in the nearby Carex myosuroides community, it is significantly
warmer (12.7°C vs. 10.9 °C for the July average temperature). As a
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Fig. 2. Annual course of daily minimum and daily

maximum air temperature (A) and daily average soil
temperature in three contrasting plant communities
(B, C, D). Freezing Degree Days (FDD), Growing
Degree Days (GDD) and average July temperatures
(TO7) are given in brackets for each year. Air tem-

peratures are from SAFRAN-SURFEX/Crocus-MEPRA
model chain (S2 M) for the Oisans massif.
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result, these two alpine sites exhibit similar GDD values. These three
examples illustrate how GDD and FDD allow for characterization of
thermal habitats of mountain vegetation along elevational and meso-
topographical gradients.

Fig. 3 shows the relationships between GDD and FDD for all sur-
veyed plots. Plots belonging to the same community are positioned
closed to each other highlighting the ecological relevance of GDD and
FDD for defining habitat niches. Plots that do not experience prolonged
winter ground freezing, i.e. having FDD values between 0 and —100 °C,
are distributed along a gradient of GDD that ranges from subalpine
grasslands to alpine snow beds. In the mid-range of this gradient, i.e.
GDD values between 800 °C and 1200 °C, several plant communities
experience low FDD values with the most severe conditions occurring in
communities dominated by Carex myosuroides and Dryas octopetala.
Overall, the variance within communities is higher for FDD than for
GDD (Table 1 and Fig. 3B) and some community types can hardly be
distinguished from one another on the sole basis of their thermal pro-
files. For example, there is a strong overlap in GDD and FDD between
the sparsely vegetated communities dominated by Helictotrichon sede-
nense and the turf meadow dominated by C. myosuroides and Sesleria
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2014

coerulea. Other ecological factors, such as the substrate stability for
example, are to consider for further discriminating the habitat suit-
ability of these dominant species. Further studies are also needed to
examine the relevance of this thermal-based habitat template for spe-
cies that do not account for a high proportion of the aboveground
biomass, i.e. subordinates and transients sensu Grime (1998). Our pre-
vious studies have underlined the importance of biotic interactions to
capture the distribution range of these species along elevational and
mesotopographical gradients (Choler et al., 2001; Kikvidze et al.,
2005). Anthelme et al. (2014) also emphasized the role of positive
plant-plant interactions in the upward and downward range shift of
alpine plants under a changing climate.

Finally, Fig. 3 also shows unrealized thermal conditions corre-
sponding to the combination of low (or high) GDD and very negative
FDD values. Late snow melting plots with low GDD values do not ex-
perience prolonged ground freezing because the only period during
which this may happen is late fall-early winter in the event of delayed
snowfalls. On the other side of the GDD gradient, low elevation plots
may experience ground freezing just before or after the snowy period as
illustrated in Fig. 2B. However this has never led to strongly negative



P. Choler

(A)
o4 O 0o m oOoald OA%IOAMD A A
A © Ll

S s °
e
% g'_ AV )
% ®
QO
=3 A v s
8 8] . n
o v
£ L]
§ ]
2 A,
cg | L 5

«? i

T T T
500 1000 1500
Growing Degree Days (°C)

o —_ —O—_\, : ——
» o
2§ T
a
3
[
g L
& 84
o ¥
£
ﬁ +
QO
r o

o

<

T T T
500 1000 1500

Growing Degree Days (°C)

Fig. 3. Location of study plots in a bi-dimensional thermal-based habitat template. Time
averages of GDD and FDD are shown for each plot (A) and for each plant community
with +/— 1 standard deviation (B). Symbols for plant communities follow Table 1.

FDD values likely because these plots experience rapid warming in the
spring.

Overall, these results show that FDD and GDD are two key variables
for a first-order habitat filtering of dominant mountain species. The
relationship between these two variables delineates a thermal domain
occupied by alpine plant communities and provides a heuristic frame-
work to address the effect of climate change on plant community dis-
tribution as detailed below.

3.2. Regional climate change

Regional-scale trends of key climate variables controlling GDD and
FDD are shown from 1959 onwards and for a reference elevation of
2400 m (Fig. 4). Yearly-based time series were derived from SAFRAN-
Crocus re-analyses of air temperature and snow cover duration. The
three last decades show a significant positive trend towards warmer
summers (Fig. 4A). This is illustrated by examining the sum of average
daily degrees above 0°C for the period July-August. A breakpoint
analysis identifies a shifting period in the late seventies — early eighties
(Fig. 4A). Over the last thirty years this sum was 100 °C higher that it
was during the period 1959-1978. Trends in the First Snow Free Day
(FSFD) show similar patterns (Fig. 4B). From 1995 onwards, the
average FSFD was the 150th Julian Day (30th of May) whereas it was
two weeks later on (14th of June) in the preceding period. The snowy
winters of the late seventies — early eighties (1978, 1979 and 1983)
have never been observed since then, even if a high year-to-year
variability has been noticed recently — see for example the contrast
between year 2011 and year 2013. The shift towards low snow winters
in the late eighties and the lack of significant trend since then have also
been reported for the Swiss Alps (Marty, 2008). Finally, the sum of
average daily degrees below —5°C from April to June was used as a
proxy for the duration and intensity of cold episodes in the spring.
There have been several years with both cold springs and delayed FSFD
in the eighties but overall this sum did not show any significant trend
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over the period 1959-2016, despite the rise in temperatures (Fig. 4C).

To sum-up, the regional climate trend is marked by warmer and
longer snowfree periods and by the persistence of cold events in spring.
This means an increasing likelihood of exposure to frost events for early
snow melting sites that do no benefit from the insulating effect of the
snowpack. Using 37 years-long time series of climate data for the Swiss
Alps, Wheeler et al. (2014) reached similar conclusions and pointed out
this counterintuitive effect of global warming in mountainous en-
vironments. When considering species range shift under climate
change, particular attention should thus be dedicated to the balance
between the positive effect of increasing GDD (because of the longer
and warmer snow free period) and the detrimental effect of a de-
creasing FDD (because of the increasing risk of ground freezing for soils
insufficiently protected by snow). Accounting for these two dimensions
of the thermal niche remains a challenge for Species Distribution
Models. Predictions of alpine species distribution under climate change
scenarios have commonly relied on spatially downscaled air tempera-
tures (Engler et al., 2009). This approach is misleading as the actual
temperature experienced by small stature plants strikingly deviates
from the air temperature of weather station (Korner and Hiltbrunner, in
this issue). In particular, the tight relationship between snow cover
dynamics, soil temperature profiles and the distribution of dominant
mountain plants has to be accounted for to draw up more realistic
scenarios of vegetation changes under a warming climate. In the fol-
lowing section I propose a framework for making progress in this di-
rection.

3.3. Implications for mountain plant distribution under a warming climate

First, I examined the likely effect of regional climate change on the
FDD-GDD relationship. To be consistent with observed recent trends
over the last three decades, I built up on a scenario with a 15 days shift
in the snow melt-out date and a 100 °C increase in the sum of daily
average degrees in July-August (Fig. 3). The earlier snow melt-out
translates into additional degree days that were estimated using SA-
FRAN-Crocus times series of air temperature. For each half-month
period, I calculated the sum of average daily degrees above 0°C
(hereafter positive degree days) and below —2°C (hereafter negative
degree days) (Fig. 5A). For example, a high-elevation snow bed located
between 2400 m and 2700 m, and experiencing a snow melt-out the
first of July instead of the 15th of July, would gain 131 positive degree
days and no negative degree days. If the whole growing season is
considered, this amount of extra degree days due to an advanced snow
melting should be added to the 100 °C increase due to the warmer July
and August. For a plot located at the same elevation but experiencing a
snow melt-out the first of April instead of the 15th of April, the gain of
positive degree days would only amount 10 °C and the negative degree
days would amount —55 °C (Fig. 5A). As expected, the gain in positive
degree days is higher in early summer than in the spring and it de-
creases with elevation due to the adiabatic lapse rate (Fig. 5A). The
impact of an earlier snow melt-out on negative degree days is only
noticeable early in the season and vanishes after mid-May (Fig. 5A).

These estimates of degree days based on air temperature need to be
converted into GDD and FDD to be ecologically meaningful. As in
previous studies (Zheng et al., 1993), I found a significant relationship
between the daily average air temperature given by SAFRAN-Crocus
and the measured daily average soil temperatures during the snow free
period (supplementary Fig. 2A). Based on the estimated slope of 0.65, I
hypothesized that an increase of 100 °C in positive degree days will
contribute to a 65 °C degree increase in GDD. The effect of negative
degree days on FDD is harder to quantify because it is highly dependent
on the absence or presence of snow as well as the thermal resistance of
the snowpack (Harris et al., 2009; Saccone et al., 2013). Empirical data
shown in supplementary Fig. 2B indicate that daily minimum air
temperature in the range —5 °C to — 10 °C are generally associated with
daily minimum soil temperatures below — 2 °C. Although these data can
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Fig. 4. Long-term trends of the sum of average daily

%— degrees above 0°C for the period July-August (A),
& the First Snow Free Day (FSFD in Julian Day) (B),
8T and the sum of average daily degrees below —5°C
%S =4 for the period April-June (C). Data are derived from
g8 "™ the SAFRAN-SURFEX/Crocus-MEPRA model chain
%‘f?” (S2M) for the Oisans massif in the 2400 m—2700 m
S Lo elevational band and for a flat surface. Regression
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be used to provisionally assess the cascading effects of cold air episodes
on FDD, biophysical models of soil temperature accounting for snow
cover, soil water content and vegetation cover are needed to improve
our understanding of this relationship (Wang et al., 2008).

I built on this ensemble of observations and calculations to assess
the likely shifts of thermal conditions experienced by the root zone of
mountain ecosystems in response to ongoing climate changes (Fig. 5B).
At first glance, it appears that calculated changes in GDD and FDD are
of ecological significance. A GDD increase of 100 °C, which is a con-
servative estimate, represents 10% or even more of the average GDD
value characterizing most of the plant communities (Table 1, Fig. 5B). It
is also the average difference between Carex sempervirens communities
and Salix herbacea communities (Table 1). For late snow melting plots, a
GDD increase of more than 150 °C is plausible (Fig. 5) and means a
spectacular change in thermal profiles. Taken together, these results
suggest a significant amelioration of the thermal conditions experi-
enced by mountain plant communities during the growing season. This
might have triggered either a densification of plant coverage or species
range shifts along elevational gradient and mesotopographical gradient
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over the last decades. Unfortunately, there is no available long-term
botanical survey to ascertain these changes in the studied area. How-
ever, a recent analysis of high-resolution Landsat images in the nearby
Ecrins National Park points out to an overall greening of high elevation
landscapes (Carlson et al., 2017). This result aligns with other reports
on cold ecosystems showing an increasing vascular plant cover at the
expense of bare ground over the last decades (Cannone and Pignatti,
2014; Elmendorf et al., 2012; Kullman, 2010; Rundqvist et al., 2011).
At high elevation I hypothesize that the positive effect of increasing
energy availability might be particularly pronounced in late snow
melting habitats offering vacant niches. Aerial photographs dating back
to the eighties show that nowadays sparsely vegetated patches in con-
cave microsites were covered by snow even at the end of summer
(supplementary Fig. 3). It is likely that the vascular plant cover has
significantly increased in these habitats over the last decades with
newly established plants coming from a local pool of pioneered species
able to cope with low nutrient availability and substrate instability.
The positive effect of a longer growing season can be offset by the
detrimental effect of cold-weather episodes if soils are insufficiently
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Fig. 5. (A) Sum of average daily degrees above 0 °C and below —5 °C for each half-month
period between March and July. Values are averages over the past 30 years and are
calculated using SAFRAN—-Crocus air temperatures; (B) Scenario of GDD and FDD shifts in
the bi-dimensional habitat template. The magnitude and direction of change indicated by
the arrows are consistent with the observed trends in regional climate over the three last
decades. Symbols for plant communities follow Table 1. See text for details.

protected by snow. Wipf & al. (2009) showed that this negative effect is
species-specific with dominant species of early snow melting sites being
the least sensitive to experimental reduction of snow cover. Here, I
found that between-plot variation in FDD was high for all plant com-
munities experiencing regular ground freezing temperatures during
winter (Fig. 3B). This holds particularly true for communities domi-
nated by Carex myosuroides, which are found in the most extreme
thermal conditions. For these communities, a FDD decrease of 50 °C — a
likely estimate given the scenario above — would be in the same order of
magnitude as between-plot variation. By contrast, the same change in
FDD may have a more significant impact for low elevation, south-ex-
posed grasslands such as the Patkea paniculata communities (Fig. 5B).
For these communities I hypothesize that the main beneficiaries of an
increasing GDD will be those species able to cope with the associated
decrease in FDD. By contrast, species unable to cope with this increased
exposure to spring frosts may experience downslope range shift as
pointed out by Lenoir et al., (2010). Species-specific long-term surveys
or experimental manipulation of the snow cover duration should be
conducted to test these hypotheses.

4. Conclusion & perspectives

Here I showed that the duration and intensity of ground freezing,
which are summarized by the Freezing Degree Days index, exhibit
marked variations along complex gradients of elevation and mesoto-
pography and that this index, along with the Growing Degree Days
index, represents a leading axis of habitat differentiation in the alpine
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zone. Comparative studies are required to examine the relevance of this
GDD-FDD habitat template for other alpine areas. In particular, these
findings raise questions for alpine ecosystems that do no experience
seasonal snow coverage such as the tropical alpine environments
(Anthelme and Dangles, 2012; Rundel et al., 1994) or highly con-
tinental climates that exhibit reduced snow depth (Brun et al., 2013).
The role of soil temperature as a driving factor of beta diversity patterns
and ecosystem functioning along complex topographical gradients re-
mains to be elucidated in these bioclimatic contexts.

An in-depth understanding of local bioclimatic change is needed to
refine our current models of species distribution and anticipate species
range shifts in response to global change (Lenoir and Svenning, 2015).
In seasonally snow-covered alpine ecosystems, I point out that a better
understanding of snow cover dynamics and root-zone temperature
throughout the year is needed to draw up realistic scenarios of vege-
tation changes. There is a need to better quantifying the relationship
between snow cover dynamics and root-zone temperatures. Predicting
snowpack characteristics at an ecologically-relevant scale in complex
terrain remains a challenge for physical-based models (Brun et al.,
2013; Liston and Elder, 2006; Rankinen et al., 2004). Remote sensing
approaches using high temporal and spatial resolution are valuable for
quantifying snow cover duration at a regional scale (Dedieu et al.,
2016; Kivinen et al., 2012). Complementary developments in laser al-
timetry and infra-red thermometry are also promising to mapping snow
depth and surface temperature in mountain catchments (Deems et al.,
2013; Revuelto et al., 2014; Scherrer and Korner, 2010). Using these
data to calibrate high-resolution models of soil temperatures will pro-
vide new opportunities to quantify the thermal niche of alpine plants.
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Keywords: What seems like a trivial task is one of the most difficult ones in functional plant ecology and biogeography:
Alpine selecting the appropriate measures of temperature for an ecologically meaningful description of habitat con-
Climatology ditions and for a mechanistic understanding of responses of plants. The difficulty becomes even more severe at
Elevation

Energy balance
Fundamental niche
Plant canopy
Phenology

elevations above the climatic tree limit, where plant stature, topography and seasonal snow cover interact in
producing temperature conditions that largely deviate from weather station records. Temporal resolution and
the distinction between extremes and means for biogeographic applications are emphasized. We summarize the
key issues in handling temperature as a driver of plant life in general and in high elevation ecosystems in

particular. Future directions in plant-temperature research at high elevation need to resolve the thermal species
range limit issues (identify the fundamental temperature niche) and the complex controls of plant development
(phenology) in a topography context.

1. Introduction

Together with water and nutrient availability, temperature is a most
prominent determinant of the fundamental niche of organisms across
all types of terrestrial ecosystems. Temperature is possibly the most
widely acknowledged abiotic environmental driver of plant life in high
elevation ecosystems. While moisture and nutrients may vary from
place to place, with no systematic latitudinal or elevational pattern, air
temperature is commonly assumed to follow globally consistent pat-
terns with altitude, associated with the decline in atmospheric pressure
(Korner, 2003). For biologists it is common practice to rely on weather
station data to describe plant habitat conditions or to define or model a
plant species' niche as defined by abiotic drivers such as temperature
(e.g., Pellissier et al., 2013; Box, 2016). In this essay, we explore the
various ways by which temperature acts upon plants and the various
ways the temperature regime can be documented in less or more
meaningful ways.

2. Which temperature?

The most basic difference in the action of temperature on plant life
is that between its gradual (warmer or colder) and its threshold (ex-
tremes) role. Thus, explaining temperature effects on plants best starts
with hypotheses related to that dichotomy of action. Different metrics
of temperature are required to match these two categories of action.

Whatever the focus, the temperature that matters, is that actually im-
posed on the processes/organs of interest and at a temporal resolution
that matches with the biological reactions. For instance, extremes can
impact plants within minutes (freezing damage), while gradual influ-
ences of temperature (metabolism) may materialize over days or
months. Hence, both the time scale and the location of the action of
temperature are crucial. When only three major points of action (air-
plant-soil) and various measures of temperature are combined, one
arrives at 90 ways to describe the temperature regime of a plant
(Fig. 1). Some of these are key to test various biological hypotheses,
others may be rather meaningless, although widely used. Had we in-
cluded plant organ type (leaf, bud, flower, stem, shallow versus deep
roots), the number of temperature measures would boost to one thou-
sand. Including various statistical calculations such as frequency dis-
tribution or recurrence rates, the number would rise further.

Quite obviously, the most inappropriate of all measures of tem-
peratures are those neither related to the critical location of action, nor
accounting for the critical time scale of action, best exemplified by
mean annual air temperature (MAT) obtained from a weather station or
a data base, and neglecting the central role of seasonality of life and
phenology. Why could MAT become the most widely used measure of
temperature, when life conditions of plants in the field are described,
for instance in the material and methods section of papers? We assume
this is related to data availability and convenience. Here, we suggest to
ban the use of MAT outside the tropics from the scientific literature on
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Fig. 1. The combination of temporal resolution and position (where temperature is obtained from) and various measures of temperature leads to 90 ways to describe plant temperature.
The catalogue can be further expanded by accounting for temperatures experienced by different plant organs.

plant and animal life, and be it only for the sake of acknowledging the
fundamental role of seasonality that led to the so-called climate dia-
grams that were introduced to comparative ecology ca. 60 years ago
(Walter, 1955; Walter and Lieth, 1960-1973).

To illustrate the pitfalls of applying MAT in ecology, we selected
data from three weather stations along a W-E gradient from Cork in
Ireland (9.4 °C), to Basel in Switzerland (9.9 °C) and Almaty (former
Alma Ata) in Kazakhstan (10.0 °C), with almost the same MAT (Fig. 2).
While one can grow subtropical palm species and tree Rhododendrons in
Cork, only few tree taxa survive —38°C in Almaty, which at the same
time have to cope with 43 °C in summer, while the 30-year-hourly re-
cord reading for Cork is 29 °C. The main problem with such annual
means is that they attribute (arithmetically) similar ecological meaning
to the dormant season as to the growing season, with the first, perhaps
an issue of freezing tolerance, and the second an issue of metabolism.
Such ‘average’ annual life conditions are disregarding the actual sea-
sonal life cycle (phenology).

Using a more appropriate temporal resolution, ranging from at least
seasonal or monthly resolution to temperature extremes, the way
temperatures are handled often remains doubtful. For instance, the
expression ‘minimum temperature' is often applied without specifying
whether this refers to the ‘absolute minimum' of temperature within a
defined period, that is, the lowest ever measured temperature at hourly
or shorter intervals, or whether this stands for a ‘mean minimum'. The
absolute minimum of temperature could be decisive for existence/sur-
vival, even if occurring only once in a century. In contrast, the mean
minimum temperature that is the lowest daily or monthly mean in a
year has a very different, if any, ecological meaning. When a reference
is made to absolute minima, this is obviously with survival issues in
mind, rendering mean minima irrelevant. The most apt way to refer to

minima is the absolute minimum temperature a specific organ or tissue
is experiencing, and because such minima are not occurring every year,
such extremes can only be obtained from long data series that permit
calculating their recurrence rate (Kollas et al., 2014a). Such analysis
would, for instance, reveal that a critical temperature of —18 °C would
occur, statistically, every 20 years. Not a survival issue for annual or
perennial plants that persist in the seed bank, but a fatal event for a
long-lived plant with no lasting seed bank and whose meristems (buds,
cambium) do not tolerate such a temperature even in a fully hardened
state. It also matters in which month of the year (phenological state of
the plant) such a temperature extreme does recur (see phenology
below).

3. The influence of plant stature

A most critical issue is the difference between the actual climate
experienced by plants (often termed microclimate) and the climate
reported from weather stations, that is, air temperature in a shelter. In
tall stature, narrow leaved plants such as in many tree taxa the differ-
ence between air and canopy foliage temperature may be small
(commonly < 2.5K), but with noteworthy exceptions in trees with
broad leaves and dense canopies (4-5K; Leuzinger and Korner, 2007).
That means for many tree species, canopy temperature may be readily
predicted from weather station data, except for calm and sunny con-
ditions (Kollas et al., 2014b; Paulsen and Korner, 2014). When smaller
stature plants are considered (e.g., grasses, herbs, dwarf shrubs),
aerodynamic decoupling from free atmospheric circulation creates vast
deviations of life conditions from that in ambient air 2m above the
ground (Geiger, 1965; Korner, 2003; Larcher, 2012). This even holds
for the interior of flowers, where ovules may be far warmer than what

Cork Irland , 51.9 °N, 10 m asl
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Fig. 2. Climate diagrams for three locations with different life conditions at otherwise similar mean annual temperature (MAT).
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would be expected from surrounding air temperature (Dietrich and
Korner, 2014). In alpine ecosystems, the growing season means of
meristematic (apical) temperatures at or slightly below ground surface,
that is, at the location where new tissues are produced, can deviate
from the concurrent seasonal mean of air temperature recorded by a
weather station at the same elevation by 4-8 K (up to 12 K), depending
on topography and plant height (Scherrer and Korner, 2009). Thus, the
actual life conditions at 2500 m elevation can be similar to those at
1000 m elevation. This fundamental difference in actual temperature at
plant level between small stature (< 20 cm) and tall (> 2m) plants
explains the existence of the high elevation treeline globally. Trees
simply cannot decouple their canopy from free atmosphere conditions,
whereas small plants effectively do, especially, when solar radiation is
heating the plant canopy during daytime (Korner, 2012; Paulsen and
Korner, 2014). Seedlings and small stature saplings profit from the
warmth near the ground, the reason, why these early life stages of tree
taxa often occur high above the tree limit, but do not tell us whether
trees could grow at locations where seedlings can.

Among small stature, non-tree taxa, the actual height of buds, leaves
or inflorescences above ground and their spatial arrangement exert a
strong influence on these microclimatic effects (Figs. 3 and 4). While
alpine cushion plants may experience humid tropical conditions on
bright summer days, nearby long grass leaves may be coupled to air
temperature just like trees are, but their meristems and the expanding
leaf bases profit from ground surface heating under solar radiation. A
classical example is the influence of plant height among alpine dwarf
shrubs (Fig. 3; Cernusca, 1976). While dense 40-60 cm tall Rhododen-
dron may heat up by 5-10K above air temperature (measured at 2 m
height), the 3 cm thick carpets of Loiseleuria may exceed air tempera-
ture by 10-15K, with intermediate stature Vaccinium holding an in-
termediate position (not shown). Fig. 3 also illustrates the role of snow
cover. When plants are covered by snow, weather station signals have
no meaning. Hence, snow cover duration becomes crucial. Loiseleuria
grows at locations that often lack snow cover in winter with air tem-
perature of —10°C during clear nights, rapidly followed by noon
temperatures of up to +30°C in late winter (March), exerting high
demands on stringent endodormancy (see phenology below). Soils
rarely freeze under snow in temperate mountains, causing microbial
processes to continue throughout winter.

Plant stature also matters in cold nights under clear sky during the
growing season (Fig. 4). Under such conditions, sky exposed surfaces
may cool substantially below ambient air temperature through heat
losses by longwave outgoing radiation (Jones, 2014). The magnitude of
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Fig. 3. The influence of plant height and snow cover on life conditions in alpine dwarf
shrubs The black area shows the amplitude between daily minimum and maximum
temperature, the white strip (lowest diagram) the amplitude in —10 cm soil depth. Snow
cover duration is indicated by grey bars (redrawn from Cernusca, 1976).
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Night 9:45 pm, air-T 8 °C, 90 rh%

Fig. 4. The effect of plant height on temperature in herbaceous plants. Thermal images of
alpine grassland at 2440m elevation in the Swiss central Alps with clusters of tall
Gentiana punctata (50 cm plant height). Note the difference between air temperature and
plant temperature.

such cooling depends on concurrent heat convection. The faster the loss
of thermal energy is replaced by convective heat transfer from the
surrounding air, the smaller this radiation cooling will be. This ex-
plains, why such night time cooling is less pronounced in tall structures
compared to prostrate structures in which convective heat transfer is
reduced by a large boundary layer resistance. Hence, canopies of small
stature plants not only heat up substantially during daytime due to a
high boundary layer resistance to heat transfer, but the same aero-
dynamic boundary layer effects also cause a more negative heat balance
during clear nights. The aerodynamic resistance to heat exchange is not
only tied to stature (height) but also to leaf shape and the arrangement
of foliage (leaf area density), and so is the plant canopy temperature.
It has long been known that freezing can be more severe near the
ground ('ground frost') than in upright structures (Squeo et al., 1991).
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Ice formation such as hoar frost may ‘interfer' with the heat balance by
releasing energy through ice formation (crystallisation energy, see
Monteith and Unsworth, 2013). For decades, farmers have employed
sprinklers to protect orchard trees from freezing damage during clear,
calm nights in early spring when flowers or newly developing fruits are
at risk of low-temperature injuries by even small minus temperatures.
The heat release during freezing maintains the foliage temperature at
around freezing point, which is often sufficient to avoid injury (e.g,
Businger, 1965). Similar processes come into play during clear nights in
alpine settings, when atmospheric humidity reaches the dew point on
cold canopy surfaces. Such surface phenomena are critical for high
elevation plant reproductive success, and are not captured by data from
weather stations.

4. The role of phenology

From the above, it is obvious that any measure of thermal life
conditions needs to account for plant phenology, i.e., the develop-
mental stage and metabolic activity associated with it. Temperatures
during the dormant season (endodormancy), during periods of snow
cover, during the stage of ecodormancy (ready to go but thermal in-
hibition of development), the flushing and flowering stage, the stage of
leaf maturation and seed set, and the transition to dormancy in autumn
have very different meaning and impact. Thus, temperature not only
influences these developmental processes, its influence on plant pro-
cesses also varies with phenology throughout the year. When plants are
endodormant, they are little or not responsive to temperature. When
plants entered ecodormancy (e.g., via a photoperiod signal), they be-
come receptive to temperature (Keller and Korner, 2003; Li et al.,
2016a,b). However, as the photoperiod signal is identical in spring and
autumn, chilling requirements during the dormant phase are key for the
subsequent development. Winter chill phenomena are well known in
fruit trees with effects on yield and fruit quality (Atkinson et al., 2004).
For alpine plants, moist-chilling requirements have been reported for
seedling emergence in combination with light demands (Shimono and
Kudo, 2005). Hardly anything is known in alpine plants about carry-
over-effects of chilling experience on later developmental stages. Be-
cause phenology differs among co-occurring taxa, they utilize and are
adapted to different thermal ‘niches' of the season for key develop-
mental steps (Fig. 5). This means, any attempt at modelling a species
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range limit using meteorological information, needs to account for the
species specific phenology. The same low temperature that may kill
freshly unfolded foliage or flowers may be harmless for mature organs
and tissues a few weeks later. Fig. 5 illustrates the broad spectrum of
plant phenologies across an alpine summer, obviously exposing the
critical pheno-phases to different temperature regimes in different
species (e.g., early versus late flowering species).

Thus, phenology is under an internal (genetic) and an external
(forcing) control. In alpine plant species that are at risk to experience a
periodic lack of snow cover (convex topography), the genetic, internal
control must be stronger than in plants with secure snow cover, such as
snow bed species. When plants confined to locations with secure winter
snow cover are artificially exposed to the direct influence of winter
weather conditions, they commonly die (Larcher and Siegwolf, 1985).
In addition, the late season transition to winter hardiness before the
demanding low temperatures have arrived, requires temperature in-
dependent controls of development, in essence using the secure day
length signal (photoperiod; Keller and Korner, 2003). Phenology clearly
does not show a uniform sensitivity to temperature across the year (e.g.,
temperature is exerting no advance in phenology when plants are en-
dodormant, which is crucial when snow is lacking in winter). Another
central role of phenology is to secure gene-flow among individuals by
synchronous flowering. Synchrony of flowering across different snow
melt regimes requires a photoperiodic control with temperature having
a modulative influence only (e.g., Bienau et al., 2015).

This rises the interesting question of which subpopulations of me-
tapopulations are participating in sexual reproduction across varied
alpine topography, with snow release differing by up to two months
across habitats of the same species. Can snow melt regimes segregate
reproductive guilds among the same taxon? This seems to be the case in
the dominant alpine sedge Carex curvula, a wind pollinated species that
flowers a few days after snow melt irrespective of the date of snow melt
within a growing season, in contrast to Nardus stricta that leans towards
a common flowering date, no matter when snow melted, very similar to
what had been observed in insect pollinated Empetrum hermaphroditum
in northern Sweden (Bienau et al., 2015). C. curvula and N. stricta are
important grassland species in the alpine belt of the European Alps.
Most of the mid to late flowing species in Fig. 5 belong to the snow-
melt-time independent flowering type (presumably photoperiod con-
trolled). In insect pollinated species, such differences in phenology may
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Fig. 5. The seasonal course of flowering and fruiting phenology in an alpine grassland at 2430 m elevation at Furka Pass in the Swiss central Alps (unpublished data). The diagram shows
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also reflect temperature effects on pollinators, although in high eleva-
tion ecosystems, pollinator-insect interactions are commonly less tight
(flies becoming increasingly important with increasing elevation).

The net outcome of such different actions of temperature on phe-
nology and the different sensitivity to temperature at different devel-
opmental states will be a differential response of species to any climate
warming and to snow melt scenarios (Inouye, 2008). So the action of
temperature and thus, the measures of temperature used to explain such
phenomena will differ for different species, calling for a rather careful
selection of temperature measures and their application in any pre-
dictive attempt (modelling). A most critical issue is freezing resistance,
which undergoes a very pronounced seasonal course and is very species
and organ specific (Larcher et al., 2010). When the distribution of
species is considered, means of temperature are commonly inept or only
indirectly related, with the length of favourable conditions for growth
and the extremes during critical periods far more relevant
(Zimmermann et al., 2009). For such inferences, detailed ground truth
data are needed for growth constraints such as those by Nagelmiiller
et al. (2017) or phenology-weighted freezing resistance (Korner et al.,
2016).

5. Better data handling

In many cases, the actually needed data will not be available, al-
though the collection of such data was never as simple and cheap as
today. One way out of applying weather station data to situations where
plants definitively experience a climate very different from atmospheric
conditions (as is the case above treeline), is the application of empiri-
cally obtained probability functions. Scherrer and Korner (2009) pro-
vided variance terms for typical alpine settings, that worked similarly
well in temperate alpine, arctic and high arctic environments. Once the
spectrum of mean temperature deviations across alpine or arctic topo-
graphy is known (the data produced by Scherrer and Korner, 2009;
offer some guidance) a more realistic spectrum of temperature regimes
for a given landscape can be applied. While it can reasonably be ex-
pected that the entire pattern of thermal mosaics will move upslope
under climatic warming, such probability functions will account for
topography driven variance, and thus, will help avoiding unfounded
predictions of habitat-, and species-losses. Using such a topography
driven temperature variation, it could be shown that most alpine
thermal habitat types will be retained in a 2K warming scenario
(Scherrer and Korner, 2011), while weather station and lapse rate based
estimates would predict great losses (Loarie et al., 2009). This insight
also underpins, why spatially fine resolution species distribution models
(SDMs) yield far more realistic scenarios for alpine environments than
coarse resolution approaches (Randin et al., 2009), although down-
scaling climatic layers to actual habitat conditions remains to be re-
solved. Further, there are relatively straight forward routines to model
mean snow cover on even terrain (see Paulsen and Korner, 2014),
which is the most decisive factor that decouples plants from atmo-
spheric conditions in alpine environments. A more challenging task is to
account for snow allocation (e.g. snow bed conditions).

It is highly recommended that researchers employ own networks of
temperature loggers for ground-truth information instead of relying on
down-scaling weather station data (e.g., Korner et al., 2003; data for
European mountains). Yet, some basic meteorological skills are re-
quired to obtain unbiased data. For high elevation situations, one ad-
vantage is that most species have their vital perennial structures, apical
meristems in particular, below ground. This permits collecting most
relevant information at ca. 3-5cm below ground without any visible
installations and without running into shelter problems. The proble-
matic part is that at such shallow soil depth, the actual ground cover
will exert a very strong influence on the temperatures recorded, parti-
cularly during sunshine hours. So, loggers buried at the same site under
a tussock or under an open dark soil surface may produce data as dif-
ferent as air temperatures from sites separated by 1000 m in elevation.
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This calls for very careful and standardised placement and appropriate
replication. Since such data will require an on-site air temperature re-
ference to link up with weather stations (see e. g., Kollas et al., 2014b),
biologists are advised at employing professional screens, rather than
building their own. Self-made shading cups, particularly when placed
too close to the ground, can be worse than no shading at all, with its
classical radiation bias. A single-walled cup produces re-radiation to the
sensor underneath and traps both heat convection and heat radiation
from the ground. For assessing actual canopy temperatures, high re-
solution infra-red imaging at defined weather conditions and view an-
gles are very helpful (e.g., Scherrer and Korner, 2009). Such devices
also provide insight into radiation driven surface cooling in clear nights
(Fig. 4).

5.1. Future directions of research

Many people think nothing is more central to plant ecology than
understanding the potential range limits of taxa, thus, defining their
fundamental niche. Knowing the conditions that define species’ dis-
tribution boundaries is the foundation of a mechanism based projection
of potential species distribution, including that under novel environ-
mental conditions. In the context of climatic warming, knowing thermal
range limits is absolutely crucial (Walther et al., 2005). The popular
space-for-time modelling of plant distribution in a warmer climate
presents a lot of power and realism based on plausibility, but it lacks an
account of ground truth conditions as well as accounting for the deci-
sive facets of the temperature regime. The onset and duration of the
growing season, the actual temperatures in growing tissues, the mag-
nitude of extremes and their timing, and how all these are associated
with certain means of air temperature and interact with photoperiod,
topography, water and nutrient availability make it very difficult to
predict if, and to which new range edge, plants may spread.

For instance, the freezing resistance during flowering (of ovaries in
particular) is largely unknown for alpine and arctic plants. As a starting
point, we urgently need more temperature records for edge populations
for a broad spectrum of alpine species (for a conceptual framework for
such surveys see Korner et al., 2016). In trees, including those at tree-
line, such works profit from the close relationship between air and
crown temperatures (Kollas et al., 2014b; Paulsen and Korner, 2014). In
alpine plants, air temperature is a poor proxy (as discussed above), but
sharp small-scale climatic gradients such as along snow melt gradients
offer experimental fields to explore thermal range limits (e.g., Scherrer
and Korner, 2011; Sedlacek et al., 2015) and to delineate their causes.

Once such thermal range limits have been identified, the next
question is how do plants adjust and control their seasonal activity to
meet their specific thermal requirements. Phenology, that is the visual
part of development, is the gateway toward escaping unfavourable, and
select for favourable life conditions. Some species may be flexible,
others follow a more conservative (genetic) program. The most pro-
mising avenue toward arriving at a mechanistic understanding of
phenology is the combination of (a) collecting high resolution pheno-
logical data associated with appropriate temperature records over steep
local thermal gradients, (b) transplant experiments, including common
gardens (e.g., Prock and Korner, 1996; Scheepens and Stocklin, 2013;
Alexander et al., 2015; Sedlacek et al., 2015), and (c) controlled en-
vironment studies along the lines of Keller and Korner (2003). Such
data would best be associated with the seasonal dynamics of freezing
tolerance for vital organs.

More traditional aspects of plant temperature responses such as
photosynthetic or respiratory responses reveal very little, if any, ex-
planatory power for plant performance in cold environments (see the
discussion in Korner, 2003). There is really no evidence that plants in
cold climates are carbon limited (for alpine plants see Inauen et al.,
2012), a field, best explored for low temperature treelines (Hoch and
Korner, 2012; Fajardo et al., 2012). Due to their stature and thus,
aerodynamic coupling, trees arrive at thermal range limits at lower
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‘isolines' of elevation than small stature plants (Korner, 2007). When-
ever studied, processes associated with tissue formation were found far
more sensitive to temperature than is known for photosynthesis (for
references see Nagelmiiller et al., 2017). Plants from cold climates ex-
hibit slightly lower temperature thresholds for growth, not permitting a
strong differentiation among taxa (absolute growth limits between 0
and 2°C, bulk tissue production > 5°C; see Li et al, 2016a,b;
Nagelmiiller et al., 2017). Finally, life strategy may exert strong lim-
itations to a rapid range shift in response to temperature. Many alpine
taxa show some form of clonal growth, permitting them to inhabit
certain locations for thousands of years, irrespective of centennial
temperature variations (De Witte and Stocklin, 2011; De Witte et al.,
2012).

6. Conclusions

Temperature is often considered the simplest to obtain environ-
mental information, which clearly is not the case, particularly, in high
elevation ecosystems. High elevation vegetation above the tree limit is
of low stature and thus creates its own thermal environment in strong
interaction with topography. In addition, snow cover decouples plants
entirely from atmospheric conditions. This makes annual means or re-
cords that do not account for snow cover biologically meaningless.
Appropriate judgement of the action of temperature on plants requires
information on topographic habitat preferences of the taxa and their
phenology. Phenology is the key to understand the action of tempera-
ture in all ecosystems, but alpine ones in particular. Of the 90 possi-
bilities of measures of temperature illustrated in Fig. 1, a few really
matter, with temporal resolution and the distinction of extremes from
means as well as air from organ temperature being the most vital issues.
It is recommended that plant ecologists collect their own ground truth
data rather than to rely on inferences from data bases and weather
stations, which otherwise may provide reliable information for forest
trees, including those at high elevation, with their established tight
coupling to atmospheric conditions. The most pending questions re-
garding the action of temperature on plants in cold climates relate to
explaining and defining species range limits and the controls of plant
phenology. Plant phenology commonly sets the time-frames for plant
activity so that temperatures hardly affect metabolism, given the air
conditioning effect of low stature vegetation (Korner, 2003). Exceptions
are plants that inhabit the most extreme locations, outposts without
shelter (e.g., Korner, 2011). At such locations it is possible to explore
the ultimate, most basic mechanisms by which plants cope with low
temperature.
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Mountain plant diversity results from a myriad of factors, including evolutionary history, species pools, abiotic
and biotic constraints. For instance, increasing stress (e.g., elevation) often selects communities with species
originating from fewer, and more closely-related clades. We assessed phylogenetic diversity and turnover of
plant communities by considering multiple drivers simultaneously: 1) the species pools; 2) the regional context,
i.e., two regions of the arid Trans-Himalaya (the Karakoram Range and Little Tibet) with distinct history, climate
and species richness (regional scale); 3) the abiotic constraint with communities spread out along an elevation
gradient in each region (community scale); 4) the biotic constraint, i.e., species co-existing inside a competitive
dominant species (cushion plant) vs. its adjacent open area in each community (neighbourhood scale); and 5)
two phylogenetic scales (overall vs. recent events in the assembled phylogeny). We found random phylogenetic
patterns for all spatial and phylogenetic scales, irrespective of the regional context, and the abiotic and biotic
conditions under consideration. Contrary to expectations, we observed a tendency for phylogenetic evenness in
Little Tibet and in the Karakoram Range with increasing elevation. The observed phylogenetic patterns were
mostly explained by region, elevation and interactions among the multiple drivers under considerations.
Phylogenetic scale, species pools and cushion plants explained patterns to a lower but significant extent. The
studied phylogenetic patterns emerge from the complex interplay between multiple drivers, and challenge the
common view that increasing spatial and phylogenetic scales, as well as increasing biotic and abiotic constraints,
select communities with species originating from fewer, and more closely-related clades.

1. Introduction patterns requires cautious interpretation (Gerhold et al., 2015; Losos,

2008; Mayfield and Levine, 2010; Pausas and Verdu, 2010; Soliveres

Understanding how evolutionary and ecological processes interplay
to generate patterns of species diversity and distribution remains a key
challenge in ecology (Lavergne et al., 2010; Ricklefs, 1987). Phyloge-
netic information can shed light on the evolutionary history of a region,
past species niche evolution and mechanisms of contemporary species
coexistence (Cavender-Bares et al., 2009; Webb et al., 2002). However,
inferring the multiple drivers of species coexistence from phylogenetic

et al., 2012).

Phylogenetic diversity varies over a wide range of spatial scales
(e.g., Cavender-Bares et al., 2009; Graham and Fine, 2008;
Miinkemiiller et al., 2014). Past species diversification, migration
events and past and current landscape dynamics primarily shape phy-
logenetic diversity at biogeographical scales (see Graham and Fine,
2008 for review). Abiotic factors and biotic interactions are more likely
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to shape diversity at regional and community scales (Webb et al.,
2002). The interplay of these processes can lead to patterns shifting
from low (phylogenetic evenness) to high relatedness among co-oc-
curring species (phylogenetic clustering) with increasing spatial scale
(e.g., Cavender-Bares et al., 2006; Swenson et al., 2007).

The observed patterns of phylogenetic diversity also vary with the
depth of the phylogenetic tree under consideration (phylogenetic scale
hereafter, sensu Graham et al., 2016). These variations in patterns of
phylogenetic diversity may emerge from different underlying mechan-
isms operating at different depths (Benton and Emerson, 2007). For
instance, deep phylogenetic analyses have suggested that environ-
mental filtering shape communities, while analyses focusing on more
recent events often highlight additional mechanisms involved (e.g.
biotic interactions). As a result, patterns of phylogenetic diversity are
often observed to shift from phylogenetic evenness to clustering with
increasing phylogenetic scale (Cavender-Bares et al., 2006; Swenson
et al., 2006, 2007).

Multi-scale approaches (spatial and phylogenetic) allow to better
understand the interplay between multiple drivers shaping phyloge-
netic diversity (Emerson and Gillespie, 2008; Graham and Fine 2008;
Graham et al., 2016). These approaches are highly needed to develop
conservation efforts prioritizing targeted species with respect to their
evolutionary uniqueness or distinctiveness (Mouquet et al., 2012).
Multi-scale approaches have been successfully used in tropical (e.g.,
Kembel and Hubbell, 2006) and temperate systems (e.g., Cavender-
Bares et al., 2006), but received far less investigations in alpine en-
vironments (but see Miinkemdiller et al., 2014).

Mountain systems exhibit strong environmental changes at various
scales, and host many endemic species (Graves, 1985; Korner, 2000).
Many recent studies have focused on elevation gradients as a primary
driver of phylogenetic diversity. However, elevation gradients en-
compass a range of underlying factors, such as evolutionary history,
climate, or local environmental heterogeneity (see Graham et al., 2014
for a review). Increasing elevation has been associated with phyloge-
netic clustering for microbes (Bryant et al., 2008), insects (Machac
et al., 2011; Smith et al., 2014), birds (Graham et al., 2009), and plants
(Jin et al., 2015; but see Bryant et al., 2008). Phylogenetic clustering is
often viewed as a signature of habitat filtering, where species from only
few clades can withstand environmental conditions of higher eleva-
tions. In particular, this should be the case if fitness related traits under
selection at high elevations are more similar for closely related species
than for species from different clades (Webb et al., 2002).

Mountain phylogenetic diversity has been poorly investigated at
neighbourhood scale, i.e., within microhabitats (e.g., Butterfield et al.,
2013; Piston et al., 2016). Mountain communities are shaped by local
environmental heterogeneity and by foundation species such as cushion
plants (Al Hayek et al., 2014; Cavieres et al., 2014; Choler et al., 2001).
Cushion plants can profoundly modify the nature and intensity of local
abiotic filters, ultimately determining community assembly (Cavieres
and Badano, 2009; Reid et al., 2010). Cushion plants can increase plant
phylogenetic diversity (e.g., Piston et al., 2016; Soliveres et al., 2012)
by creating favourable microhabitats under stressful conditions, in
which less tolerant lineages are facilitated and diverge from those of
microhabitats without cushion (Butterfield et al., 2013). Cushion plants
with compact forms can also have strong competitive effects (Al Hayek
et al., 2014), and act as a biotic filter influencing phylogenetic diversity
(Piston et al., 2016). Whether and how competitive plant cushions
modulate the effect of elevation on phylogenetic diversity remains
poorly understood.

In our study, plant diversity was assessed in the arid Trans-
Himalaya, one of the highest elevation limits for vascular plants
worldwide (Dvorsky et al., 2015). We investigated phylogenetic di-
versity, and used a complementary approach that explicitly quantifies
changes in phylogenetic patterns (phylogenetic turnover hereafter:
Graham and Fine, 2008) across multiple spatial scales ranging from the
neighbourhood (~1 m?) up to supra-regional levels (Fig. 1). Our study
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focused on two geographically distinct regions, i.e., the Karakoram
Range and Little Tibet, which differ in terms of history, climate and
species richness (Dvorsky et al., 2015). We investigated phylogenetic
diversity for each region, as well as between-region and between-site
phylogenetic turnovers along elevation gradients within each study
region. Observed patterns were all compared with the supra-regional
and their respective regional reference pools (Karakoram Range and
Little Tibet), to shed light on coarse-scale processes such as biogeo-
graphical history (Swenson et al., 2006). In each site, we used the
dominant species Thylacospermum caespitosum (Caryophyllaceae) — a
strong competitive cushion plant that excludes subsets of the local
species richness (de Bello et al., 2011; Dvorsky et al., 2013) — and
adjacent open areas (i.e., microsites hereafter) to investigate phyloge-
netic diversity within each microsite, as well as between-microsite
turnovers. Phylogenetic patterns were compared to the local reference
pool (i.e., the local species pool of a study site) to shed light on pro-
cesses such as species interactions and fine scale environmental filtering
(Swenson et al., 2006). For all spatial scales considered, phylogenetic
patterns were finally assessed at two phylogenetic scales (Graham et al.,
2016), by comparing phylogenetic diversity observed for the most re-
cent speciation events (tip level) to phylogenetic diversity across the
whole tree (e.g., Jin et al., 2015).

We aimed at considering a large panel of potential drivers of phy-
logenetic patterns and their interactions to test the common assumption
that increasing spatial and phylogenetic scales, or increasing abiotic
and biotic constraints select communities with species originating from
fewer, and more closely-related clades (so called phylogenetic clus-
tering). Specifically, we hypothesized an overall increase in phyloge-
netic clustering i) from neighbourhood to supra-regional scales, ii) at
higher elevation within each region (e.g., Jin et al., 2015; Machac et al.,
2011); and iii) at micro-scale due to the competitive effect of the
cushion plant considered (Butterfield et al., 2013).

2. Materials and methods
2.1. Study regions

The study supra-region is located in Ladakh, in the Jammu &
Kashmir State, NW India. The area is part of the Trans-Himalaya region,
delimited by the Eastern Karakoram Range in the north and by the
Great Himalaya Range in the south. Ladakh is an arid mountain region
that receives little precipitation due to its position in the rain-shadow of
the Himalaya Range (Dvorsky et al., 2013; Wang, 1988). Our study
focused on two regions of Ladakh that uplifted around 55 Ma ago, i.e.,
the Karakoram Range and Little Tibet. Their recent history differs
substantially since the Karakoram Range was deglaciated more recently
than Little Tibet. Climates of the two regions also differ, with Little
Tibet experiencing harsher environmental conditions (Dvorsky et al.,
2015). Finally, species diversity is higher in the Karakoram Range,
while Little Tibet exhibits a high rate of plant endemism (Dvorsky et al.,
2015).

2.2. Elevation gradients

Plant phylogenetic diversity and between-site turnovers were as-
sessed using eight sites, i.e., four sites in the Karakoram Range
(34°45’N, 77°35’E) and four sites in Little Tibet (32°59’N, 78°24’E). The
eight sites were distributed along two elevation gradients ranging from
4850 m to 5250 and from 5350 to 5850 m a.s.l. in the Karakoram Range
and in Little Tibet, respectively. In each region, the four sites covered
the entire elevation range occupied by T. caespitosum. It is also im-
portant to note that the two elevation gradients were ecologically
comparable. Both gradients covered the complete sequence of moun-
tain vegetation types: steppes at the lowest site of each gradient, alpine
communities at the two intermediate sites and subnival communities at
the highest site of each gradient (Dvorsky et al., 2013).
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Fig. 1. Graphical representation of the analytical framework used in this study. We represent the different spatial scales, as well as the reference pools used. Note that we applied this

framework across the whole-tree and for most recent speciation events (tip level).

2.3. Impact of the cushion plant

The phylogenetic diversity within microsites and between-microsite
turnovers were assessed using the presence of the cushion plant T.
caespitosum and the adjacent open areas. T. caespitosum is one of the
most dominant high-alpine cushion plants in the Himalayas, and one of
the few dominant species in the studied area (Klimesova et al., 2011). It
is a perennial plant with a woody taproot, forming very dense and solid
cushions (KlimeSova et al., 2011). The largest cushions can be more
than 150 cm in diameter (Dvorsky et al., 2013), suggesting that they
may live for decades or even centuries (Le Roux and McGeoch, 2004).
T. caespitosum occurs along an elevation range of 4600-5900 m, al-
though this range can vary with the geographical locations (KlimeSova
et al., 2011). T. caespitosum is a strong competitor that influences the
structure and diversity of plant communities by locally excluding a
subset of the site pools (de Bello et al., 2011; Dvorsky et al., 2013).

2.4. Vegetation survey

The vegetation survey was carried out during the peak of the
growing season (August) in 2011. The eight sites were selected at
4850 m, 5000 m, 5100 m and 5250 m a.s.l. in the Karakoram Range,
and at 5350 m, 5600 m, 5750 m and 5850 m a.s.l. in Little Tibet. In each
site, cushions were systematically surveyed in an area of ca. 1ha
(n = 66, 61, 69, 77, 70, 70, 70, 73 cushions in each site). The studied
cushions represented all size classes with a diameter up to 132 cm. The
most common size class was 40-60cm in the Karakoram Range
(n = 79) and 20-40 cm in Little Tibet (n = 102). Two microsites were
considered for each cushion: a first microsite covering the cushion it-
self; a second microsite with the same size and shape randomly placed
in the open adjacent area at a distance equal to the cushion diameter. In
total, 1112 microsites were surveyed (556 pairs). All vascular plant
species rooting in the microsites were recorded and their percentage
cover was estimated visually. Because phylogenetic diversity can only
be calculated for communities with more than one species, all micro-
sites with fewer than two species were excluded from the data before
further analyses, leaving 420 microsites (210 pairs).

2.5. Species phylogeny

All sequences used for building the tree were extracted from
genBank (www.ncbi.nlm.nih.gov/nuccore/). A combined multigene
attitude was applied. Maximum data density was achieved with four
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loci: internal transcribed spacer (ITS), trnT-trnL intergenic spacer,
matK + trnK region, and the gene for rubisco large subunit (rbcL).
Missing sequences were filled with Ns (unknown data) or patched by
corresponding nucleotides from closely related taxa (Artemisia minor
was fixed with A. glacialis, Desideria pumila with D. linearis, Elymus
schrenkianus with E. dahuricus, Potentilla saundersiana with P. nivea and
Sibbaldia tetrandra with S. cuneata).

The L-INS-i algorithm implemented in the online version of MAFFT
6 (http://mafft.cbrc.jp/alignment/server, Katoh and Toh, 2008) was
employed to align the sequence datasets. Partial alignments were con-
catenated, manually adjusted in BioEdit (Hall, 1999) and cleaned with
the automatedl algorithm in trimAll software (Capella-Gutierrez et al.,
2009) to exclude highly divergent and gap-rich regions. Prior to the
phylogenetic analysis, the best-fit model was selected by Kakusan4
(Tanabe, 2011). Baseml software (Adachi and Hasegawa, 1996) served
as the computational core. Both non-partitioned and partitioned models
were evaluated. Based on the Bayesian information criterion (Schwarz,
1978), we decided to use the GTR model with rate variation across
locations simulated by discrete gamma distribution (I'8), autocorrelated
by the AdGamma rates prior and unlinked for particular gene parti-
tions. To reflect the increased probability of transitions over transver-
sions in non-coding loci, the substitution rates prior (revMatPr) was set
for the ITS, trnT-L and petB-D partitions to the Dirichlet function with
values of 1 and 3.

The phylogenetic analysis was represented by the Bayesian in-
ference (BI), conducted in MrBayes 3.1.2 (Ronquist and Huelsenbeck,
2003). The phylogenetic analysis was provided using two independent
runs with four Metropolis-coupled MCMC chains of 1 x 107 generations
sampled after every 1000th generation. In each run, one Markov chain
was cold and three were incrementally heated by a parameter of 0.3.
The first 25% of entries were discarded as burn-in and the rest was used
to compute the majority-rule consensus to eliminate trees sampled
before reaching apparent stationarity. The resulting tree was edited to
be compatible in future ecological studies, since it contained more
terminals (unknown multispecies genera were substituted with five
terminals). The internal phylogeny of these genera was collapsed to
polytomy, branch lengths were averaged and excessive branches were
cut out. The nomenclature was unified with the Ladakh plant list
(Klimes and Dickore, 2006).

2.6. Phylogenetic diversity and turnover

Phylogenetic patterns were investigated by the Mean Pairwise
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Distance (MPD) and the Mean Nearest Taxon Distance (MNTD) indices.
These two indices allowed assessing the whole-tree species relatedness
in each community, and tip-level species relatedness between closely-
related species in each community, respectively (Fine and Kembel,
2011; Jin et al., 2015). Comparing MPD and MNTD can therefore in-
form at which phylogenetic scale patterns of phylogenetic diversity are
most evident (Jin et al., 2015). The Mean Nearest Taxon Distance index
indicates patterns occurring for the most recent speciation events. The
Mean Pairwise Distance indicates patterns occurring across the entire
phylogeny (Cadotte and Davies, 2016). While MPD and MNTD allow to
investigate the diversity in the studied samples, phylogenetic turnovers
assess how much species in a sample are related to all other species in a
second sample, either on average, or only for the nearest taxa. Hence,
whereas diversities are calculated per plot, phylogenetic turnovers are
calculated on a pairwise plot basis.

We investigated phylogenetic diversity for both MPD and MNTD
using the functions mpd and mntd in the picante package (Kembel et al.,
2010). We computed the phylogenetic turnovers with the functions
comdist and comdistnt that are the analogues of mpd and mntd. Abun-
dance data were log-transformed after adding 1 to avoid negative va-
lues. We used standardized effect sizes (SES) of MPD and MNTD indices.
Standardized effect sizes were calculated as SESy;pp = (MPD,,s — mean
(MPD,4na))/sd(MPD, 4,q), where MPD,;,; is the observed phylogenetic
diversity index, mean(MPD,,q) is the mean MPD of random commu-
nities generated from a null model, and sd(MPD,,q) is the standard
deviation of MPD of those random communities.

For phylogenetic diversity, positive values of SESpp indicate greater
distances among species than expected by chance (phylogenetic even-
ness). Negative values of SESpp indicate lower phylogenetic distances
among species than expected by chance (phylogenetic clustering).
SESpp values ranging between —1.96 and 1.96 indicate a pattern that is
not significantly different from random, under the assumption that in-
dices are normally distributed. For phylogenetic turnover, negative
values of SESpp indicate that the species in two plots show less phylo-
genetic turnover (i.e., are more related to each other) than expected by
chance, while positive values indicate higher showing phylogenetic
turnover (i.e. species less related to each other) than expected by
chance.

To compute SES scores for each community plot, random commu-
nities were generated by randomly drawing species from a species pool
with the same species richness as in the observed plots, meaning that
abundances where shuffled within plots across species, as executed by
the “richness” null model of the randomizeMatrix function in the picante
package (Kembel et al., 2010). The used species pools differed in size
according to each tested hypothesis (see Fig. 1 and next paragraph): (1)
all species sampled in both regions (supra-regional reference pool), (2)
all species occurring in a single region (regional reference pool), (3) all
species present in a given study site (local reference pool).

The combinations of different diversity indices and reference pools
helps testing the strength of different species filters at different scales
and according to ecological factors (elevation, cushion plants). SES of
alpha diversities and spatial turnovers were achieved by using the
supra-regional and regional species pools to test for increased filtering
effects with spatial scale, stronger filtering in Little Tibet, and increased
filtering with elevation (hypotheses i — ii). Comparing microsite alpha
diversities and between-microsites turnovers against randomisations
from the local species pool allowed testing the occurrence of biotic
filters due to the presence of cushion plants (hypothesis iii).

2.7. Statistical analyses

First, we analysed the effects of region, elevation, the presence of
cushions, and their interactions on diversities and turnovers with mixed
effect ANOVA models. All predictors were categorical. Pairs of sampled
microsites (cushion and adjacent open area) were used as a random
factor, and nested within site. We also performed a linear regression
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model with the between-site turnovers within single region used as the
response variable, and with the elevation difference between sites, the
region, and their interaction as predictors. We used post-hoc Tukey tests
to evaluate if between-site turnover differed between the two regions.

Second, we used a mixed effect ANOVA model to test whether alpha
phylogenetic diversity of different sites differed between regions, spe-
cies pools (supra-regional vs. regional reference pools), elevation,
phylogenetic scale (MPD vs. MNTD) and their interactions (Appendix
S1 in the Supplementary material). We repeated this analysis at the
microsite scale with region, elevation, cushions, phylogenetic scale
(MPD vs. MNTD) and their interactions as predictors. At each scale
(microsite and site), we evaluated the relative effect of the predictors on
phylogenetic diversity by calculating their proportional contribution to
the overall explained variance of the model from their sums of square.
The obtained relative effects of predictors are grouped into the fol-
lowing identifiable variance fractions: i) region, ii) elevation, iii) phy-
logenetic scale and iv) interactions among drivers. Note that the fol-
lowing variance fractions v) pool and vi) cushion were also considered
at the site and the microsite scales, respectively.

All statistical analyses were performed using R 2.15.1 (R Core Team,
2012).

3. Results

The observed SES values of phylogenetic diversity mostly ranged
between —1.96 and 1.96, a signature of random patterns (Figs. 2 and
4). Yet, our subsequent analyses revealed significant effects of our
drivers and their interactions on phylogenetic diversity. Region and
elevation were the most important drivers explaining 45% of the var-
iation in phylogenetic diversity at the site scale and 63% at the mi-
crosite scale (Appendix S1 in the Supplementary material). Phyloge-
netic scale and species pool had lower, but significant effects at the site
level (7% and 6%, respectively). Cushion explained 3% of variation at
the microsite scale. Finally, interactions among drivers explained 28%
of variation in phylogenetic patterns at the site scale and 11% at the
microsite scale.

Our results were consistent when comparing the observed phylo-
genetic patterns to both supra-regional (Fig. 2: upper panels) and re-
gional reference species pools (lower panels). Nonetheless, SESy;pp va-
lues were generally higher in Little Tibet when considering the regional
reference pool rather than the supra-regional pool (Fig. 2a and c).

We found significantly higher — and more often positive — SES
values in Little Tibet than in the Karakoram Range (Table 1) for both
whole-tree (SESypp: Fig. 2¢) and tip level diversity metrics (SESynrp:
Fig. 2b and d). SES values computed at the tip level also increased with
elevation in the Karakoram Range (Table 1) (SESynrp: Fig. 2b and d).
These results suggest a tendency for phylogenetic evenness in Little
Tibet, and in the Karakoram Range at high elevation.

We also found negative values of SESypp for between-region and
between-site turnovers, although they all ranged between —1.96 and
1.96 (Fig. 3a). Our results highlight a tendency of phylogenetic simi-
larity between regions for whole-tree diversity indices (SESypp), i-e., a
lower phylogenetic turnover across sites than expected from the supra-
regional reference pool. SESypp were also significantly lower within
regions than between regions, indicating an even lower phylogenetic
turnover across sites within regions than between regions (Fig. 3a).
Positive SESyntp were observed between regions, although they were
lower than 1.96 (Fig. 3b). This indicated a tendency for phylogenetic
turnover at the tip level between regions.

Elevation tended to increase the degree of phylogenetic evenness
when considering either the site (Fig. 2, Table 1) or the microsite scales
(Fig. 4a and b, Table 2). We also observed an effect of the elevation
distance on the between-site turnover along the elevation gradients for
both whole-tree (SESypp) and tip level analyses (SESyntp, Appendix S2
in the Supplementary material). Closer sites exhibited a phylogenetic
turnover of closely related clades (negative SES values) while no trend
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Fig. 2. Boxplot of standardized effect sizes (SES), their mean (diamond) and error around the mean (bar through the diamond) of phylogenetic diversity at the community level (pairs of
microsites inside and outside cushions) along the elevation gradient. A and B show SES of mean pairwise phylogenetic distance (MPD) and mean phylogenetic distance to the nearest
neighbor (MNTD), respectively, compared to communities randomly drawn from the supra-regional reference pool with the same species richness. C and D show SES of mean pairwise
phylogenetic distance (MPD) and mean phylogenetic distance to the nearest neighbor (MNTD), respectively, compared to communities randomly drawn from the regional reference pools
with the same species richness. Bold terms describe the significant terms in a linear model with region, elevation, and their interaction as explanatory variables (see Table 1). NS: not
significant; * significant with P < 0.05; ** significant with P < 0.01; *** significant with P < 0.001.

Table 1

Results of the mixed effect ANOVA models with phylogenetic diversity expressed as
standardized effect size (SES) of MPD and MNTD as response variables. As reference pool
for randomizations served either the supra-regional or the regional species pool. Region,
elevation, and their interaction were used as fixed factors. Pairs of microhabitats (cushion
and adjacent open area) were used as random factor and nested within communities.
Significant factors are in bold.

SESypn SESyvnTD
Factor df F value P Df F value P
Supra-regional reference pool
Region 1 0.11 0.73 1 13.93 <0.001
Elevation 1 0.70 0.40 1 8.89 <0.01
Region x Elevation 1 0.21 0.65 1 5.86 <0.05
Regional reference pool
Region 1 30.71 <0.001 1 21.72 <0.001
Elevation 1 1.03 0.31 1 6.22 <0.05
Region x Elevation 1 0.01 0.94 1 4.42 <0.05

occurred for spatially distant communities.

Finally, the presence of the cushion plant slightly increased the
degree of phylogenetic evenness (Table 2) for whole-tree diversity
metrics (Fig. 4a) and at low elevation for tip level diversity metrics
(marginally significant elevation x cushion in Table 2, Fig. 4b, sig-
nificant elevation x cushion in Appendix S1 in the Supplementary
material). However, cushion plant did not seem to drive a significant
turnover of plant phylogenetic diversity between sampled microsites
(Fig. 4c and d).
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4. Discussion

Our multi-scale approach revealed random phylogenetic patterns,
irrespectively of the species pool, the regional context (history, climate
and species richness), the abiotic and the biotic conditions. Detecting
consistent random patterns does not support the common view that
phylogenetic patterns depend on spatial scale (e.g., Miinkemiiller et al.,
2014; Swenson et al., 2006), shifting from phylogenetic evenness
(Swenson et al., 2007) to clustering with increasing spatial grain and
extent (Cavender-Bares et al., 2006; Swenson et al., 2006, 2007). A
consistent pattern across multiple spatial scales has also been observed
in bee communities (i.e., a consistent phylogenetic clustering in
Harmon-Threatt and Ackerly, 2013), and therefore spotlights a possible
idiosyncrasy in scaling phylogenetic patterns (Cadotte and Davies,
2016). This discrepancy between our results and other similar studies
does not seem to arise from the geographic scale under consideration.
Indeed, the range of spatial scales considered in our study (from ~ 1 m?
to ~20000 km?) fully encompassed the scales of previous studies (e.g.,
Kembel and Hubbell, 2006 and Swenson et al., 2007: from <100m? to
1 ha).

The observed random patterns of plant community phylogenetic
diversity indicate that particular sets of morphological/anatomical
adaptations allowing species to cross the environmental filters and to
persist into extreme environments can be found within and across dif-
ferent lineages (Butterfield et al., 2013; Dolezal et al., 2016; Webb
et al., 2002). For instance, species growing at the highest elevation of
Little Tibet recruit mostly from Brassicaceae, Asteraceae, Car-
yophyllaceae and Poaceae (Appendix S3 in the Supplementary mate-
rial). Despite their general high phylogenetic dispersion, these species
are generally small, exhibit a similar growth form (cushion) with a
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Fig. 3. Phylogenetic turnover based on MPD (A) and MNTD (B), respectively, for all pairwise comparisons between communities (i.e., between pairs of microsites across communities)
from the two different regions, and between communities within each of the regions. Boxplots depict the distribution of SES values; the diamond and bar their mean and error around the
mean, respectively. Significance above the lines are results of a post-hoc Tukey HSD test to compare the means of the three groups. NS: not significant; * significant with P < 0.05; **

significant with P < 0.01; *** significant with P < 0.001.

relatively high water content and water-use efficiency, and contain
more nutrients and soluble carbohydrates than species from lower
elevation (Dvorsky et al., 2015, 2016). Further studies simultaneously
combining phylogenetic and functional (multi-trait) approaches would
certainly allow better understanding the processes governing commu-
nity assembly in these extreme environments (Swenson, 2013), and
addressing the issue of plant adaptation in relation to evolutionary
history (Schweingruber et al., 2014).

Elevation was the major driver of community assembly at microsite-
scale, explaining 63% of the variation in phylogenetic diversity. The
tendency for phylogenetic evenness with increasing elevation in the
Karakoram Range is opposite to previous findings generally showing an
increase in phylogenetic clustering (Bryant et al., 2008; Graham et al.,
2009; Jin et al., 2015; Machac et al., 2011; Smith et al., 2014). Our
study system illustrates that communities from extreme environments
are not necessarily composed of species originating from fewer, and
more closely-related clades (see also Le Bagousse-Pinguet et al., 2017
for similar findings on functional diversity in global drylands).

The regional context was the main driver of our studied commu-
nities at the site scale, explaining 45% of the variation in phylogenetic
patterns. This suggests that floristic regional context is a major drivers
of phylogenetic patterns of plant communities. The difference between
the two study regions may stem from the difference in their deglacia-
tion history (Dvorsky et al., 2015). The tendency for phylogenetic
evenness in Little Tibet may arise from a longer time for distantly re-
lated species to converge in their habitat-use along the elevation gra-
dient. In contrast, the shorter time from deglaciation in the Karakoram
Range may have led the species to converge in their habitat-use at the
highest elevation only, and more time might be required for this pattern
to emerge at low elevation.

Several other underlying processes may explain the observed phy-
logenetic evenness at high elevation in the Karakoram Range. Elevation
gradients are often complex, comprising multiple underlying gradients
and notably acting on dispersal limitation (Korner, 2000; Michalet
et al., 2014). Phylogenetic turnover of more closely related species
between communities of closer elevation (Appendix S2 in the Supple-
mentary material), associated with the absence of phylogenetic
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clustering at any scale, supports the idea that dispersal limitation could
be one of the underlying drivers shaping phylogenetic patterns along
the studied elevation gradients (Dvorsky et al., 2016).

The local biotic context, represented by the presence or absence of
cushion plants at the neighbourhood scale was also a significant driver
of phylogenetic patterns in the studied sites, although it was weaker
than the other factors considered (3% of the variations in phylogenetic
diversity). The presence of the cushion tended to be associated with
phylogenetic evenness when considering the whole tree, although no
plant phylogenetic turnover was observed between microsites. These
patterns indicate that subsets of species from open areas (similar to the
site reference pool) were filtered by the cushion plants, with distantly-
related species converging in their use of micro-habitats (Webb et al.,
2002). Interestingly, we also found that the net effect of the cushions on
phylogenetic diversity changed along the elevation gradient. The
competitive effect of the cushion sensu stricto remains similar along the
entire gradient (Dvorsky et al., 2013). The more pronounced difference
between cushions and adjacent open areas observed at low elevation
may therefore result from the higher occurrence of competitive species
exhibiting the set of morphological/anatomical adaptations to invade
the cushions (see also Liancourt et al., 2017 for the role of the species
pool on the outcome of biotic interactions). Altogether, our results
therefore support the view that considering neighbourhood scale pro-
cesses is relevant when assessing phylogenetic patterns of plant com-
munities (Valiente-Banuet and Verdu, 2007; Verdu et al., 2009), and
that investigating the role of plant-plant interactions may bring inter-
esting insights into the mechanisms driving vegetation structure in
extreme habitats (Butterfield et al., 2013; Piston et al., 2016; Soliveres
et al., 2012).

The phylogenetic scale explained 7% of the variations in phyloge-
netic patterns, demonstrating the importance of accounting for dif-
ferent phylogenetic scales to better understand the evolutionary history
of regional floras (Fine and Kembel, 2011; Graham et al., 2016;
Swenson et al., 2007). The observed changes in patterns were clearer
when considering recent speciation events rather than the whole tree,
reinforcing the view that the phylogenetic scale under consideration
can largely influence our ability to detect non-random patterns in plant
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communities (e.g., Jin et al., 2015; Swenson et al., 2007). Phylogenetic
evenness observed at the tip levels may result from the effect of local
abiotic factors and biotic interactions (Cavender-Bares et al., 2006), or
alternatively from allopatric speciation (Pigot and Etienne, 2015). This
pattern is also likely to become more common when communities are
more finely defined taxonomically (Cavender-Bares et al., 2006;
Swenson et al., 2006, 2007). We therefore acknowledge that the
stronger signals of phylogenetic evenness observed at the tip levels may
simply result from a decrease in phylogenetic signal with decreasing the
phylogenetic scale of the analysis.

Patterns of whole-tree phylogenetic turnover were low between and
within regions, and relatively high at the tip level between regions
(Fig. 3). Therefore, our results indicate that patterns of diversity are
phylogenetically representative of the supra-regional reference pool
and similar between the Karakoram Range and Little Tibet. In both
regions, most of the families occurring in the supra-regional reference
pool are represented, e.g., Poaceae, Cyperaceae, Asteraceae, Fabaceae,
Brassicaceae and Rosaceae. Rather, phylogenetic turnover mostly oc-
curs at the tip level, indicating a recent diversification within families
and genera, such as greater diversifications in Oxytropis, Potentilla or
Carex in the Karakorum Range or Caryophyllaceae in Little Tibet, and
therefore reflecting the unique phytogeographical history of each
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region.

Our multi-scale approach, from neighbourhood to supra-regional
scales and across phylogenetic scales, revealed random phylogenetic
patterns at the edge of vascular plant life. This finding challenges the
common view that increasing spatial and phylogenetic scales, or in-
creasing abiotic and biotic constraints select communities with species
originating from fewer, and more closely-related clades. Using multiple
drivers simultaneously, we also quantified and ranked the importance
of commonly investigated drivers of phylogenetic patterns. We showed
that phylogenetic patterns could clearly emerge from the complex ef-
fects of pools, regional context (history), phylogenetic scale, abiotic and
biotic constraints and their interactions (reaching up to 28% of the
explained variance). On one hand, our approach illustrates the diffi-
culty to directly infer ecological processes underlying species coex-
istence and community assembly from phylogenetic patterns (Gerhold
et al., 2015; Losos, 2008; Mayfield and Levine, 2010; Pausas and Verdd,
2010; Soliveres et al., 2012). On the other hand, our study clearly il-
lustrates that phylogenetic patterns contain a great deal of information
and therefore supports the recent claim that these patterns “are not only
proxies of community assembly processes, they are far better” (Gerhold
et al., 2015).



Y. Le Bagousse-Pinguet et al.

Table 2

Results of the mixed effect ANOVA models with phylogenetic diversity and turnover
expressed as standardized effect size (SES) of MPD and MNTD as response variables. For
diversity, region, elevation, location outside or inside the cushion, and interactions
among these factors were used as fixed factors. Pairs of microsites (cushion and adjacent
open area) were used as random factor and nested within site. For phylogenetic turnover
between inside and outside cushions, region, elevation and their interaction were used as
fixed factors. Significant factors are in bold.

SESmpp SESmntD

Factor df Fvalue P df Fvalue P

Phylogenetic diversity inside and outside cushions, site as the
reference pool

Region 1 9.45 <0.01 1 10.20 <0.01

Elevation 1 26.32 <0.001 1 28.08 <0.001

Cushion 1 3.43 0.06 1 0.20 0.65

Region x 1 0.20 0.65 1 0.56 0.45
Elevation

Region x Cushion 1 0.11 0.74 1 0.97 0.33

Cushion x 1 2.37 0.12 1 3.54 0.06
Elevation

Region x Cushion 1 1.19 0.27 1 0.53 0.46

x Elevation

Phylogenetic turnover between inside and outside cushions, site
as the reference pool

Region 1 9.43 <0.01 1 2.30 0.13
Elevation 1 0.001 0.97 1 0.03 0.85
Region x 1 1.00 0.32 1 0.17 0.68
Elevation
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ARTICLE INFO ABSTRACT

Plant endemism in the European Alps is clustered into particular geographic areas. Two contrasted and non
exclusive hypotheses have been suggested to explain these hotspots of endemism: (i) those areas were glacial
refugia, where endemism reflects survival-recolonisation dynamics since the onset of Pleistocene glaciations, (ii)

Keywords:
Glacial refugia
High elevation

Mountains those are high elevation mountain areas, where endemism was fostered by local speciation events due to geo-
IS)I.’eCIam;n graphic isolation and harsh environmental niches, or by low dispersal ability of inhabiting species.
1spersal

Here, we quantitatively compared these two hypotheses using data of species distribution in the European
Alps (IntraBioDiv database), species phylogenetic relationships, and species ecological and biological char-
acteristics. We developed a spatially and phylogenetically explicit modeling framework to analyze spatial pat-
terns of endemism and the phylogenetic structure of species assemblages. Moreover, we analyzed interrelations
between species trait syndromes and endemism.

We found that high endemism occurrs in potential glacial refugia, but only those on calcareous bedrock, and
also in areas with high elevation. Plant assemblages in calcareous refugia showed phylogenetic overdispersion —
a signature of non-selective conservation forces, whereas those located in high mountain areas showed phylo-
genetic clustering — a signature of recent diversification and environmental filtering. Endemic species were
either stress-tolerant, poorly dispersing species, or high elevation specialists with a wide distribution within the
European Alps.

While both calcareous refugia and high-elevation hotspots harbour a large portion of plant endemism in the
European Alps, the species they host have substantially different characteristics. Our results suggest that hotspots
of endemism in calcareous refugia are more important for nature conservation planning, as they host many range
restricted endemic species and rather isolated evolutionary lineages.

Phylogenetic uncertainty

1. Introduction

Mountain ranges across the world are considered typical examples
of endemic-rich regions (Hughes and Atchinson, 2015), but the evolu-
tionary mechanisms and historical factors generating this high en-
demism are not fully understood. It was early recognized that moun-
tains have a much richer endemic flora than the surrounding lowlands,
and also that within mountain systems, there exist specific areas with
exceptionally high endemism (de Candolle, 1875; Pawtowski, 1970).
Such hotspots of endemism in alpine regions were observed mostly in
putative glacial refugia (Pawlowski, 1970; Tribsch and Schonswetter,
2003; Feng et al., 2016) or in high-elevation areas (Aeschimann et al.,

2011; Nagy and Grabherr 2009; Tribsch and Schonswetter, 2003). This
suggests that their occurrence is coupled with specific evolutionary
dynamics: such regions may exhibit lower extinction rates due to cli-
matic stability and reduced glacial extent, or higher speciation rates
and poorer dispersal ability of high-elevation species.

Hotspots of plant endemism in the European Alps (Alps hereafter)
have traditionally been explained by the presence of refugia on the
periphery of glacial cover during the ice age periods. These refugia are
assumed to have promoted long term population persistence of many
species during glacial periods, which left imprints in the population
structure of survivor species (Alvarez et al., 2009; Schonswetter et al.,
2005; Stehlik, 2003). The distribution of glacial refugia has also shaped
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contemporary species distributions and endemism patterns, since some
survivors could not recolonize all adjacent regions after the retreat of
glaciers (Dullinger et al., 2012). It is often assumed that refugia with
different bedrocks hosted different pool of species, as the majority of
plant endemics of the Alps show either a clear affinity or a strong in-
tolerance to calcareous bedrock, with endemic flora of calcareous
bedrock being generally richer (Schonswetter et al., 2005; Tribsch and
Schonswetter, 2003). It is likely that species survival during glacial
periods has generated particular patterns of endemism, and also left a
particular phylogenetic signature in local floras. We can thus hy-
pothesize that species surviving glacial cycles in refugia were drawn
from a pool of “pre-glacial” species, whereas species occurring outside
refugia were filtered for ability of fast recolonisation, resulting in re-
lative phylogenetic overdispersion of species assemblages in glacial
refugia. Here, we aim at quantitatively testing across the whole Alps
whether the areas predicted as inhabitable during glacial periods sensu
Schonswetter et al. (2005) match the above described patterns of en-
demism and phylogenetic structure, and whether patterns of endemism
in these potential refugia are influenced by other factors, as is refugium
bedrock, topography, or geographic region.

In addition to the influence of Pleistocene historical processes,
patterns of plant diversity and endemism in the Alps may also be linked
to the characteristics of high-elevation ecosystems, such as geographic
insularity and availability of free but hostile niches. Indeed, it was
observed that endemic diversity in the Alps grows with elevation
(Aeschimann et al., 2011; Tribsch and Schonswetter, 2003). This pat-
tern could be explained by two processes that are not mutually ex-
clusive. First, increased speciation rate in high elevation ecosystems
(documented on a global scale and reviewed in Hughes and Atchison,
2015) could induce higher endemism in certain plant clades. This may
be due to heterogeneity or niches in high mountain environments and
specific life histories of mountain species favouring sympatric specia-
tion (Dixon et al., 2009; Roquet et al., 2013a, 2013b), or due to topo-
graphic obstacles in high mountain environments stimulating allopatric
speciation (Boucher et al., 2016; Comes and Kadereit, 2003). Repeated
speciation events in high-mountain floras could then induce a phylo-
genetic signature of radiating lineages, producing a phylogenetic clus-
tering in local species assemblages. Second, increased plant endemism
in high elevations may have resulted from a reduced dispersal potential
itself. Adaptation to high-alpine environments may imply stress toler-
ance, long lifespan, and preference for vegetative spread (Korner, 2003)
to the detriment of dispersal capabilities (i.e. insularity syndrome).
High endemism in mountains resulting from increased speciation rates
or decreased dispersal capacities of high-elevation species can thus be
expected to result in specific signatures of phylogenetic clustering in
local species assemblages or in the presence of particular trait syn-
dromes that have improved survival in high mountain environments at
the expense of dispersal potential. This has never been tested to date.

We thus argue that patterns of endemism in the Alps could be ex-
plained both by local survival-recolonization dynamics following gla-
ciations, and by dynamics of speciation and dispersal in high-elevation
ecosystems. In this paper: (i) We quantitatively compare the relative
importance of potential glacial refugia on different bedrocks on one
side, and elevation on the other side, for patterns of plant endemism in
the Alps. To do this, we use two measures of endemism, namely the
proportion of endemic species and range size of endemic species, using
a grid-based species occurrence data in the Alps (IntraBioDiv; Gugerli
et al., 2008). (ii) We test whether the phylogenetic structure (richness-
standardized phylogenetic diversity; Faith, 1992) of species assem-
blages differs between those different types of hotspots, according to
hypothesized evolutionary processes. Importantly, we developed here a
novel method based on Bayesian imperfect detection framework in
order to overcome difficulties when calculating community phyloge-
netic indices from non-completely resolved phylogenies (Molina-
Venegas and Roquet, 2014; Rangel et al., 2015). (iii) To shed more light
on processes forming endemism in high elevations, we explore how

32

Perspectives in Plant Ecology, Evolution and Systematics 30 (2018) 31-40

endemism and range size of endemics are related to species elevational
optimum (Landolt et al., 2010), ecological and functional character-
istics related to high elevation adaptations and evolutionary distinc-
tiveness of species (Isaac et al., 2007).

2. Methods
2.1. Study region

We focus on the European Alps, which corresponds to the great
mountain range system stretching from south-eastern France to
Slovenia. The tree line in the European Alps lies at cca. 2000 m a. s. 1
and upper limits of vascular plant occurrence lie in 3500-4500 m a.s.l.,
differing by region (Ozenda and Borel, 2003; Tribsch and Schonswetter,
2003). The European Alps belong to one of the coldest biomes on the
planet at its highest elevations (Korner, 2011); nevertheless, this region
appears to be relatively species rich, with a fairly high rate of plant
endemism (about 13%; Aeschimann et al., 2004; Pawlowski, 1970). The
Alps thus constitute a well known hotspot of biodiversity in Europe
(Vére et al., 2003).

2.2. Species distribution and environmental data

Species distribution data originate from the mapping of the flora
across the Alps produced by the IntraBioDiv consortium (IBD; Gugerli
et al., 2008). This dataset contains census and expert based presences
and absences of all plant species occurring above the tree line on a
regular grid with cells of 20’ longitude and 12’ latitude (ca.
25 x 22 km). This grid was used for all subsequent spatial analyses. The
restriction of the species pool to species occurring clearly above the
treeline may be considered problematic for example for interpreting
species richness across the dataset (but see Taberlet et al., 2012).
Nevertheless, while investigating evolutionary processes, such restric-
tion removes potential noise generated by lowland species that likely
have reduced evolutionary histories related to mountains. We also ex-
cluded gymnosperms and ferns, because some of our working hy-
potheses may not be extended to them, trait definition for angiosperms
are not easily applicable to those groups and sampling efforts for ferns
was low compared to angiosperms.

To quantify which grid cells might serve as glacial refugia during
glacial cycles, we overlaid the IBD grid with distribution of potential
siliceous and calcareous refugia based on combination paleoclimatic
model with geological data (adapted from Schonswetter et al., 2005)
and estimated whether each grid cell contained calcareous, siliceous,
none, or both types of potential refugia. The potential refugia, adapted
from Schonswetter et al. (2005), are estimated for maximum of the last
glacial period (110,000-12,000 years before present), but they can also
be considered a proxy information for distribution of refugia in pre-
vious glacial periods. These potential refugia are mostly peripheral
(along southwestern, southern, eastern and northern borders of the
Alps), likely favouring isolation of plant populations for thousands of
years (Schonswetter et al., 2005). The calcareous refugia are the ones
lying on limestone or dolomitic bedrock, whereas siliceous refugia lie
on variety of acidic bedrocks like granite or gneiss. Larger coherent
areas of bedrock types not falling into these two categories are rela-
tively rare within the Alps (Schonswetter et al., 2005; Tribsch and
Schonswetter 2003). To separate the effect of refugia from the effect of
bedrock itself, we also estimated whether each grid cell contained
calcareous (limestone or dolomite) or siliceous bedrock (granite, diorite
or gneiss) based on dominant parent material map (PARMADO) from
European Soil database (resolution 1 x 1km). To quantify the topo-
graphy of grid cells, we calculated their mean elevation and their dif-
ference between highest and lowest elevation (elevation range, here-
after) based on Global digital elevation model by US Geological Survey
(resolution 30” x 30”, cca 1 X 1km). All calculations were performed
using the statistical environment R (R Core Team, 2016) and the R
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libraries raster (Hijmans, 2016), rgdal (Bivand et al., 2016) and spa-
tialEco (Evans, 2016). All data used for our analyses are accessible in
Dryad repository under accession number (to be completed after attri-
bution of doi).

2.3. Phylogenetic data

A genus-level phylogeny was built for the Alpine flora using the
workflow proposed by Roquet et al. (2013a, 2013b). We downloaded
from Genbank three conserved chloroplastic regions (rbcL, matK and
ndhF) plus eight regions for a subset of families or orders (atpB, ITS,
psbA-trnH, rpll6, rps4, rps4-trnS, rpsl6, trnL-F), which were aligned
separately by taxonomic clustering. All sequence clusters were aligned
with three programs (MUSCLE, Edgar, 2004; MAFFT, Katoh et al.,
2005; Kalign, Lassmann and Sonnhammer, 2005a), then the best
alignment for each region was selected using MUMSA (Lassmann and
Sonnhammer, 2005b) and depurated with TrimAl (Capella-Gutiérrez
et al., 2009) after visual checks. DNA matrices were concatenated to
obtain a supermatrix. Maximum-likelihood phylogenetic inference
analyses were conducted with RAXML (Stamatakis et al., 2008) ap-
plying a supertree constraint at the family-level based on Davies et al.
(2004) and Moore et al. (2010). 100 independent tree searches were
performed. The 100 ML trees obtained were dated by penalized-like-
lihood using r8s (Sanderson, 2003) and 25 fossils for calibration ex-
tracted from Smith and Beaulieu (2010) and Bell et al. (2010).

To deal with unknown within-genera structures, we simulated 10
scenarios of within-genera random branchings for each of 100 genera-
level trees using a Yule process as implemented in the R library
apTreeshape (Bortolussi et al., 2012). This resulted in 1000 trees that
represent a distribution of possible hypotheses about evolutionary re-
lations in our dataset sensu Rangel et al. (2015).

2.4. Species ecological and biological features

For each species, we extracted from Flora Indicativa (Landolt et al.,
2010) the following ecological indicator values and biological traits:

inverted values of Landolt's T (expert based ordinal scale classifi-
cation of species elevation, ranging from 1 for lowland to 5 for alpine
species) as species level information about its elevational optimum
domain,

— CSR strategy sensu Grime (1977) depicting stress tolerance (S),
ruderal strategy (R) and competitive capacity (C) of each species (S
and R were coded as independent ordinal variables with values
between 0 a 3 referring to amount of “S” and “R” in three letter
characteristic of a species, C is a linear combination of S and R and
thus was not used separately; e.g. for CSS species, stress toler-
ance = 2 and ruderal strategy = 0),

— species dispersal capacity (a value of 1 was attributed to anemo- or
zoochoric species, and O to those with a different dispersal strategy),

— vegetative reproduction (a value of 1 was attributed to species with
the ability of any vegetative reproduction, and O to species with
completely non-vegetative reproduction),

— cushion life form sensu Aubert et al., 2014; a value 1 was attributed
to species with vegetative reproduction forming tussocks or cush-
ions, O for all other species)

— sexuality of the species (a value of 1 was given to species only
capable of sexual reproduction, and 0 for species with facultative or
obligate asexual seed generation mechanism, as is apomixis or
cleistogamy)

— Raunkiaer plant life-forms (a set of binary variables coding for
species being a therophyte, geophyte, hemicryptophyte, chamae-
phyte or phanerophyte)

Species evolutionary distinctiveness (Isaac et al., 2007) was esti-
mated as a so-called fair proportion measurement (as implemented in R
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package picante; Kembel et al., 2010) averaged across all 1000 phylo-
genetic trees. The evolutionary distinctiveness describes whether spe-
cies are positioned in strongly or weakly branching parts of a phylo-
genetic tree (sometimes referred as “bushy” or "stemmy” subtrees), and
the inverse value of evolutionary distinctiveness may be considered a
species-level measure of diversification rate (Jetz et al., 2012).

Endemism distribution and its relationships with potential
glacial refugia and topography

Species were classified as endemic or non-endemic to the Alps based
on the Flora Alpina (variable referred to as endemic status hereafter;
Aeschimann et al., 2011). To explore the relationship between spatial
patterns of endemism, potential glacial refugia, bedrock and topo-
graphy, we modeled the ratio of the number of endemics to the total
number of plant species within each grid (proportion of endemics,
hereafter) by a binomial process with the following predictors: mean
elevation, elevation range, the presence of calcareous or siliceous
bedrock, and presence of potential calcareous or siliceous refugia in
grid cell. In order to locate region-specific patterns, spatial smoothing
was added as an additional term to the model. To control for over-
dispersion, a random effect from a Gaussian distribution was added.
This was done by means of a generalized additive model (GAM), fitted
with Bayesian inference. The MCMC sampling was performed using a
JAGS sampler (Plummer, 2003; Plummer, 2016), using modified BUGS
code generated by the jagam procedure in the R library mgev (Wood,
2011). The model code is provided in Appendix D in Supplementary
material. We ran the model on 5 chains for 70000 iterations, with a
20000 generation burn-in period and we thinned the resulting chains
by 50. The convergence of the model was checked visually and by
means of the Gelman-Rubin statistic (Gelman and Rubin, 1992).

The endemic rarity was defined as log(1/species number of occur-
rences in IBD data) for all species endemic to the Alps. For each grid
cell, we calculated the mean rarities of all occurring endemic species
(variable futher referred to as mean endemic rarity). To investigate
links between mean endemic rarity and the presence of potential re-
fugia and topography, we fitted a GAM similar to the one for proportion
of endemics. To deal with the fact that mean endemic rarity is poorly
estimated in grid cells with fewer endemics, we added a layer of hier-
archy and modeled mean endemic rarity of each grid cell as a latent
variable representing the mean of a Gaussian distribution from which
rarities of different species in grid cell are drawn. The distribution of
mean endemic rarity was modeled as a function of mean elevation,
elevation range, presence of calcareous and siliceous bedrock, potential
calcareous and siliceous refugia and spatial spline as predictors, using
the Gaussian error structure. The model code is provided in Appendix D
in Supplementary material. The JAGS sampler setup and convergence
checking procedure was identical to the one used for modeling species
endemism.

The GAM framework is useful for discovering region-specific pat-
terns, does not rely on any pre-defined relationships, and provides ea-
sily interpretable visualizations. However, this framework may not
necessarily be the most suitable way to control for spatial auto-
correlation (Dormann et al., 2007). Because of that, we also tested other
methods to account for spatial autocorrelation, namely spatial gen-
eralized least square models and conditional autoregressive models.
These alternative methods provided qualitatively similar results to
those obtained with the spatial GAM (see Appendix A in Supplementary
material), and thus only GAM results are presented and discussed in the
main text.

Phylogenetic diversity and its relation to potential glacial re-
fugia and topography

We quantified the phylogenetic structure in each grid cell by cal-
culating phylogenetic diversity (Faith, 1992) standardized for species
richness effects (ses.PD), as implemented in R package PhyloMeasures
(Tsirogiannis and Sandel, 2017). This standardization was used to re-
move implicit interdependence between species richness and phyloge-
netic diversity, and resulting values are further interpreted in this way.
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The link between ses.PD and the presence of potential refugia and
topography was explored with a bayesian GAM similar to the one for
proportion of endemism or mean endemic rarity. In order to control for
phylogenetic uncertainty, we performed ses.PD calculations for each of
1000 phylogenetic trees within each grid cell. The “real” value of ses.PD
was modeled as a latent variable representing mean parameter of
Gaussian distribution from which ses.PDs of different trees are drawn.
The distribution of the “real” ses.PD per grid cell was modeled as a
function of mean elevation, elevation range, presence of calcareous or
siliceous bedrock, potential calcareous or siliceous refugia and a spatial
spline as predictors, using a Gaussian error structure. For the model
code, see Appendix D in Supplementary material. The sampler setup
and convergence checking was identical as for the previous Bayesian
models.

Endemism-elevation relationships and its link to species traits
and ecological properties

In order to explore relationships between species endemism and
their elevational niche, we modeled species-level endemic status (en-
demism to the Alps coded as a binary variable) with a non-spatial
generalized linear model (GLM) with a binomial error term, and used
each species’ elevational optimum (Landolt’sT) as a predictor. To
evaluate how the other species characteristics affected this endemism-
elevation relationship, we fitted the same model with additional pre-
dictors: evolutionary distinctiveness, ecological strategies and species
traits (see above “Species ecological and biological features”). All pre-
dictors were standardized prior to analyses. The important predictors
were selected using forward-backward model selection based on
Akaike’s information criterion (AIC), as implemented in stepAIC pro-
cedure in R, starting from a full model containing all variables. In order
to tease apart the relative effects of different species features, partial
correlations for non-parametric Kendall's correlation coefficient were
computed using the package ppcor in R (Kim, 2015). To explore re-
lationships among endemics rarity, elevational optimum and other
species characteristics, we fitted models similar to the ones used for
endemic status. In this case we used Gaussian error structure in the
GLM and parametric Pearson correlation coefficients for estimating
partial correlations.

To ascertain that analyses were not biased by a phylogenetic structure in
the dataset, we re-ran the final models obtained above by the stepAIC
procedure within a phylogenetic regression framework, as implemented in
the package phylolm (Ho and Ane, 2014). We obtained an Ornstein-Uh-
lenbeck alpha = 0.193 in the binomial model of endemic status and Pagel's
lambda = 0.037 in the Gaussian model of endemics rarity. These values
showed that the phylogenetic signal was weak in both cases, making non-
phylogenetic analyses appropriate with our data set (for results of phylo-
genetic comparative models see Appendix C in Supplementary material).

3. Results

Endemism distribution and its relationships with potential
glacial refugia and topography

Table 1
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The proportion of endemics tended to be significantly (in the sense
that Bayesian 95% credibility interval did not overlap 0) larger in grid
cells that contained calcareous bedrock (effect size = 0.245; (see
Table 1 for 95% credibility intervals, and Appendix A in Supplementary
material for the results of alternative spatial models). This effect was
further augmented by the presence of potential calcareous refugia
(ES = 0.195). The proportion of endemics was not affected by the
presence of siliceous bedrock and was even significantly lower in cells
containing potential siliceous refugia (ES = —0.070). The proportion of
endemics increased significantly with mean elevation (ES = 0.256) and
elevation range (ES = 0.161) in grid cells; for instance, an increment of
1000 m in mean elevation has an effect comparable to presence of
potential calcareous refugia (Fig. 1A). The spatial component of the
model showed that the proportion of endemics declined towards the
north-western edge of the Alps, and to a lower extent toward the
eastern edge of the Alps (Fig. 1 B).

The mean endemic rarity was significantly positively associated
with the presence calcareous bedrock (ES = 0.107) and of potential
calcareous refugia (ES = 0.068; see Table 1 for 95% credibility inter-
vals).The effect of siliceous bedrock was negative (ES = —0.077) and
the effect of potential siliceous refugia was not distinguishable from 0.
Mean endemic rarity was influenced neither by mean elevation nor by
the elevation range (fig. 1C). Similar as for the proportion of endemics,
we found a decline of mean endemic rarity towards the north-western
corner of the Alps (Fig. 1D).

Phylogenetic diversity and its relation to potential glacial re-
fugia and topography

Grid cells containing calcareous bedrock presented systematically
larger ses.PD (ES = 0.487, see Table 1 for 95% credibility intervals) and
this effect was further augmented in potential calcareous refugia
(ES = 0.575). Effect of siliceous bedrock on ses.PD is not distinguish-
able from 0, but potential siliceous refugia exhibited marginally sig-
nificant increase of ses.PD (ES = 0.255). Large ses.PD in calcareous
bedrock, calcareous refugia and possibly siliceous refugia indicates that
these areas host species assemblages separated by longer evolutionary
branches than the rest of dataset. Sites with a higher mean elevation
hosted species assemblages with a relatively lower ses.PD
(ES = —0.335); a decrease in 500 m of mean elevation is comparable to
the presence of potential calcareous refugia (Fig. 2a). This indicates that
areas of higher mean elevation in the Alps host species assemblages that
are more closely related than the rest of the dataset. Visualization of the
spatial component of the model displayed particular areas with high
(Savoy Prealps, Julian Alps) or low ses.PD (Otztal and Rhaetian Alps).
These spatial effects were, however, weak in comparison to the effects
of the linear terms of the model (see Fig. 2b).

Endemism-elevation relationship and its link to species traits
and ecological properties

The elevational optimum of species (summarized with Landolt’s T)
was a significant positive predictor of species endemic status
(tau = 0.086; Fig. 3A, see Table 2 for p-values). When mixed with other
species trait predictors, the relationship with elevation became weaker

Mean effect size (ES), lower and upper bounds of the 95% credibility intervals of the effects sizes of spatial models in which the proportion of endemics and the mean endemics rarity, as
well as species-richness standardized phylogenetic diversity (ses.PD) are explained. Model estimates with credibility intervals not overlapping with 0 are given in bold.

proportion of endemics mean endemic rarity ses.PD

lower ES upper lower ES upper lower ES upper
intercept -3.102 —2.962 —2.822 —4.483 —4.368 —4.253 -0.171 0.162 0.501
calc. bedrock 0.173 0.245 0.318 0.051 0.107 0.164 0.247 0.487 0.727
calc. refugia 0.135 0.195 0.255 0.020 0.068 0.116 0.379 0.575 0.770
silic. bedrock —0.057 0.025 0.108 —0.142 -0.077 -0.012 —0.471 —-0.225 0.021
silic. refugia —-0.140 —-0.070 —0.002 —0.064 —0.008 0.048 0.000 0.255 0.511
mean elevation 0.185 0.256 0.327 —0.008 0.048 0.103 —0.596 —-0.335 —-0.077
elevation range 0.096 0.161 0.226 —0.067 —-0.015 0.036 —0.046 0.201 0.447
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Fig. 1. Spatial models depicting the geographic patterns of proportion of endemics (A, B) and the geographic patterns of mean rarity of endemics (C, D). Panels (A) and (C) show
relationship of these two indices with mean elevation for grid cells without refugia (black, solid line, plotted in bold if effect of mean elevation is significant), with calcareous refugia
(blue, double dashed line, plotted in bold if effect of calcareous refugia is significant) or with siliceous refugia (red, single dashed line, plotted in bold if effect of siliceous refugia is
significant). Note that y-values of points are adjusted to account for the effect of not-displayed model variables and for the mean effect of smooth model component per group. Panels (B)
and (D) represent the smooth component of each model, showing geographic areas with overall higher or lower proportion of endemics or mean endemic rarity when simultaneously
accounting for parametric model components. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

but remained significant (tau = 0.032). Concerning other species-level
predictors, the endemic status is significantly linked to poor dispersal
capacity (tau = —0.137), sexuality (tau = 0.080), and stress tolerance
(tau = 0.100; Fig. 3A, Table 2). Evolutionary distinctiveness was ne-
gatively related to endemic status (tau = —0.054), and its inclusion
improved model AIC, but this effect did not reach statistical significance
(p = 0.134). The cushion life form was positively related to endemic
status (tau = 0.064); the inclusion of this trait also improved the model
AIC, but it did not reach statistical significance (p = 0.110) either.
Endemics rarity was significantly negatively linked with elevational
optimum (R = —0.110) and the strength of this relationship remained
similar in a model that included species traits and ecological predictors
(R = —0.102; Table 2, Fig. 3B). Endemics rarity was further associated
with sexuality (R = 0.068) and geophyte life form (R = 0.144). Dis-
persal capacity (R = —0.084) had a weak but significant negative effect
on rarity (p = 0.029), but this would turn margnially non-significant if
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accounting for phylogenetic correction (p = 0.097; see Appendix C in
Supplementary material). Stress tolerance (R = 0.046) and hemi-
cryptohyte life form (R = 0.084) were positively related to endemics
rarity and improved model fit, yet these effects did not reach sig-
nificance (p = 0.088, p = 0.104; Fig. 3B, Table 2).

4. Discussion

In this study, we quantitatively compared the importance of en-
demism hotpots in potential glacial refugia and in areas with high
elevation. We showed that the phylogenetic structure of plant assem-
blages occurring in these two types of hotspots is substantially different
and reflects their contrasting evolutionary histories. Moreover, we ex-
plored so far undocumented interrelations between plant endemism,
elevation, species ecological strategies, biological traits and evolu-
tionary distinctiveness.
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Fig. 2. Spatial model depicting geographic patterns of species-richness standardized phylogenetic diversity (ses.PD). Panel (A) shows the relationship of ses.PD with mean elevation
(black, solid line, plotted in bold if effect of mean elevation is significant) and the occurrence of calcareous (blue, double dashed line, plotted in bold if effect of calcareous refugia is
significant), siliceous refugia (red, single dashed line, plotted in bold if effect of siliceous refugia is significant). Note that y-values of points are adjusted to account for the effect of not-
displayed model variables and for the mean effect of smooth model component per group. Panel (B) represents the smooth component of the model, showing geographic areas with
overall higher or lower ses.PD when simultaneously accounting for parametric model components. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

4.1. Hotspots of endemism in calcareous refugia and areas with high
elevation

Areas of the Alps comprising potential calcareous glacial refugia
hold a substantially high proportion of alpine endemics, and these en-
demics are typically narrowly distributed (with high rarity of endemics)
within the Alps. This is partly caused by generally higher endemism in
calcareous areas, but potential calcareous refugia host even larger
proportion and rarer endemics that calcareous areas in general in our
data. It suggests that potential calcareous refugia indeed host species
that did not manage to recolonize larger areas after the retreat of gla-
ciers (Dullinger et al., 2012). Increasing endemism with elevation has
an effect per 1000 elevation meters comparable to the presence of
calcareous refugia. However, high-elevation endemics are typically
widespread within the Alps (with low rarity), in contrast to narrowly
distributed endemics of potential calcareous refugia. While high en-
demism in glacial refugia and high elevations was previously reported
from the Alps (Aeschimann et al., 2011; Tribsch and Schonswetter,
2003) and other mountain systems across the world (Feng et al., 2016;
Mraz et al., 2016; Nagy and Grabherr, 2009), we quantitatively mea-
sured and tested those effects within a spatially explicit modeling fra-
mework. We show that endemism in potential calcareous glacial refugia
and in high elevations are of comparable importance in the Alps, sug-
gesting that similar patterns might be found in other mountain ranges
affected by Pleistonece glaciation dynamics. Our quantitative approach
does not only compare importance of refugia and elevation gradient for
formation of endemic hotspots in the Alps, but also allows us to shed
light on exceptions from this general trend.

Interestingly, we found that the overall patterns of high proportion
of endemics and the high rarity of endemics in potential calcareous
refugia are not paralleled in potential siliceous refugia. The mean rarity
of endemic species occurring in potential siliceous refugia is compar-
able to the siliceous areas outside the refugia and the proportion of
alpine endemics in potential siliceous refugia is even significantly lower
than outside refugia. This suggests that high endemism previously re-
ported in some potential siliceous refugia (Tribsch and Schonswetter,
2003) could at least in some cases rather be attributed to the other
predictors used in our model than to favourable conditions during

36

glacial periods, i.e. those areas might be endemic-rich due to topo-
graphic roughness or because they lie in region that is overally richer in
endemics (which is modeled by spatial autocorrelation in our model). A
possible reason why potential siliceous refugia are not richer in en-
demics than non-refugial siliceous areas is that siliceous refugia are
typically interconnected with non-refugial siliceous areas in the central
Alps, in contrast to calcareous refugial and non-refugial areas, which
are scattered at the margins of the Alps. Hence, most siliciceous spe-
cialists species that surived glacial periods may have been able to re-
colonize broader areas after glacier retreat due to lower spatial isolation
of habitats on siliceous bedrock (Alvarez et al., 2009; Dullinger et al.,
2012). Following this hypothesis, postglacial migration might have
erased patterns of endemism, even though the presence of siliceous
refugia may be still visible in the spatial genetic structures of some
particular species (Schonswetter et al., 2005; Stehlik, 2003).

Spatial models of proportion of endemics and mean endemic rarity
suggest that the region of the north-western Alps hosts a lower pro-
portion of endemics and also fewer rare endemics. A possible ex-
planation is that the impact of glaciers was relatively stronger in this
area due to combination of lower elevation and higher glacial extent
towards the north-western part of the Alps (see maximum extent of
glaciers in Schonswetter et al., 2005), making potential refugia in this
area uninhabitable. This explanation is in agreement with studies
tracking glacial refugia using intraspecific genetic patterns
(Schonswetter et al., 2005), counts of endemic species (Tribsch and
Schonswetter, 2003), or species rarity (Taberlet et al., 2012);all of these
studies found weak or no support for the existence of glacial refugia in
the north-western Alps.

4.2. Calcareous refugia as species museums and high elevations as cradles

Areas with potential calcareous refugia contain systematically
higher richness-standardized phylogenetic diversity (ses.PD), which
suggests that they host a higher proportion of species with long and
isolated branches than other sites in the Alps. The ses.PD in potential
calcareous refugia is higher also in comparison with calcareous areas
outside refugia. Such a phylogenetic signature may result from a
random selection of refugial survivors from the pre-glacial species pool
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Fig. 3. Relationship of elevational optimum (Landolt’s T) and species endemic status (A)
or the rarity of endemic species (B) in elevation only models and in models with elevation
and the other species level predictors included. Tau is the partial Kendall correlation in
binomial model of endemic status (A), R is the partial Pearson correlation in Gaussian
model (B) of endemics rarity. All listed predictors contribute to model fit as measured by
AIC, predictors significant at p < 0.05 appear with solid arrows, non-sigificant with da-
shed.

combined with selective re-colonizations of previously glaciated sites
by well-dispersing species, resulting in assemblages at sites outside
refugia being more clustered than in refugia. In addition, resource
competition in refugia during glacial periods could have also con-
tributed to the competitive exclusion of related species sensu Webb et al.
(2002). The ses.PD in glacial refugia might have also been augmented
by allopatric speciation among isolated glacial refugia, which would
result in sister species seldom sharing one refugial site (Pigot and
Etienne, 2015; Warren et al., 2014). With the current resolution of
phylogenetic data and without evidence for past migration from and to
the Alps it is not possible to estimate the relative importance of those
three processes. Still, the observed evolutionary overdispersion in po-
tential calcareous refugia strongly supports the idea that those areas
constitute museums of phylogenetic diversity of the Alpine flora sensu
Stenseth (1984), and served as islands of suitable condition during
glacial periods. The long-term conservation of this local flora since
glacial periods onwards has thus made them important zones for the
protection of plant phylogenetic diversity in the Alps. For potential si-
liceous refugia, we found a pattern of phylogenetic overdispersion si-
milar to potential calcareous refugia, but only marginally significant. It
supports the interpretation that potential siliceous refugia also hosted
species during glacial periods. Although the patterns of endemism were
erased by postglacial migrations, the imprint of glacial survival may
still be detectable in the phylogenetic structure of plant assemblages.
Areas in the Alps with high mean elevation exhibit significantly
lower ses.PD than other sites. This means that with increasing
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Table 2

Effect size (ES), p-values and correlation coefficients (tau and R) of models explaining
endemic status and endemics rarity species level characteristics. Model results are shown
with species altitudinalelevational optima (Landolt’sT) as a single predictor, and in
combination with all other species characteristics. N stands for predictors that did not
pass the stepwise AIC optimization procedure and thus did not contribute to the model.
Bold are significant model terms (p < 0.05).

endemic status endemics rarity

tau ES P R ES P
elevational 0.086 0.297 <0.001 —-0.11 —0.194 0.012
optimum
alone
elevational 0.032 0.179 0.043 —-0.102 -0.206 0.009
optimum
evolutionary -0.054 —0.132 0.134 N N N
distinctive-
ness
ruderal strategy N N N N N N
stress strategy 0.1 0.231 0.009 0.046 0.144 0.088
dispersal —-0.137 -0.297 <0.001 —0.084 —-0.183 0.029
sexuality 0.08 0.258 0.023 0.068 0.193 0.01
vegetative N N N N N N
reproduction
cushions 0.064 0.122 0.11 N N
chamaephyte N N N N N N
geophyte N N N 0.144 0.245 0.003
hemicryptophyte N N N 0.084 0.136 0.104
phanerophyte N N N N N N
therophyte N N N N N N

elevation, species are more likely co-occur with their close relatives,
and that this pattern is consistent throughout the Alps. Two classes of
processes may explain this pattern. First, the high alpine flora could be
strongly shaped by environmental filtering sensu Webb et al. (2002) by
which related species tend to share adaptations to similar climatic en-
vironments and are, thus, jointly sorted across climatic gradients.
Second, this first process may have almost certainly been amplified by
recent and repeated speciations in clades that have largely diversified in
alpine environments (Boucher et al., 2016; Mansion et al., 2012;
Molina-Venegas et al., 2015; Roquet et al., 2013a, 2013b). Clearly,
environmental filtering alone cannot explain the phylogenetic clus-
tering of high alpine floras, since we found additional evidence that
species richness increases with mean elevation (see Appendix B in
Supplementary material) and increased filtering should decrease spe-
cies richness. Our results are thus in line with the extensive evidence
that plant clades have rapidly diversified into high-mountain environ-
ments in general (reviewed in Hughes and Atchison, 2015). Given in-
creasing evidence that speciation in alpine plants widely occur by al-
lopatric speciation with little niche shift (Boucher et al., 2016; Comes
and Kadereit, 2003), the observed signature of phylogenetic clustering
suggests that migration during post-glacial recolonization caused clo-
sely related species to co-occur in similar mountain environments, a
process known as secondary sympatry (Pigot and Tobias, 2013).

Our analyses thus show that high elevation and refugial hotspots of
endemism in the Alps are of similar importance, but were formed by
different evolutionary processes. It suggests that in the Alps, but pos-
sibly also in other temperate mountains affected by Pleistonece gla-
ciation dynamics, endemism should not be considered an indicator of
one particular evolutionary process as is glacial survival, altered dis-
persal dynamics or faster speciation.

4.3. High elevation endemism is shaped by dispersal

Above we discussed that areas with high elevation and calcareous
refugia are important hotspots of endemism and here we focus more
closely on processes forming endemism in high elevations. Accordingly
with spatial models, our species-level analysis provides evidence that
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species endemic status is positively related to elevational optimum and
that endemic species with high elevational optimum have larger dis-
tribution ranges (lower rarity) than endemic species from lower ele-
vations. However, once other predictors are included, the effect of
species elevational optima on endemism becomes much weaker. The
major pattern arising from this analysis is that poorly dispersing and/or
stress tolerant endemics tend to be over-represented with increasing
elevation. In addition, endemics with restricted distribution ranges
(high rarity) seem to be rather poor-dispersing and stress tolerant
species, although this last effect is weaker and marginally significant.
The relationship between endemism, elevation optimum, dispersal and
stress tolerance is in line with previous findings (Aeschimann et al.,
2012; Hobohm, 2008; Mraz et al., 2016), and suggests that some of the
high-elevation species are endemic, because of their poor colonizing
capabilities that are linked to their ecological and trait characteristics.
These species are specialists of stressful habitats, such as of rocky out-
crops or high-elevation habitats, possibly within glacial refugia, e.g. in
Dolomites, Julian Alps or south-western Alps. Typical examples of
narrowly distributed high-elevation endemics that are stress tolerant
and poor dispersers are: Rhizobotrya alpina, Braya alpina, Draba ladina,
Sempervivum dolomiticum, Saxifraga florulenta, Myosotis gallica, Carda-
minopsis pedemontana, Linaria tonzigii or Moehringia concarenae.

Species life-forms and reproduction strategies also partly explained
species endemic status and the rarity of endemic species. Cushion plants
are more likely alpine endemics (e.g. Androsace alpina), and geophytes
are more likely rare endemics (e.g. Allium kermesinum) than expected by
chance. Our results also indicate that sexually reproducing species are
more likely to be endemic and rare than asexual ones. This may appear
surprising given that asexual lineages tend to create small but distinct
populations, typically considered a species (e.g. Alchemilla or Sorbus).
This result is thus likely an artefact derived from the fact that, in large
compilations such as IntraBioDiv (Gugerli et al., 2008) or Flora Alpina
(Aeschimann et al., 2004), asexual and taxonomically problematic
species are typically merged to relatively broadly aggregated species
definitions. For instance, the genus Alchemilla has only 5 species dis-
tinguished in the IntraBioDiv data. To shed more light on endemism-
sexuality relations, it would be necessary to explicitly control for the
species definition, e.g. by including data about species population
structures, and perhaps by tackling the issue of species delimitation
with modern sequencing techniques. However, given the large number
of species of the Alps, this is likely a very demanding, if currently not
impossible, task.

In contrast to endemics that are stress-adapted, poorly dispersing or
having endemism-related life form, there is another large portion of
species whose endemic status is best explained by elevational optimum
itself. Such endemics are typically widespread within the Alps (have
low rarity), and are likely well adapted to environments such as the
subnival zone, that are relatively common within the Alps, but rare or
non-existing in other European mountain systems. These species are
thus expected to have a dispersal capacity sufficient to spread across the
Alps. Yet, their dispersal capacity is not sufficient for colonizing and
maintaining viable populations in isolated patches of suitable habitats
outside the Alps. Typical examples of well-dispersing, widespread high-
elevation endemics are for example: Festuca interdecens, Cerastium ped-
unculatum, Crepis terglouensis, Adenostyles leucophylla, Erigeron neglectus
or Artemisia genepi.

Surprisingly, the evolutionary distinctiveness of species is only
weakly linked to endemic status; one would have expected that en-
demism should be common in species with little evolutionary distinc-
tiveness resulting from repeated recent speciation events. Our analysis
on the relationship between endemic status and evolutionary distinc-
tiveness may have been partly weakened by the use of genus-level
phylogenies, as recent speciation events would be most apparent at
terminal branches, where we are missing accurate information. But if
speciation events in general were a main driving force of high mountain
endemism patterns, it is unlikely that missing information at the species
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level would completely remove the signal. The weak relationship be-
tween endemic status and evolutionary distinciveness is interesting,
because according to other results from our study, the flora of high
elevation areas (including non-endemic species) shows a pattern of
phylogenetic clustering — a possible indication of faster and recent
diversification. Combining our findings, we hypothesize that the high-
elevation flora may indeed have faster speciation rate, as was reported
in studies from mountains all around the world (reviewed in Hughes
and Atchison, 2015). However, even the youngest speciation events in
our phylogeny are older than the last glaciation period (all terminal
branch lenght estimates are longer than 110,000 years) and most of
them is even older than the onset of glaciation-deglaciation cycles in
the Quaternary (77% of terminal branch length estimates are longer
than 2.58 million years). This suggests that although species may
speciate faster in high elevations, the relationship between speciation
and endemism is further erased by massive glacial-interglacial migra-
tions and extinctions (see Kadereit et al., 2004). The temporal dynamics
of the evolution of new species and drivers of endemism need to be
further studied with a well-dated species-level phylogeny of the Alps
and possibly beyond such as including the Carpathians and the Pyr-
enees or the Balkanic mountain systems.

5. Conclusions

Our analyses demonstrate that important hotspots of endemism in
the European Alps are situated in potential calcareous glacial refugia,
rather than siliceous ones, but also in areas with high elevation: an
elevational change of 1000 m contributes to endemism similarly as the
presence of potential calcareous refugium. Potential calcareous refugia
harbour a large portions of endemics that are rare within the Alps, and
plant assemblages with higher phylogenetic diversity than random ex-
pectations. It suggests that these areas indeed served as save harbours
for distinct evolutionary linages during the periods of glaciation. The
assemblages of high-elevation hotspots carry a signature of phyloge-
netic clustering, which indicates a combination of strong environmental
filtering and faster speciation rate. More detailed analyses of high ele-
vation endemism reveal that a large portion of endemics in the Alps are
range restricted species with poor dispersal ability, and another large
portion of endemics are high elevation specialists that are widespread
within the Alps. Our results show that endemic hotspots both in cal-
careous refugia and high elevations are of high importance, but they are
formed by contrasting evolutionary processes. In line with this, future
studies of endemism and diversification in the Alps or other mountain
ranges affected by past glaciation should consider that endemism in
such areas is formed by interplay of migration and different diversifi-
cation processes acting on different timescales, rather than one domi-
nant force. From a point of view of nature conservation,calcareous re-
fugia in the Alps deserve more attention than high elevation hotspots,
because they host primarily range-restricted endemics and phylogen-
etically distinct species retaining a substantial evolutionary history
overall.
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ARTICLE INFO ABSTRACT

Keywords: In the face of climate change, populations have two survival options — they can remain in situ and tolerate the
Adaptation new climatic conditions (“stay”), or they can move to track their climatic niches (“go”). For sessile and small-
Dispersal stature organisms like alpine plants, staying requires broad climatic tolerances, realized niche shifts due to
Microclimate

changing biotic interactions, acclimation through plasticity, or rapid genetic adaptation. Going, in contrast,

Elcfhe, requires good dispersal and colonization capacities. Neither the magnitude of climate change experienced locally
efugia . . . . -
Resil?ence nor the capacities required for staying/going in response to climate change are constant across landscapes, and

both aspects may be strongly affected by local microclimatic variation associated with topographic complexity.
We combine ideas from population and community ecology to discuss the effects of topographic complexity in
the landscape on the immediate “stay” or “go” opportunities of local populations and communities, and on the
selective pressures that may have shaped the stay or go capacities of the species occupying contrasting land-
scapes. We demonstrate, using example landscapes of different topographical complexity, how species’ thermal
niches could be distributed across these landscapes, and how these, in turn, may affect many population and
community ecological processes that are related to adaptation or dispersal. Focusing on treeless alpine or Arctic
landscapes, where temperature is expected to be a strong determinant, our theorethical framework leads to the
hypothesis that populations and communities of topographically complex (rough and patchy) landscapes should
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be both more resistant and more resilient to climate change than those of topographically simple (flat and
homogeneous) landscapes. Our theorethical framework further points to how meta-community dynamics such as
mass effects in topographically complex landscapes and extinction lags in simple landscapes, may mask and
delay the long-term outcomes of these landscape differences under rapidly changing climates.

1. Introduction

Our understanding of the magnitude and ecological implications of
climatic variation in space and time has greatly developed over the past
decades. Studies focusing on the capacity for species to track their climatic
niches over large spatial extents, including palaeoecological reconstructions
(reviewed in Feurdean et al., 2013) and climate envelope models (Pearson
and Dawson, 2003; Sykes et al., 1996), typically suggest high migration
rates in response to rapid redistribution of climates at the global scale (Clark
et al.,, 1998; Loarie et al., 2009). For plants, these findings have been
challenged by more recent molecular (Westergaard et al., 2010, 2011),
palaeoecological (Birks and Willis, 2008; Cheddadi et al., 2014) and meso-
to micro-scale climate envelope modelling (Franklin et al., 2013; Lenoir
et al., 2017; Randin et al., 2009; Trivedi et al., 2008), all suggesting occa-
sional species persistance within refugia or through short-distance escapes
(Hampe and Jump 2011). Here, we discuss how the propensity for species
to “stay”, through adaptation processes, or “go”, through dispersal pro-
cesses, so as to survive in the face of climate change, depends not only on
the magnitude of climate-change exposure and the climate-change sensi-
tivity of the constituent species and communities (Dickinson et al., 2014;
Bertrand et al., 2016), but also on the spatial structure of the landscapes in
which the species occur (Korner, 2004; Slavich et al., 2014).

Topography is a key determinant of climatic variation across spatial
scales ranging from regions, covering hundreds of square kilometres, to
microsites of less than a square metre, especially in treeless areas like the
high Arctic and alpine regions (see Box 1). Across these spatial scales, we
can find regions, landscapes, patches, and microsites that are relatively
topographically uniform, as well as others that are topographically
complex, with associated differences in climatic heterogeneity. For ex-
ample, there are clear differences in topographic complexity between
mountainous vs. flat landscapes in high-latitude regions (Lenoir et al.,
2013), flat areas vs. ridge-snowbed gradients in alpine landscapes (Graae
et al., 2011; Korner, 2003), and flat vs. microtopographically complex

Box 1
The thermal niche of alpine plants.

patches within grassland and tundra vegetation (Armbruster et al., 2007;
Moeslund et al., 2013; Opedal et al., 2015). The topographic complexity
at scales of a few tens of metres can give rise to microclimatic variation in
e.g., mean temperatures that often matches what is expected under fu-
ture climate change scenarios (2-6°C; Armbruster et al., 2007;
Dobrowski et al., 2013; Graae et al., 2012; Lenoir et al., 2013; Opedal
et al., 2015; Scherrer and Korner, 2010; Scherrer and Korner, 2011).

It is important to focus on high-latitude and high-elevation landscapes
beyond treeline, not only because the complex topography there provides
more spatial heterogeneity in temperature, but especially because tem-
perature itself is expected to be the main determinant of plant distribution
in these landscapes (Korner, 2003; Raunkiaer 1934). Indeed, temperature
has both direct effects on alpine plant life through setting limits to species’
fundamental niches, as well as indirect effects through determining, for
instance, decomposition and nutrient cycling, access to water, as well as
the abundance of herbivores, pathogens, pollinators, and seed dispersers.
Some of these variables are also influenced by other factors — for instance
anthropogenic disturbances and herbivore density that are often also
regulated by humans. As Box 1 illustrates, we need to incorporate all these
various components of temperature into the thermal niche concept of al-
pine plants. Hence, the thermal niche of an alpine plant species becomes a
somewhat theoretical object for which one has to make the often un-
realistic assumption of ceteris paribus (“other things being equal”). Though
the realized niche for a species is difficult to describe because of the
complexity of interacting limiting factors, there are good evidence for the
existence of microclimatic niches (Lenoir et al., 2013; Scherrer and Korner
2011). In this paper we will make use of this theoretical niche concept,
arguing that realised microclimatic niches are important for plants and
improving our understanding of the distribution of these thermal niches
across the landscape is important for predicting species’ capacities to adapt
or disperse in response to changing climate.

Here, we synthesise theories relevant for how the topographic com-
plexity of landscapes at high elevations or latitudes influences the

The thermal niche of plants is often described in a highly simplified manner with a strong focus on synoptic or ambient air temperature
characterizing macroclimate. For small-stature and slow-growing alpine and Arctic plants there is a major difference and decoupling
between the temperature that the plants experience near the ground and the temperature conditions obtained from weather stations
measuring synoptic temperature at 2 m height (Graae et al., 2012; Lenoir et al., 2013; Korner, 2003; Scherrer and Korner, 2010, 2011).
During summer, the difference and decoupling between temperature conditions near the ground and synoptic temperature is to a high
degree controlled by topography, vegetation structure, proximity to ground and, in the soil, also the moisture level. During winter, dif-
ference and decoupling is also caused by topography, vegetation structure and proximity to ground, but this is mostly due to its effect on
snow cover and depth that determines the microclimate (temperature and moisture) and light conditions to the plants. Kérner (2003) as
well as Wipf and Rixen (2010) describes in detail how snow cover and duration matters for alpine and Arctic vegetation.

In addition to these scale effects, it is well established that the multifaceted nature of temperature (maximum, minimum, mean, growing
season length, etc.) affects different life cycle and phenological stages to various extent. For instance, extreme temperatures are mostly
associated with mortality events and the timing of these extreme events is crucial, whereas mean temperatures are chiefly associated with
growth processes. Korner et al. (2016) describe how the many different components of climate affect tree distribution, and this complexity
of niche limiting factors and interactions is expected to be even greater for small-stature plants occurring near the ground. Understanding
the ecophysiological and ecological mechanisms underlying plant species distribution needs to take such microclimatic considerations into
account. Accounting for all these limiting factors to model alpine plant species distribution is rarely done in the scientific literature. The
more simplified concept of thermal niche has, however, shown useful because plant species distribution, especially trees for which most
studies are done, correlate well with macroclimatic variables such as mean summer and winter temperatures. However, for mechanistic
understanding of what is driving these correlations we need to go beyond mean temperatures (Korner et al., 2016) and assess the im-
portance of this topographically-driven heterogeneity in temperature conditions near the ground and its consequences for alpine plant
distribution and redistribution under climate change.
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Legend: Diagram showing the many factors shaping the microclimatic niche in alpine plant communities. The growing season mac-
roclimate is filtered into microclimate by factors listed in the red arrow and winter macroclimate is filtered into microclimate by factors
listed in the blue arrow. The resulting summer microclimatic niche in green for survival, growth and reproduction of plants are determined
by temperature extremes (max. and min. temperatures mostly for survival), season length and growing degree hours (GDH) that gives the
accumulated temperature for growth and reproduction. Also the winter microclimatic niche in blue is determined by the temperature
extremes for survival while season length, that also to a high extent is driven by snow cover, determines important winter processes, for
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resistance (the lack of sensitivity and response to perturbation or dis-
turbance) and resilience (the capacity to recover after perturbation or
disturbance) of alpine plant populations and communities in response to
climate change. Specifically, we explore (1) how populations in landscapes
of different topographical complexity are affected by microclimatic het-
erogeneity under the current climate, and (2) how this may affect their
responses to climate change. We then turn to communities, and (3) de-
velop a framework for community response to landscape microclimatic
heterogeneity, before we (4) ask how this may affect community-level
responses to climate change in landscapes of different topographic com-
plexity. Although we focus on small-stature plants in cold ecosystems,
many of the processes we describe here would hold for other groups of
organisms, with modifications to account for differences in organism
mobility and scale (Roth et al., 2014), as well as other important factors of
specific relevance. For example, for small-stature plants in the lowlands,
one would also have to consider, in addition to topography, the effect that
tree or shrub canopy cover exerts on microclimate (De Frenne et al., 2013;
Grimmond et al., 2000) and its consequences for forest plant species dis-
tribution (e.g. Wesser and Armbruster 1991; Lenoir et al., 2017).

2. The spatial components of microclimatic niche heterogeneity

Microclimatic heterogeneity affects populations and communities in two
general ways. First, by increasing the range of climatic conditions, it in-
creases the climatic niche space that is available within a given surface area
and creates potential niche space for more species. At the same time, this
inevitably comes at the expense of reduced available habitat area (Kerr and
Packer, 1997; Scherrer and Korner, 2011) and thus increases habitat frag-
mentation (Reino et al., 2013) for species with specialised thermal niches. In
alpine and Arctic ecosystems, topography is the main physiographic feature
that can enhance microclimatic heterogeneity in space. As a general and
simplified example, consider seven hypothetical landscapes of equal size
(e.g, 1km?), sharing a regional plant species pool (Zobel, 1997), but
varying in topographic complexity (Fig. 1). Microclimatic heterogeneity due
to topographic complexity has two dimensions: the range of climatic
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conditions available (increasing from left to right in Fig. 1), and the climatic
patchiness or fragmentation (increasing from top to bottom in Fig. 1). The
species in the regional pool will be distributed differently among and within
the landscapes, depending on niche availability and landscape hetero-
geneity (in Fig. 1, species are represented by rings and curves of different
colours). In addition to experiencing long-term changes in climatic condi-
tions, our hypothetical landscapes can experience different levels of dis-
turbance and seasonal fluctuation, which will naturally influence the po-
pulation and community dynamics of the plants inhabiting these
landscapes. Additionally, alpine plant species have different life histories,
sizes and dispersal capacities, involving different spatial scales (cf. the
spatial extent and resolution of our hypothetical landscapes). Here, we only
focus on the spatial arrangement of microclimatic conditions across a 1-km?
landscape and the impact of climate change on the “stay” or “go” processes.
Our first example landscape, LO, is climatically homogeneous, with a
narrow range of climatic conditions (or niche space), such as can be found
for temperature across a flat and smooth landscape. For species whose
realised climatic niche requirements are fulfilled in this landscape (species
represented by the brown and green curves and rings in Fig. 1), a large and
continuous habitat area is available, and the probability of temperature-
related local extinction under stable conditions is hence low (Hanski,
1998; Lande, 1993; MacArthur and Wilson, 1963). L1 and L2 encompass
increasingly wider ranges of thermal conditions that are distributed in a
non-patchy way (positive spatial autocorrelation) such as on a gentle (L1)
or a steep (L2) hillside. The available niche space, and hence the potential
number of species in the landscape increases from LO via L1 to L2 (Fig. 1).
Depending on the species’ niche width and the climatic niche availability,
species may occur in the whole or in parts of the landscape, and there is,
for most species, less habitable area available in L2 than in L1 and LO.
L3 has the same available thermal niche space for any given species as
L1, but suitable areas for each species are more patchily distributed in
space, and the populations will therefore tend to be more spatially scat-
tered, as in a hilly landscape with fine-scale topographic complexity.
Landscapes L2 and L4 have the same difference in patchiness as between
L1 and L3 but with a larger climatic range. Thus, L3 and L4 have, on
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Fig. 1. Species response curves along a temperature gradient (upper panel) and the species’ spatial distributions (lower panels) across seven landscapes differing in two important
determinants of climatic heterogeneity; the range of climatic conditions available (cf. increasing climatic range from left to right) and the degree of fragmentation in climatic conditions
(cf. increasing climatic patchiness from top to bottom). The available climate within the landscapes in each coloumn is represented by a vertical dotted line [mean] and a grey box [range]
in the upper panel. For illustrative purpose, a theoretical species pool is provided, containing five different species (represented by colours) with different climatic niches (upper panel).
Each of the seven (L0-L6) landscape panels gives exemplified spatial distribution of the climatic niche space (colour scale from cold to warm) and of local populations of the species in the

species pool (coloured rings). Note that the mean temperature is similar across all seven landscapes — illustrated by the black triangle on the key to the right.

average, smaller patches, but also shorter distances between patches of
suitable habitat, compared to landscapes L1 and L2, respectively.
Landscapes L5 and L6 are even more fragmented, to the extent that they
may appear quasi-homogeneous.

Below, we evaluate how the increasing landscape heterogeneity affects
the populations and communities inhabiting these different landscapes.
We outline the consequences of this landscape heterogeneity for the se-
lective pressures within the different landscapes, and for how the popu-
lations and communities are equipped to respond to climate change.

3. Populations in landscapes of varying climatic heterogeneity

For species with narrow thermal niches and/or only occurring in part of
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the climatic range of the landscape (i.e. purple species in L1, L3 and L5 and
blue species in L2, L4 and L6), populations will be smaller in size and/or
more fragmented in space going from LO towards L6. This may lead to
higher local extinction rates due to stochastic processes in the smaller po-
pulations of fragmented landscapes (Fig. 1). However, when moving from
L3 to L5 or from L4 to L6 the existence of many small patches will reduce
the average distance between patches of suitable habitat in these land-
scapes, potentially improving connectivity between the fragmented popu-
lations and reducing extinction risks via rescue effects (Brown and Kodric-
Brown, 1977; Hanski, 1998). Note that this potential increase in con-
nectivity can only happen if the average dispersal distance of the focal plant
species within the landscape exceeds the average distance between patches
of suitable habitat (i.e., the patches are part of a population or meta-
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population, sensu Hanski, 1998). In our example with a fixed sized land-
scape window, the balance between extinctions, caused by reduced patch
sizes, and colonisations, caused by reduced distances between the patches
and by the area-related colonization capacity, will depend on the organisms’
life history. Small sized and well-dispersed plant species will most likely be
less affected by decreasing habitat sizes and increasing isolation than plant
species with high area requirement or more limited colonisation capacities.

Interestingly, the population processes in climatically variable and
patchy landscapes, like L6, may converge towards the situation in
homogeneous landscapes such as LO if distances are so small that in-
dividuals can easily move between patches so that populations are no
longer fragmented. However, in contrast to LO, highly heterogeneous
landscapes as in L6 may allow populations with different niche re-
quirements to coexist, as long as the patch area across the landscape is
still large enough for populations to survive locally. Therefore, the
constraint due to dispersal limitation towards a climatically suitable
location may become less important towards both L6 (i.e. similar mi-
croclimates can be very close) and LO (i.e. homogeneous microclimatic
conditions), and may be most important under intermediate microcli-
matic heterogeneity (relative to the organism under study).

The microclimatic heterogeneity in the landscape will also alter the se-
lective forces acting on populations in the different landscape types.
Populations inhabiting climatically heterogeneous landscapes may be under
selection for broader niches in order to maintain sustainable population sizes
in a heterogeneous environment. When microclimatic heterogeneity in-
creases, either moving from left to right or top to bottom in Fig. 1, species
with broad climatic niches, represented by the green curve, will have an
advantage compared to the species with narrower niches. Selection for
broader niches may result in greater phenotypic plasticity within local po-
pulations, with important consequences for the capacity of these populations
to respond to environmental changes (Chevin et al., 2010; Jump and
Penuelas, 2005; Nicotra et al., 2010). Whether selection in response to en-
vironmental heterogeneity favours phenotypic plasticity, genetic differ-
entiation, or a combination of the two, depends on several factors, including
the temporal and spatial scale of climatic variation (Alpert and Simms, 2002;
Botero et al., 2015). More effective dispersal in space or time may also
counteract the negative effects of fragmentation. Populations in fragmented
landscapes may therefore also be under selection towards better dispersal
abilities, or they may be under selection towards better survival in dormant

Box 2
The meta-community paradigm.
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or other long-lived stages, thus contributing to extinction time-lags, until
opportunities for continued growth and reproduction (re)appear locally
(dispersal in time or remnant population strategy sensu Eriksson, 1996).

4. Consequences of microclimatic heterogeneity for populations
under changing climate

Populations in different landscape types, such as topographically simple
vs. complex terrains, may be very differently positioned, and also equipped,
to meet ecological challenges of climate change. In a climatically homo-
geneous landscape, like LO, populations can remain within the landscape if
they tolerate the new climatic conditions, either through intrinsic ability of
individuals to tolerate changing climatic conditions (Bertrand et al., 2016),
or through intraspecific variation in the position of the climatic niche op-
tima (Valladares et al., 2014). Alpine plant species within the homogeneous
landscapes are expected to have rather narrow niches, but those with the
widest climatic niches, represented by the green curve in Fig. 1, will have
the highest chance of surviving in this type of landscape and adapting to
the new climatic conditions through realised niche shifts (Wasof et al.,
2013, 2015). Indeed, in LO, distances to new suitable habitats might be
relatively large (i.e., somewhere outside the landscape), thus favouring
adaptation (“stay”) processes over dispersal and colonisation (“go”) pro-
cesses. In addition, low immigration rates into patches in these landscapes
(i.e., long distance to source populations of species with different climatic
optima) means that the resident species will have a relatively low risk of
being exposed to competition from immigrant species better adapted to the
new climate (Ackerly, 2003; Bertrand et al., 2011). This may allow per-
sistence under a new suboptimal climate and hence a longer time during
which adaptation to the new climate can occur (Ackerly, 2003; Svenning
and Sandel, 2013). Species with high persistence capacity, for instance with
very long-lived individuals or dormant stages, may remain for extended
periods in this type of landscape (LO) compared to what would be predicted
from their climatic niche (Eriksson, 1996, 2000; May et al., 2009; Migliore
et al., 2013), contributing to the extinction debt (Tilman, 1994). Related to
this, “staying” may also be possible through expansion of the realised niche
to encompass the new climate, for example due to changes in biotic in-
teractions (e.g. competitive release (Lenoir et al., 2010)).

In contrast, populations experiencing changing climate in more het-
erogeneous landscapes (to the right or down in Fig. 1) are more likely to

recognized:

The meta-community paradigm defines a meta-community as a set of local communities, linked by dispersal, and describes how the dynamics
of the meta-community at large is driven by the interactive effects of local niche processes operating within each patch, and by dispersal
between patches (Leibold et al., 2004). Four general and non-mutually exclusive perspectives on meta-community dynamics are typically

e Neutral processes assume that all species within a trophic level and all patches are functionally equivalent and coexistence is permitted by
stochastic processes and slow competitive exclusion relative to immigration and evolutionary rates (Hubbell, 2001).

e Patch dynamics models describe a system where coexistence is permitted by a trade-off between dispersal and competitive ability, so that
the most successful colonizers of available patches are relatively poor competitors, and vice versa (Levins and Culver, 1971; Tilman, 1994).

® Species sorting models assume an environmentally heterogeneous environment and consider how species’ niche requirements ‘sort’ them
into local communities (Chase and Leibold, 2003; Whittaker, 1962).

e Mass effects models build on species sorting, but with the added feature that dispersal between communities may allow maintenance of local
‘sink’ populations also in sites where the niche requirements of that species are not met (Holt, 1993; Mouquet and Loreau, 2003).

In the past decade, the meta-community paradigm has been highly influential in setting the research agenda in community ecology, and it
has inspired a substantial literature on the interplay between dispersal and niche processes, covering a wide range of spatial and temporal
scales, biomes, and organism groups, and giving rise to both theoretical, observational and experimental advances (Leibold et al., 2010;
Murphy and Foster, 2014; Myers and Harms, 2009; Pillar and Duarte, 2010; Telford et al., 2006; Tscharntke et al., 2012; Urban et al., 2008).
However, questions of the relative importance of the different meta-community processes in determining the patterns in community com-
position we observe in nature, and indeed how and if the relative importance of these processes can even be quantitatively assessed, have been
highly debated and are far from being resolved (e.g., Logue et al., 2011).
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Fig. 2. Prediction of the relative importance of different meta-community dynamics (Neutral processes NP, Patch dynamics PD, Species sorting SS and Mass effects ME (see Box 2 for
explanation)) (upper panel) in response to the climatic heterogeneity in the landscape (lower panels). The seven landscapes are the same as in Fig. 1.

have a suitable microclimate patch nearby. At the same time, these po-
pulations are likely to have been under selection for better dispersal ca-
pacity and wider niches because they have been exposed to such. The
populations remaining in these landscapes should thus be better equipped
to stay within the landscape. In L1-L6, in contrast to LO, for which species
have to migrate outside the landscape if they cannot adapt locally, species
can move across the landscape to track the climatic change. Species may
go extinct within the landscape if (i) dispersal distances to track the spe-
cies’ niche exceed the species’ dispersal capacity, (ii) the available habitat
area within the landscape becomes too small to support a viable (meta-)
population or (iii) the species’ climatic niche is no longer available within
the landscape (e.g., very cold-adapted species represented by the blue
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curve). In L1 the risk of colonisation time-lags and extinctions is expected
to be higher than in L2 but this will depend heavily on species climatic
tolerance, dispersal capacity and life-history traits (Alsos et al., 2012,
2015; Bertrand et al., 2011; Lenoir et al., 2008).

The average dispersal distance required to track a given climate
change within the landscape window decreases from L1 via L3 to L5, re-
quiring successively smaller dispersal capacity for survival. L4 and L6 will
offer even better opportunities to disperse between patches under dra-
matic climate changes, even for dispersal-limited species. There is a high
probability of encountering a patch nearby with suitable microclimate
unless the microclimatic niche has vanished for that species (i.e. the spe-
cies represented by blue and purple curves in Fig. 1 may loose their niches
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after warming), resulting in low dispersal limitation-related extinction
rates and short time-lags. New neighbours will colonise at a faster rate. We
expect that such rapid changes will pose challenges for species with slow
life histories (cf. long-lived species with limited colonisation capacity)
(Lenoir and Svenning, 2013; Tscharntke et al., 2012; Vranckx et al., 2012),
and they will rely more on their ability to tolerate climate changes (De
Witte and Stocklin, 2010). The more fragmented landscapes, however, will
also encompass smaller and more fragmented populations that may be
more vulnerable to climatic fluctuations.

Our example landscapes illustrate how the adaptations resulting
from the selective pressures that have been shaping the populations
inhabiting homogeneous versus heterogeneous landscapes may be the
opposite of the adaptations populations will need to survive in those
landscapes under a rapid climate change. Populations in homogeneous
landscapes have been under selection for traits allowing them to persist
under rather homogeneous conditions, but may, in the face of climate
change, be required to migrate over large distances (outside the land-
scape) if they cannot tolerate or adapt to the new conditions. In con-
trast, populations inhabiting heterogeneous landscapes have better
opportunities to “stay” within their landscape throughout short-dis-
tance displacements and yet are also better adapted to disperse over
longer distances and establish in a wider range of conditions due to
historical selection pressures towards better dispersal and wider niches.

5. Communities in landscapes of varying climatic heterogeneity

Landscape structure and the associated differences in climatic range and
patchiness will have consequences for community-level processes in the
landscape (Tscharntke et al., 2012). The meta-community paradigm (Box 2),
as described by Chesson (2000) and Leibold et al. (2004), is a useful starting
point for exploring these implications. Here we assume that meta-commu-
nity dynamics are driven to various degrees by neutral processes, patch
dynamics, species sorting, and mass effects (Leibold et al., 2004). Climati-
cally homogeneous landscapes, as exemplified by L0, are not likely to sup-
port communities in which climate niche-based processes, such as species
sorting or mass effects, play important roles in maintaining species diversity
(Fig. 2). There is no climate-driven habitat variation, and the populations
that inhabit these landscapes share the same climate niche (see above). The
total suitable habitat area is large and climatically homogeneous, which will
increase the probability of community assembly based on either neutral
processes, where the co-existence results from the very slow stochastic ex-
tinction rates of demographically equivalent species within a relatively large
population area, or patch dynamics, with species co-existence permitted by a
trade-off between dispersal and competitive abilities (Fig. 2).

In contrast, landscapes encompassing a wider range of climatic condi-
tions (L1-L6) have more climate niche space available and there is scope for
coexistence based on climate niche partitioning and hence for species
sorting and/or mass effects to operate (Fig. 2). The climatic range is equal
for all landscapes at the same position along the climate range gradient (for
L1, L3, and L5 or for L2, L4, and L6), and the total area of suitable micro-
climate for any particular species is therefore also equal for the landscapes
within each of these columns. It follows that climatic niche-partitioning
processes (i.e., species sorting and/or mass effects) is likely to be inter-
mediately important across L1, L3, and L5, and of overriding importance
across L2, 14 and L6. As we move from LO via L1 to L2, the average habitat
area available for each species decreases, but for each species the available
area is not fragmented (high auto-correlation), leading to an overall de-
crease in the relative contribution of dispersal to community dynamics.

Towards the lower parts of Fig. 2, both the average patch size of suitable
habitats and the dispersal distance between patches decreases, leading to
increased probabilities of both local extinction and re-colonisation of locally-
extinct populations. The climate gradient length is equal within each column
(e.g., L2, L4 and L6) and the importance of climatic niche-partitioning
processes (the combined effect of species sorting and mass effects) is hence
constant. However, with increased fragmentation, the probability that a
dispersed propagule ends up in a ’sink’ population increases, and the relative
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importance of mass effects is therefore expected to increase at the cost of
efficient species sorting (Fig. 2). In L6, however, the decrease in dispersal
distances between patches might be so important that, for some species, the
landscape is perceived as more homogeneous than L3 and L4. Hence, neu-
tral dynamics could be expected to operate, but within several “parallel
communities” each consisting of few species with very specific climatic
tolerances. Mass effects are then occurring between these parallel commu-
nities, causing all the species to seemingly coexist in the same landscape.

6. Consequences of microclimatic heterogeneity for communities
under climate change

In large homogeneous landscapes where diversity is maintained by
neutral and patch-dynamics processes, such as L0, there is little climate
niche variation among species. Under climate change, persistence due to
shifts in species’ realised niche is possible as long as the climate change is
within the fundamental niche limits of the species (Lenoir and Svenning,
2015). As the current climate no longer overlaps with the fundamental
climatic niches of many of the species in the community, extinction rates
are likely to increase sharply, and the ensuing gaps will mostly receive
non-suitable recruits. This will result in unsaturated communities, prob-
ably with decreased levels of interspecific competitive interactions, which
could lead to shifts or expansion of realised niches (cf. Lenoir et al., 2010)
and increased probability of persistence for the remaining species. Long-
term maintenance of biodiversity and ecological functions in such land-
scapes will require local extinctions and immigration, and hence remnant
population dynamics (Eriksson, 1996, 2000), storage effects (Chesson and
Warner, 1981) and dispersal limitation on long-distance dispersal from
outside the landscape will result in severe time-lags. Such communities
may exhibit considerable unpaid extinction debts (Jackson and Sax, 2010;
Kuussaari et al., 2009), as species sorting processes will be inefficient in
increasingly unsaturated communities consisting of species poorly adapted
to the new climatic conditions. On the other hand, when individuals dis-
persing in from outside the landscape do eventually arrive, these un-
saturated communities are likely to be readily invasible (colonisable) and
new species with good dispersal and establishment capacities are likely to
be favoured. We therefore expect communities in homogeneous land-
scapes to experience relatively slow species loss, and low levels of land-
scape-scale reshuffling over time (cf. time lag and climatic debt, sensu
Bertrand et al., 2016). In the long term and with dramatic climate change
exceeding the tipping point, we expect greater proportional species loss
(climatic debt being paid off) here than in heterogeneous landscapes.

In heterogeneous landscapes (L1-L6), climate change is likely to
result in species displacement along the climatic gradient, with direc-
tion and rate of the realized community change shaped by the interplay
between local dispersal and species-sorting processes operating within
the landscape (i.e., paralleling the processes operating in the landscape
under a stable climate; Fig. 2). In general terms, landscapes with
broader climatic ranges will have smaller available habitat area for any
given climatic regime and hence higher extinction probability under
climate change compared to more homogeneous landscapes. However,
the finer-grained spatial heterogeneity of patchy landscapes implies, on
average, that a broader range of climatic conditions are available
within a given distance from any particular point in the landscape, and
hence an influx to patches of species with a broad range of climatic-
niche requirements. As discussed above, a species pool adapted to
survival in a fragmented landscape may also be better equipped for
dispersal within the landscape. The net effect is less dispersal limitation,
shorter establishment time-lags, and faster equilibration of the com-
munities to new climatic conditions in patchy compared to homo-
geneous landscapes. Only the warmest patches may experience pro-
blems getting new species from within the landscape. However, at the
same time, good dispersal abilities coupled with greater proximity be-
tween different habitat types will also result in greater impacts of mass
effects on communities within these heterogeneous landscapes (Fig. 2).
These mass effects will tend to delay the realized community change in
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response to climate change in patchy landscapes. Indeed, as long as a
sufficient number of source populations are still available within the
landscape, communities may appear resistant to climate change
(Fig. 2). These contrasting effects of niche availability and patchiness
on metacommunity processes within the landscapes thus predicts better
climatic-niche tracking across intermediate landscapes (L1 to L5), with
shorter time-lags here than in less (LO) or more (L6) fragmented land-
scapes where greater tolerances to climate change and greater mass
effects, respectively, delay community turnover in species composition.

The shift in relative importance of underlying meta-community
processes (from neutral processes and patch dynamics via species
sorting to mass effects; Fig. 2) as well as the differences in selective
pressures (increasing dispersal ability, Fig. 1) may be instrumental in
driving differences in community-level response along the gradient
from homogeneous to heterogeneous landscapes. At the same time,
these same processes (notably, the mass effects) will tend to delay the
change in underlying community dynamics in heterogeneous land-
scapes, resulting in an apparent resistance to climate change.

7. The impact of temporal variation, and non-climatic
confounding factors

In addition to the general framework discussed above, other aspects of
scale, temporal climatic variation, other niche requirements, biotic interac-
tions, and disturbance will affect populations and communities under cli-
mate change. First, climatic heterogeneity varies in time as well as in space,
and this also shapes the characteristics of populations and communities, and
we may, for example, expect populations and communities with a history of
exposure to strong temporal climatic variation due to seasonality or recur-
ring extreme events to cope better with climate changes compared to
landscapes in regions with less variable weather and climate. Second, biotic
interactions can modify both microclimate and the ability of species to track
their climate (Leathwick and Austin, 2001; Wisz et al., 2013). For instance,
species colonisation rates may be enhanced by facilitation (Anthelme et al.,
2014) or by zoochory (Cunze et al., 2013), and they may be delayed by
interference (Pellissier et al., 2010). The strength of biotic interactions are
however themselves often dependent on climate (Pellissier et al., 2013;
Anthelme et al., 2014; Alexander et al., 2015; Olsen et al., 2016), and may
therefore also enforce processes determined by landscape heterogeneity.

The rate and magnitude of climate change will partly determine the
need for adaptation or required dispersal capacity for climate tracking
(Sandel et al., 2011), and the disturbance frequency in a landscape, whe-
ther topographically homogeneous or heterogeneous, also imposes selec-
tive pressures on the species. Disturbance creates additional temporal and
spatial heterogeneity in plant populations and communities, imposes dis-
tinct selective pressures (Tscharntke et al., 2012), and interacts with
community dynamics (Levins and Culver, 1971; Tilman, 1994). Commu-
nities dominated by disturbance-adapted species will hence change faster
than communities dominated by more stress-tolerant or competitive species
(sensu Grime, 2001). This is not only because the species in the landscape
are adapted to rapid changes, but also because the landscape itself will
likely be subjected to disturbance in the future providing gaps in the ve-
getation for new colonisations (Vandvik and Goldberg, 2005, 2006). Many
areas with high disturbance are associated with intense use by human or
other animals and are often found in flat areas. Therefore, disturbance may
cause topographically homogeneous landscapes to change faster than ex-
pected from the microclimatic variation patterns outlined above.

8. Conclusion

A growing number of studies points to the importance of landscape
topography in modifying the rate of change in populations and com-
munities (Tscharntke et al., 2012). For instance, findings from Bertrand
et al. (2011) suggest that the extinction debt in forest plant commu-
nities is much more important in the lowlands than in the highlands in
France. Spasojevic et al. (2013) and De Frenne et al. (2013) however,
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showed that alpine and forest plant communities are dynamic through
time when studied at a fine spatial scale, even for the species dis-
tributions that on a broad scale seem to show extinction debts (Bertrand
et al.,, 2011). We argue that landscapes with high microclimatic het-
erogeneity will contain populations and communities that have better
opportunities for coping with climate change than those of climatically
more homogeneous landscapes. However, at the same time, the char-
acteristics of populations in heterogeneous landscapes may also com-
promise the monitoring of species-environment relationships, due to
mass effects. In contrast, populations and communities of climatically
more homogeneous landscapes may be relatively more vulnerable to
climate change as they can only persist in the long run if they adapt to
the new environment, if their realised niches are relaxed, or if they
persist through extreme longevity and remnant populations. Never-
theless, lower immigration rates and less-saturated communities may
provide opportunities for niche expansion and rapid evolution in
homogeneous landscapes under a changing climate. Species and com-
munities in homogeneous landscapes may therefore be more resistant
to climate change than predicted solely from the current realised niches
of the species and the current community dynamics.

To improve our understanding of population and community re-
sponses to climatic change, future studies need to consider the microcli-
matic heterogeneity of the landscapes in which the species are found and
the selective pressures that may have shaped the populations and com-
munities in these landscapes. We here introduced a very simplified theo-
rethical framework to illustrate how the spatial patterns in microclimatic
range and patchiness, closely associated to the various effects of topo-
graphy and variables outlined in Box 1, may affect alpine community
dynamics in response to climate change. Synthesis and tests of the im-
portance of temporal climatic variation for the capacity for persistence or
migration of populations and communities are also needed. Considering
the microclimatic heterogeneity driven by topographic complexity in
Arctic and alpine ecosystems may help us better understand the resistance
and resilience of populations and communities to changing climate.
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ARTICLE INFO ABSTRACT

Alpine ecosystems are particularly vulnerable to the impact of global climate change. Depth and duration of
seasonal snow cover are major drivers of variation in alpine plant community composition, so a reduction in
snow cover as a result of climate change would expose plants that are currently protected by snow in winter and

Keywords:
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Climate change

Herpivory spring to greater extremes of temperature and increased risk of frost damage. We reciprocally transplanted 64

Reciprocal transplants . .. . . .

Snowbed intact 60 cm X 60 cm X 10 cm (minimum depth) turves of alpine vegetation among four topographic zones on
NoOwWDe:

the Rock and Pillar Range, south-central South Island, New Zealand to investigate how shifts along a snow cover
gradient affected plant growth, survival and community composition. The four zones: late-melting snowbed and
early-melting snowbed in depressions, moderately exposed leeward upper slopes dominated by herbfield, and
extremely exposed summit plateau dominated by cushionfield, differed in winter and spring snow cover. As
expected, the highest species losses occurred in turves transplanted to very different zones e.g. late snowbed to
summit plateau and vice versa. However many snowbed species still survived on the summit plateau seven years
following transplantation. The degree to which turves had been colonised after seven years was significantly
related to transplant zone rather than turf origin or original species richness; turves transplanted to the most
species-rich zones were affected most by colonisation. Measurements of leaf production over three years in three
focal Celmisia species (Asteraceae), characteristic of the herbfield on leeward slopes, and early and late snow-
beds, showed that the late snowbed specialist suffered significantly reduced growth when transplanted to more
exposed sites, but its survival was more affected by invertebrate herbivory rather than the direct effects of
exposure. The cosmopolitan focal lichen species Thamnolia vermicularis, monitored over 14 years, rapidly co-
lonised turves transplanted to cushionfield on the exposed summit plateau, where this and other lichens are
abundant, but equally rapidly declined in turves transplanted to snowbeds. These findings add to a growing body
of evidence that biotic interactions and species-specific traits will be critical drivers of alpine vegetation change
under future climate scenarios.

Thamnolia vermicularis

1. Introduction topography and geography on the behavior of snow (Gobiet et al.,
2014; Musselman et al., 2017). Levels of snow cover in European and
western North American mountain regions are significantly decreasing

(Mote et al., 2005; Gobiet et al., 2014), and likewise, both maximum

Alpine and polar ecosystems are likely to be particularly vulnerable
to the impact of global climate change; global increases in air tem-

perature and reduction in snow, ice and permafrost are strongly sup-
ported both by climate models and observation (IPCC 2014). However,
our understanding of the impact of climate change on alpine areas
around the world is less clear than our understanding of climate change
in polar regions, due to the effects of temperature, precipitation,

snow depth and total snow fall has declined in the Australian Alps
(Fiddes et al., 2015). However, in the South American Andes, while the
length of the core snow period has decreased generally, snow cover has
significantly decreased only in northern portion of the range and in-
stead increased in the southern Andes (Mernild et al., 2017).
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Globally, increasing temperatures are likely to reduce the extent of
alpine habitats, meaning that alpine species unable to migrate to sui-
table microclimatic niches, are likely to face competition from invading
plant species from lower elevations (Halloy and Mark 2003; Hiilber
et al., 2011; Pauli et al., 2012; Alexander et al., 2016). Actual and ex-
perimental increases in temperature have been shown to correlate with
changing plant species abundances and distributions (Walker et al.,
2006; Cannone et al., 2007; Sebastia et al., 2008; Elmendorf et al.,
2015). However, in topographically diverse alpine landscapes the
availability of climatic microrefugia will likely provide a buffer against
the impacts of warming temperatures (Scherrer and Korner 2010;
Patsiou et al., 2014). In addition, a surprising number of alpine species
show high levels of phenotypic plasticity (Frei et al., 2014; Sedlacek
et al., 2015) and considerable resilience to environment stressors be-
yond their realised climatic niche (Bannister et al., 2005; Venn et al.,
2013). These studies and others, together strongly connect with an
emerging theme in the alpine climate change research field; that cli-
mate change impacts in alpine regions cannot be readily predicted from
large scale climate models of communities. Rather, region-specific in-
teractions between environmental factors, individual species traits, in-
teractions between species, and indirect effects, are paramount in de-
termining outcomes (Debouk et al., 2015; Farrer et al., 2015; Guittar
et al., 2016; Alexander et al., 2016).

Variation in the depth and duration of seasonal snow cover is a
major driver of alpine plant community composition, and modifications
to that cover can produce changes in plant species distributions even
over relatively short spaces of time (Carbognani et al., 2014; Mark
et al., 2015). Warming temperatures in alpine regions are likely to alter
patterns of seasonal snow cover, amount of precipitation falling as rain
instead of snow and spring melt water (Lapp et al., 2005; Hendrikx
et al., 2012; Gobiet et al., 2014; Klein et al., 2016; Musselman et al.,
2017). Seasonal snow cover insulates and protects the underlying ve-
getation from sub-zero temperatures and damage from wind and frost
(Bannister et al., 2005); long-lying snow cover not only acts as an in-
sulator, but also significantly influences soil moisture levels due to the
delayed release of melt-water (Sedlacek et al., 2015; Musselman et al.,
2017). Furthermore, the timing of release from snow can also sig-
nificantly delay phenological events such as leaf expansion and flow-
ering (Bjork and Molau 2007; Petraglia et al., 2014; Sedlacek et al.,
2015), with consequential effects on the availability of resources for
herbivores and pollinators (Bjork and Molau 2007; Forrest and
Thomson, 2011). These effects of snow cover lead to strong correlations
between its presence and duration, and variation among alpine species
in life-history, growth rate and functional traits (Callaghan et al., 2004;
Jonas et al., 2008; Mark et al., 2016; Wheeler et al., 2016). In addition,
persistent snowbeds, which are areas that, due to topography, accu-
mulate deep winter snow, usually support a range of species not present
elsewhere (Carbognani et al., 2012; Carbognani et al., 2012; Mark
et al., 2016). While topographic variation is still likely to provide a
mosaic of microclimates, snowbeds will be particularly threatened by
spatial reduction and shifts in microclimate (Bjork and Molau 2007;
Matteodo et al., 2016).

The aim of this study was to investigate the long term impact of
altered snow cover on alpine plant community composition on an iso-
lated mountain range in south-central South Island, New Zealand, using
reciprocal transplantation of intact plant communities along a natural
gradient of snow cover. Transplantation is a powerful, but still rela-
tively uncommon, method for directly testing the impact of altered
environmental conditions and potentially novel biotic interactions on
species and communities (Alexander et al., 2016; Nooten and Andrew
2017). Within a natural snow cover gradient we aimed to expose alpine
species and communities to conditions representing likely and extreme
levels of altered snow cover under future climate scenarios. Natural
treeline in southern New Zealand is ¢.1200 m a.s.l. (above sea level)
(Cieraad and McGlone 2014). Climate change models currently predict
stable to increased precipitation in central and eastern areas of southern
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New Zealand, but up to 22% reduction in peak snow accumulation
below altitudes of 2000 m a.s.l. due to more precipitation falling as rain
rather than snow (Mullan et al., 2008; Hendrikx et al., 2012). The New
Zealand alpine flora shows a high level of regional and local endemism
(c.93%), with highest species richness in the northern and southern
regions of South Island. The alpine lichen flora is also very diverse,
containing many bipolar species that are also found at high latitudes
and altitudes in the Northern Hemisphere (Galloway and Aptroot 1995;
Mark, 2012). Specialist alpine plant and lichen species are particularly
associated with exposed habitats such as cushionfields and fellfields,
characterised by mat-forming vegetation and rocky ground subject to
freeze-thaw cycles respectively, as well as persistent snowbeds
(McGlone and Heenan 2013). Our study aimed to quantify the resi-
lience of such species and their constituent communities to altered
snow regimes by additionally investigating the growth responses of
focal species. We predicted that species that are restricted to particular
zones along an exposure gradient would be most affected by changes in
snow cover as a consequence of transplantation.

2. Methods
2.1. Study area

This study was carried out in the alpine zone on the Rock and Pillar
Range (45° 25’ 32” S, 170° 04’ 15” E) South Island, New Zealand. The
Rock and Pillar Range is one of a series of block faulted, chlorite
schistose ranges in Central Otago, with a steeply sloping, heavily dis-
sected, south-eastern scarp face and a summit plateau reaching 1450 m
a.s.l. at its highest point. Subalpine shrub species and tall tussock
(bunch) grasses occur in scattered patches up to c. 1280 m a.s.l., above
which alpine herbfield and cushionfield dominate (Fig. 1A). The cli-
mate of the Rock and Pillar Range is somewhat maritime as it is 50 km
from the Otago coast, but frosts can occur at any time of the year;
Bannister et al. (2005) recorded a mean daily minimum air temperature
of —0.33° C, an extreme daily minimum of —10.08° C in the same
study area, and 42% of days with subzero air temperatures over a 16-
month period (February 2003-June 2004). Annual precipitation ex-
ceeds 1000 mm, fog and low cloud are common and soil moisture levels
remain close to field capacity throughout the growing season (Bliss and
Mark 1974; Holdsworth and Mark 1990). Snow can fall at any time of
the year, predominantly during southerly storms, and is extensively
redistributed by the prevailing westerly winds, which average 7.9 ms ™!
at 2m above ground level, reducing to 2-3.5ms ™! at ground level on
the summit plateau, and 1.5-2.5 ms ™' at ground level on upper leeward
slopes (Bliss and Mark 1974). Snow depth and duration vary con-
sistently with topography; winter snow cover on the summit plateau
varies between 0 and 0.5m in depth due to extensive snow redis-
tribution, whereas leeward upper slopes and snowbeds as little as 40 m
below the summit plateau, accumulate snow throughout winter to
depths of 0.5-4m and up to 7 m, respectively (Talbot et al., 1992).
Winter snow begins to accumulate from mid-May on leeward slopes and
in snowbeds. The date that each zone is released from snow cover can
vary by several days between successive years, but varies significantly
more among zones, with snow in snowbeds persisting more than
50days longer than on the summit plateau (Talbot et al., 1992).
Snowmelt in all zones is usually completed by early— to mid-December.

Alpine vegetation patterns on the Rock and Pillar Range are strongly
influenced by variation in snow depth and duration (Bliss and Mark
1974; Talbot et al., 1992). The exposed summit plateau is dominated by
very low cushion-mat vegetation with a high abundance and diversity
of lichens. The leeward slopes support a low diversity herbfield fea-
turing large patches of Celmisia viscosa (Asteraceae), which has 5-8 cm
long leaves coated in an epimanool-rich exudate that may provide
protection from herbivores and desiccation (Sansom et al., 2013). In
contrast, the vegetation of snowbeds is characterised by comparatively
high species richness and diversity (Talbot et al., 1992; Table 1). Two
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further Celmisia species are restricted to these snowbeds; the summer-
green C. prorepens occurs in early-melting snowbeds, growing in loose
mats with sticky leaves up to 5cm long and the Rock and Pillar’s en-
demic variety tomentosa of C. haastii is restricted to late-melting
snowbeds, growing in small to large patches with leaves up to 4 cm long
(Fig. 1B; hereafter referred to as C. haastii). These three Celmisia species
served as focal species in this study.

2.2. Design of transplant experiment

In the 2002-03 growing season we selected two adjacent south-
easterly facing catchments, i.e. exposed to at least some direct sunlight
from sunrise to early afternoon, on the upper slopes of the range
(catchment 1: 45° 25’ 02” S, 170° 05’ 05”E, alt. range 1280-1365m
a.s.]; catchment 2: 45° 25’ 05”S, 170° 04’ 45”E, alt. range 1345 —
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Fig 1. The study area, Rock and Pillar Range, South
Island, New Zealand. (A): Catchment 1 showing the
relative location of the four topographic zones; (B):
late snowbed zone in catchment 2 with an excavated
turf containing Celmisia haastii var. tomentosa ready
for transport to its new location. Inset shows the lo-
cation of the study area in relation to Dunedin,
south—eastern South Island.

1380m), and transplanted two 60 cm X 60 cm X 10cm deep (min.)
turves from each of four topographic zones, reciprocally into all four
zones within each of the two catchments. All transplanted turves were
surrounded by undisturbed vegetation and their surface was level with
that of the surrounding undisturbed community. The four topographic
zones consisted of the summit plateau above each catchment, which is
dominated by lichen-rich cushionfield, the leeward upper slopes of each
catchment, which is dominated by herbfield, early snowbed in shallow
depressions/gullies within each catchment, and late snowbed in deep
depressions/gullies within each catchment. Two control turves were
also excavated and relocated within each topographic zone of each
catchment. Vegetation for excavation from the herbfield on leeward
slopes and also from snowbeds was selected to include their char-
acteristic Celmisia species. The areas available for excavation were
constrained by the need to avoid large rocks and obtain a turf of 10 cm
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Table 1

Plant community characteristics of topographic zones differing in snow cover, in two
catchments on the Rock and Pillar Range, South Island, New Zealand. Species richness is
the mean (std. dev.) number of vascular and nonvascular plant species in 0.25 m? turves.
Unique species are restricted to one zone within a catchment but may or may not be in the
same zone in the other catchment. Snow lie is given in days between first persisting snow
fall and time of last snow melt, although in some zones winter snow cover is not con-
tinuous. The value in brackets is the percent reduction in snow lie compared to the late
snowbed zone within each catchment. NA: not available, as snow lie in 2004 was only
measured in catchment 1 and equipment failure resulted in the loss of leeward slope data.

Species Unique 2003 winter 2004 winter
richness species snow lie (days)  snow lie (days)
Catchment 1
Summit plateau 14.75 10 101 (48.5%) 100 (61.2%)
(3.632)
Leeward slope 5.875 3 144 (26.8%) NA
(1.965)
Early Snowbed  10.63 6 180 (8.2%) 179 (30.6%)
(3.967)
Late Snowbed 13.00 12 196 258
(3.742)
Catchment 2
Summit plateau  13.88 16 109 (39.4%) NA
(2.204)
Leeward slope 8.000 4 163 (9.4%) NA
(2.398)
Early Snowbed  9.375 5 159 (11.7%) NA
(4.151)
Late Snowbed 14.63 19 180 NA
(2.826)

minimum depth, but were randomly selected within these constraints
and randomly allocated to one of the four topographic zones. Turves
were excavated by hand and transported in custom-made trays to
minimise disturbance (Fig. 1B). Each turf was watered once, im-
mediately after transplantation. No further watering was undertaken
for the remainder of the experiment.

2.3. Climate measurements

To record soil temperature differences among topographic zones,
Optic StowAway temperature loggers (Onset Computer Corp., Bourne,
MA) were buried horizontally 10 cm below the ground surface adjacent
to the uppermost turf in each zone of each catchment after all turves
were transplanted, and set to record temperature hourly. Dataloggers
were removed and downloaded after 14 months and mean, minimum
and maximum monthly temperatures calculated.

2.4. Plant community surveys

The initial abundance of all vascular and non-vascular plant species
and lichens was assessed by counting the number of 10 cm x 10 cm grid
squares each species occupied in the central 9 squares of a permanently
marked, 50 cm x 50 cm area (25 squares) on each turf at the time of
transplanting. In January 2010, turves were resurveyed, counting the
number of grid squares occupied out of 25 in order to quantify per-
ipheral colonisation of the turf by new species. The impact of trans-
plantation on plant community composition was elucidated using
nonmetric multidimensional scaling (NMDS). The positions of turves
along two ordination axes, based on species count data, were calculated
using the Chi-square distance measure. Data from the original survey in
the 2002-03 season were analysed to examine the distinctiveness of
plant communities naturally occurring in the four topographic zones
and between the two replicate catchment systems. Data from the
January 2010 survey, seven years after transplantation, were analysed
to investigate shifts in compositional similarity among transplanted and
control turves. Data from the intervening years are not presented here.
Multivariate analysis of variance was used to test if the resulting axis
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scores differed significantly with either turf source (original zone) or
location (zone the turf was transplanted into). Analysis of covariance
was used to test if persistence of original species or number of new
species colonising after seven years was affected by source or location
of turves, independent of original species richness.

2.5. Leaf production in Celmisia species

Responses of the focal Celmisia species to altered snow cover were
assessed by measuring leaf production in each of the three seasons
following transplantation (2003-04, 2004-05 and 2005-06). In each
Celmisia-containing turf transplanted between or within zones (i.e. only
turves sourced from the herbfield on leeward slopes, and from late and
early snowbeds: the focal Celmisia species did not occur in the summit
plateau cushionfield), three to five Celmisia shoots were marked with
coloured pegs. If shoots died, replacement shoots in the same turf were
marked if available. Five non-transplanted control shoots were also
marked in each of the three Celmisia-containing zones adjacent to the
uppermost turf in that zone. The leafy shoots of Celmisia species grow
determinately, with new leaves continually produced from the stem
apex throughout the growing season: over-wintering buds are absent in
these and most indigenous species (Dumbleton 1967). Inflorescences
arise from the axils of the previous season’s leaves. In late spring (No-
vember) of each year, new season’s leaves were counted, the youngest
fully expanded leaf present was marked by removing the apical 5 mm of
the leaf tip, and developing leaves above the marked leaf were counted.
Plants were revisited approximately monthly throughout each growing
season until early autumn (March-April) to count further leaf produc-
tion and re-mark leaves as necessary. The number of leaves produced
per shoot was averaged for each turf in each season, and analysed using
a General Linear Model treating catchment as a block effect and season,
location and species as fixed effects. All 2-way interactions were in-
cluded in the final model but the 3-way interaction between season,
location and species was omitted as it did not contribute significantly to
the model. The effect of transplantation was analysed using a Paired T-
test, comparing mean leaves per shoot per season for non-transplanted
control shoots with the grand mean of leaves per shoot per season of the
two turves transplanted within the same zone.

Many shoots of the late snowbed specialist Celmisia haastii were
observed to suffer from invertebrate herbivory and died during the
course of measurement of leaf production. A Chi-squared test for in-
dependence was used to examine whether shoot death occurred non-
randomly in this species in relation to zone. All data were inspected for
normality and homoscedasticity prior to analysis. Analyses were per-
formed in SPSS v. 24 (IBM) and Statistix v.9 (Analytical Software).

2.6. Abundance of Thamnolia vermicularis

To assess the impact of altered snow cover on non-vascular species,
the focal lichen species, Thamnolia vermicularis was surveyed in detail.
T. vermicularis is a cosmopolitan, fruticose lichen, with white tubular
thalli occurring either in isolation or as interconnected clumps. T. ver-
micularis occurs in alpine areas worldwide as two different chemical
variants which differ in UV fluorescence (UV+, UV—) (Sato 1968;
Thomson 1984; Karnefelt and Thell 1995; Galloway 2007), but which
have been shown by DNA analysis to be the same species (Lord et al.,
2013). Colonisation can occur via wind-blown thalli (Pérez 1991),
however this species also produces asexual fungal spores (conidia)
capable of long distance dispersal (Lord et al., 2013). T. vermicularis is
naturally abundant in the exposed cushionfield on the summit plateau
of the Rock and Pillar Range and c. 95% of strands here are the UV-
variant. Thamnolia is also found in moderate abundance in the leeward
upper slopes, but is absent from areas of moderate and deep snow ac-
cumulation. Its abundance was assessed by counting the total number
of thalli > 1 cm in length on all turves in March 2004, February 2011,
and February 2017, roughly one, eight and 14 years after
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Fig. 2. Monthly soil temperatures in four topographic zones within two catchments on the Rock and Pillar Range, South Island, New Zealand, over the first 14 months of the transplant
experiment. Data are missing for Feb-Apr 2003 on the summit plateau and Jan—-Apr 2004 in the late snowbed zones of Catchment 1, and Jan-Apr 2004 in the early snowbed zone of

Catchment 2 due to equipment failure.

transplantation. No attempt was made to separately count UV+ and
UV- strands on turves. Changes in the abundance of Thamnolia thalli on
turves one, eight and 14 years after transplantation was summed across
the two replicate turves within each catchment, sharing the same
source and transplant zone, and analysed separately for each catchment
by Chi-squared tests of independence. Counts of thalli on turves
transplanted into early and late snowbeds were summed to ensure ex-
pected values were greater than five.

3. Results
3.1. Climatic variation among topographic zones

Clear differences existed among topographic zones in the con-
sistency of snow cover during winter and spring, and the likelihood of
ground frosts. Over the first two winters of the experiment, the duration
of snow cover on the summit plateau was reduced by 39-61%, and that
of the leeward slopes was reduced by 9-27%, compared with the
duration of snow cover in late snowbeds (Table 1). Mean monthly
temperatures on the summit plateau were below zero throughout much
of winter and early spring in both study catchments (Fig. 2), and the soil
was exposed to freezing temperatures on almost 90% of winter days and
more than 50% of spring days (Fig. 3). In contrast, soil temperatures on
leeward slopes and in snowbeds barely dipped below zero over winter,
and late snowbeds in particular were fully protected from ground level
frosts throughout winter and spring (Fig. 3). Differences among topo-
graphic zones in mean monthly summer temperatures were small
compared to the variation between mean minimum and mean max-
imum monthly temperatures within zones (Fig. 2).

3.2. Plant community responses

Plant community composition prior to transplantation showed very
clear differences among topographic zones, with noticeably smaller
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differences between the two study catchments (Fig. 4A). The most
distinctive plant communities were those found on the summit plateau
and in late snowbeds; the composition of vegetation in early snowbeds
and on the leeward slopes was generally more similar. Seven years after
transplantation, turves had become much less distinctive, but species
composition was still significantly influenced by the original location of
the turf (Wilks Lambda = 0.218, Fg 94 = 17.923, p < 0.0001; Fig. 4B).
The topographic zone into which the turf had been transplanted had
significantly affected species composition after seven years (Wilks
Lambda = 0.281, Fs 94 = 13.897, p < 0.0001; Fig. 4C), but the effect
of zone on species composition was not influenced by the original
source of the turf (Wilks Lambda = 0.750, Fy594 = 0.809, p > 0.05).
The number of original species persisting in turves seven years after
transplantation was not significantly related to either source or trans-
plant zone (source: F5 4, = 1.69; transplant: F3 4, = 0.28; p > 0.05 for
both; Fig. 5), but was significantly predicted by initial species richness
(test for covariate t = 6.820, p < 0.001), and there was also a sig-
nificant source X zone interaction (Fg47; = 2.66, p < 0.05, pooled
catchments). Likewise the number of extinctions of original species in
turves was not significantly related to either source or transplant zone
(source: F347; = 1.69; transplant: F34; = 0.28; p > 0.05 for both;
Fig. 5), but was significantly related to initial species richness (test for
covariate t = 4.55, p < 0.001), and there was a similar source x lo-
cation interaction (Fg 47 = 2.66, p < 0.05, pooled catchments; F values
identical as persisting + extinct species = initial species richness, the
covariate). Both interactions were driven entirely by significant dif-
ferences in original species persisting or going extinct on turves from
the late snowbed zone transplanted to other zones (LSD pairwise
comparisons, p < 0.05; Fig. 5). Colonisation showed no effect of
source, location or initial species richness when all colonising species
were combined (all F values < 2.5, covariate t = —0.64, allp > 0.05)
because vascular and nonvascular species showed very different pat-
terns of colonisation. Colonisation of transplanted turves by vascular
plant species was significantly higher in vascular species-rich late
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snowbed (location Fs4; = 4.03, p < 0.05; Tukey’s pairwise tests
among locations p < 0.05), whereas colonisation by non-vascular
species was significantly higher on turves in the lichen-rich summit
plateau, following by turves on leeward slopes, and lowest in late
snowbeds (F347 = 13.19, p < 0.001; Tukey’s pairwise tests among
locations, p < 0.05). Colonisation by either group of species was not
affected by initial turf species richness (covariate t= —0.25,
p > 0.05).

3.3. Responses of focal Celmisia species

A total of 303 shoots of the three focal Celmisia species were marked
and monitored over the course of the three growing seasons; 69 of these
survived one season or less, 105 survived two seasons and 129 were
followed for the length of the study. Comparison of mean leaf pro-
duction per shoot per season between transplanted turfs and non-
transplanted control shoots indicated that transplantation did not affect
leaf production (T;7 = 0.10, p > 0.05). However, mean leaf produc-
tion per shoot differed significantly among seasons, species and topo-
graphic zones, in addition to a significant species X zone interaction
(Table 2). A posteriori tests found no significant difference in leaf pro-
duction between the herbfield dominant C. viscosa and the early
snowbed specialist C. prorepens, regardless of zone, but both produced
significantly more leaves in every zone than C. haastii, the late snowbed
specialist. Leaf production of the two snowbed species C. prorepens and
C. haastii was, surprisingly, highest on the exposed summit plateau and
most reduced in the herbfield on leeward slopes. No species performed
best in its original environment.

Plant deaths in each growing season were significantly more fre-
quent in C. haastii than in the other two Celmisia species for all zones
combined (2003-04: ¥2=10.18, df=2, p < 0.01; 2004-05:
x?=1259, df=2, p < 0.01; 2005-06: %>=19.03, df=2,
p < 0.001). In the first growing season after transplantation, the fre-
quency of C. haastii deaths did not differ significantly among zones
(x*> =7.74,df = 3, p > 0.05), however, in the following two growing
seasons more C. haastii plants in the herbfield on leeward slopes died
than expected and fewer died in the original late snowbed zone
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Fig. 3. Frequency of frosts, freeze-thaw days and snow-induced frost-free
days in winter and spring, for four topographic zones differing in snow
cover, Rock and Pillar Range, South Island, New Zealand. Values are
averages for the two adjacent catchments.
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mfreeze-thaw
mfrost-free
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(2004-2005 season: xz =22.36, df =3, p < 0.001; 2005-2006
season: > = 36.22, df = 3, p < 0.0001). Many C. haastii deaths were
associated with invertebrate damage to the leaves, which was identified
in a parallel study by Long (2006) as most likely due to feeding by the
large weevil Irenimus posticalis (Curculionidae), which is endemic to the
Rock and Pillar Range and naturally found associated with C. viscosa on
leeward slopes. Long (2006) conducted in vitro experiments on the re-
lative palatability of the three focal Celmisia species studied here to
Irenimus posticalis and found that C. haastii was most preferred. When C.
haastii was transplanted to leeward slopes it was quickly targeted by
Irenimus posticalis (Long, 2006).

3.4. Response of Thamnolia vermicularis

Colonisation by Thamnolia vermicularis of transplanted turves in-
itially lacking this species was surprisingly rapid and significantly af-
fected by location; when transplanted to the summit plateau, turves
from other zones were colonised by up to 94 thalli after 14 months and
up to 378 thalli after eight years (Fig. 6A,B). Fourteen years after
transplantation to the summit plateau, the abundance of Thamnolia on
snowbed turves was approaching that of control cushionfield turves,
transplanted within the summit plateau (Fig. 6C). The abundance of
Thamnolia also changed rapidly following turf transplantation to late
snowbeds (Fig. 6), reducing by 35% in the 11 months from transplan-
tation to early summer, and by a further 15% over the following three
months of summer/autumn (mean number of thalli after 14
months = 257.9, std. dev. = 192), compared with control turves
(mean = 518.7, std. dev. = 171). After eight years this lichen species
had been virtually eliminated from turves in late snowbeds
(mean = 1.750, std. dev. 2.872; Fig. 6B). However cushionfield turves
from the summit plateau, that were transplanted to leeward slopes and
early snowbeds, still supported Thamnolia after 14 years (Fig. 6C), al-
though the abundance of thalli in the early snowbeds had reduced to
5.4% of that in control turves. Chi-squared tests of the effect of source
and location on the sum of thalli on replicate turves were all highly
significant (Catchment 1: 2004, XZ = 334.2; 2011, xz = 988.6; 2017,
%2 = 1431; Catchment 2: 2004, ¢ = 164.2; 2011, x> = 98.80; 2017,
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Discussion and conclusions

Arctic and alpine plant communities throughout major parts of the
world are undergoing significant transformation consistent with a
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Fig. 4. Non-metric multidimensional scaling plots of variation in plant
community composition in 16 turves from each of four topographic zones
differing in snow cover, in each of two catchments on the Rock and Pillar
Range, South Island, New Zealand. (A): Plant community composition in
2002, at the commencement of the transplant experiment, Stress = 0.2876
after 4 iterations, RSQ for matrix = 0.7977. (B) and (C): seven years after
transplantation within and among four zones differing in snow cover. (B):
symbols indicate topographic zone from which the turf originated; (C):
symbols indicate topographic zone into which turf was transplanted. Larger
symbols in B and C denote control turves transplanted within the topo-
graphic zone. Stress = 0.33234 after 4 iterations, RSQ for ma-
trix = 0.70522.

@ summit plateau 1
° O summit plateau 2
+ leeward slope 1
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changing climate (Grabherr et al., 1994; Gottfried et al., 2012;
Elmendorf et al., 2015), but we still have a limited understanding of the
direct and indirect processes driving these changes (Cooper, 2014;
Farrar et al., 2015). Experimental warming, long term observation and
space-for-time substitutions consistently highlight the critical role of
species’ climatic niches in determining responses to actual or inferred
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Table 2

General Linear Model analysis of mean leaf production per turf over three growing sea-
sons in three focal Celmisia species transplanted into four topographic zones differing in
snow cover on the Rock and Pillar Range, South Island, New Zealand. The two replicate
catchments were treated as a block effect.

Model term Mean Square F, df. P
Intercept 11195.83 F,110 = 1891.1 < 0.001
Catchment 47.598 Fy 110 = 8.040 <0.01
Season 62.211 F3110 = 5.254 < 0.01
Zone 185.63 F3 110 = 10.452 < 0.001
Species 1037.7 F3 110 = 87.639 < 0.001
Season X zone 56.716 Fg 110 = 1.597 > 0.05
Species X zone 262.29 Fg 110 = 7.384 < 0.001
Season X species 24.223 F4110 =1.023 > 0.05
Error 704.52

climate change (Elmendorf et al., 2015). However, novel biotic inter-
actions such as competition and herbivory are also emerging as im-
portant factors affecting the ability of species to survive in situ or mi-
grate with changing climatic patterns (Olofsson et al., 2009; Hiilber
et al., 2011; Kaarlejarvi and Olofsson 2014; Alexander et al., 2016).
Transplant experiments provide a means by which the effects of these
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interactions can be assessed under natural conditions, yet such ex-
periments are still rare. Our study is one of the few documenting the
long—term fates of alpine species and communities following trans-
plantation to different topographic zones along a snow cover gradient,
and while we only studied change in two adjacent catchments, our
inclusion of four topographic zones in each, in a reciprocal transplant
design, allowed for relatively fine scale analyses of species and com-
munity responses.

To a certain degree in our study, environment accounted for the
observed changes; the snowbed specialist Celmisia haasti showed the
least growth and snowbed turves demonstrated the greatest number of
species extinctions when transplanted to more exposed zones. While the
snowbed communities studied here were richer in species and experi-
enced warmer temperatures than in many northern hemisphere snow-
beds (e.g. Hiilber et al., 2011; Carbognani et al., 2014), our study
confirmed that these communities can be strongly affected by reduced
snow cover (Kipkeev et al., 2015; Matteodo et al., 2016), making them
particularly vulnerable to climate change (Bjork and Molau 2006). The
difference in snow cover between our most protected late snowbed zone
and most exposed summit plateau zone, at the time our experiment was
established, was around two times the current predicted reduction in
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Fig. 6. Changes in the abundance of Thamnolia vermicularis thalli > 1 cm in length on
turves transplanted within and among topographic zones differing in snow cover on the
Rock and Pillar Range, South Island, New Zealand, one, eight, and 14 years after trans-
plantation. Each bar is the sum of four replicate 0.25m? turves. CF: summit plateau
cushionfield, HF: leeward slope herbfield, ESB: early snowbed, LSB: late snowbed. Turves
with the same source and location are controls that were relocated within the same ve-
getation type and topographic zone.

snow cover of 22% for alpine southern New Zealand under climate
change projections (Mullan et al., 2008; Hendrikx et al., 2012), so re-
presents an extreme scenario. However, differences between the early
and late snowbed and leeward slope zones represent realistic levels of
future snow cover reduction. Given the current climate change pre-
dictions, it is highly unlikely that snowbeds in our study area will
completely disappear, but they are likely to contract and fragment,
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exposing marginal areas. It is reassuring then, that a number of
snowbed species were persisting in more exposed zones even after
seven years, suggesting that these plant communities may have some
inherent resilience to altered snow cover. A growing number of studies,
both in New Zealand and elsewhere, have found that alpine and arctic
species can demonstrate broad tolerances beyond their apparent mi-
croclimatic niche, and respond individualistically to changes in tem-
perature (Bannister et al., 2005; Hiilber et al., 2011; Pieper et al., 2011;
Venn et al., 2013; Frei et al., 2014; Sedlacek et al., 2015), therefore
future plant community distributions are unlikely to be accurately
modelled using species’ current climate niches. It is highly likely,
though, that further changes in species composition will be detected as
we continue to follow the fate of our transplanted turves, as it is clear
from this and other studies, that altered climatic conditions trigger both
rapid responses and long term changes that are species- and process-
specific (Pieper et al., 2011; Farrer et al., 2015; Cannone et al., 2007).
Even 25 years following transplantation, the composition of alpine
plant communities can still be adjusting to a novel environment, al-
though the rate of change may decrease (Kipkeev et al., 2015).

A distinct advantage of transplant experiments, over in situ en-
vironmental manipulations such as soil warming, is that the trans-
planted species are exposed to potentially novel species, not just novel
climatic factors (Alexander et al., 2016; Nooten and Andrew 2017). In
our study system, biotic interactions are likely to be at least as im-
portant as abiotic factors in determining the survival of species under
altered snow regimes. While increased exposure to freezing tempera-
tures may have affected the survival of some snowbed species trans-
planted to the exposed summit plateau, Bannister et al. (2005) showed
that C. haastii at least was capable of surviving even the harshest frosts
recorded in that environment. For this plant species, exposure to in-
creased herbivory seemed to be a critical factor in its decline following
transplantation. Species-specific herbivory has been shown to coun-
teract the effects of climate-related species range expansions through
the preferential browsing of taller or faster growing species (e.g.
Olofsson et al., 2009; Kaarlejarvi and Olofsson, 2014). However, in our
study herbivory by an endemic weevil appears to have exacerbated the
effects of altered environmental conditions. Quite likely this weevil is
normally unable to access C. haastii due to phenological mismatch
driven by differences in snow cover duration; thus a reduction in the
extent of snow at critical times of the year could have serious im-
plications for the survival of this, and other palatable species, in
snowbed margins. Interactions with insects have been a critical force
shaping the plant world (Schoonhoven et al., 2005) and exposure to
new insect herbivores is likely to be an important component of plant
survival under future climate conditions (Nooten and Andrew 2017).
We strongly recommend that experimental controls restricting in-
vertebrate, as well as vertebrate, herbivores are included in future
transplant experiments in alpine areas, and also suggest that measures
of invertebrate herbivore damage are explicitly included in monitoring
methodologies such as GLORIA, which currently only recommends that
grazing impacts by mammals be noted (Pauli et al., 2015).

The inclusion in our study of both vascular and non-vascular focal
species allowed us to identify opposing effects of altered snow cover on
species. Thamnolia vermicularis rapidly colonised turves transplanted to
the lichen-rich, exposed summit plateau and equally rapidly declined
when subject to increased depth and duration of snow cover in the
snowbeds, generally matching other studies of lichen responses to in-
creased snow cover (Bidussi et al., 2016). While a scenario of increasing
snow cover is unlikely at our study site, it does highlight the potential
value of this species as a global indicator of both increasing and de-
creasing snow cover. Lichens are the dominant photoautotrophs in high
alpine and polar regions, often surpassing vascular plants in both spe-
cies richness and abundance, and contributing key ecosystem services
such as soil stabilisation and nitrogen capture (Ahti 1977; Kappen 2000;
Cornelissen et al., 2001). Unlike many vascular plants, they are often
small, discrete and easily translocatable, so are highly suitable as
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indicators of climate change both in situ (Sancho et al., 2007) and in
transplantation experiments (Bidussi et al., 2016). However, the use of
cold-climate lichens as indicators of climate change is often hindered by
their slow growth rates, for example McCarthy (2003) recorded growth
rates of 0.26-0.41 mm/year for the cosmopolitan crustose lichen, Rhi-
zocarpon geographicum. Foliose and fruticose lichens generally have
higher growth rates than crustose lichens (Sancho et al., 2007); in
keeping with this, we have recorded length increases of up to 5 mm in
Thamnolia vermicularis thallus branches within a single growing season
(Knight and Lord unpub. data). As Thamnolia vermicularis is globally
widespread and distinctive, we strongly encourage alpine ecologists
and environmental managers to include it in monitoring programmes,
as a rapid and sensitive bioindicator that can be easily compared among
alpine and arctic areas worldwide.

Long term transplant studies can provide detailed information not
only concerning species’ climatic tolerances and the impact of altered
environmental conditions on growth and survival, but also provide
insights into the types and significance of potential novel interactions
that may emerge as species’ ranges shift. These types of studies there-
fore offer ecologists and modelers critical information beyond that
which can be provided by in situ climate manipulation experiments (e.g.
Walker et al., 2006) and more rapidly than can be obtained from
long—term monitoring (e.g. Gottfried et al., 2012). The impacts of cli-
mate change on alpine, or in fact any, species or communities, cannot
readily be predicted from large-scale climate models when effects like
novel competitive interactions and local species-specific herbivory are
as important to species survival and compositional change as are en-
vironmental tolerances. We strongly encourage alpine ecologists to use
transplantation, combined with herbivore and competitor exclusion
treatments, to test the relative importance of climatic vs biotic inter-
actions to species distributions. We also suggest that the identification
of key functional traits and ecological strategies might be the best ap-
proach to explain and predict alpine species’ responses to the complex
web of interacting factors inherent in future climate scenarios (e.g.
Mark et al., 2015; Debouk et al., 2015; Guittar et al., 2016), much as
plant strategy schemes are now making sense of ecological variation
among plant species and communities worldwide (Diaz et al., 2016).
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ARTICLE INFO ABSTRACT

Changes in both temperature and precipitation will affect snowmelt time at high elevation, thereby influencing
plant reproduction and growth. Species can respond to changed climate with phenotypic plasticity or genetic
adaptation, and these responses might vary at different levels of advanced and delayed snowmelt time. Here we
mimicked future climate change projections for western Norway by transplanting individuals of Ranunculus acris
towards warmer, wetter and warmer & wetter climates. And we replicated the experiment along regional-scale
temperature and precipitation gradients. This setup resulted in both advanced (warmer and warmer & wetter
transplants) and delayed (wetter transplants) snowmelt in the experimental sites. We recorded phenological
development and growth over one growing season.

The reproductive phenology of the transplanted R. acris individuals was affected by both phenotypic plasticity
and genetic differences between populations of different origins, while growth showed only plastic responses.
Plants expressed high plasticity to both advanced and delayed snowmelt time by acceleration of the onset of
buds, flowers and fruits. Only the plants from wet and high-elevation sites showed a small response to advanced
SMT. The late snowmelt time these populations experience could potentially cause high selection pressure
leading to more constrains in plasticity. When grown under common conditions, plants from late snowmelt sites
responded with earlier onset of phenological development, suggesting that the timing of snowmelt exerts strong
selection on reproduction. To project species fates under future climate we need to consider the interplay be-
tween genetic adaptation and plastic responses under different climate contexts, especially towards the species
range limits.

Keywords:

Climate change
Context-dependency
Environmental gradient
Local adaptation
Space-for-time

1. Introduction

Arctic and alpine ecosystems are characterized by seasonal snow
cover, which protects plants against low temperature, desiccation, and
ice blast during the cold season, and which also determines the duration
of the snow-free period and thus defines the time available for growth
and reproduction (Bliss, 1962; Jonas et al., 2008; Korner, 2003;
Larcher, 2003). The snowmelt time (hereafter SMT) is regarded one of
the most important drivers for growth and reproduction at high lati-
tudes and in the mountains, affecting community composition and
distribution (e.g. Braun-Blanquet, 1932; Gjeerevoll, 1956; Scott and
Billings, 1964). Climate change, such as increased temperature and

changes in precipitation patterns, is likely to alter the timing of snow-
melt, and hence the time available for plants to grow and reproduce,
which can have both immediate and long-term consequences for species
composition and distribution (Cooper et al., 2011; Heegaard, 2002).
The combination of temperature and precipitation influence the
SMT in arctic and alpine ecosystems in complex ways. Winter accu-
mulation of snow defines the amount of snow that has to melt in spring,
while spring temperature affect the rate of snowmelt. Current climate
projections predict changes in the mean and variances of both tem-
perature and precipitation (IPCC, 2014), especially for alpine environ-
ments at high latitudes (AICA, 2004; Stocker, 2013). Climate projec-
tions for the oceanic regions in north-western Europe indicate a
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warming rate greater than the global average coupled with marked
increases in precipitation and in the snow-to-rain ratio (Hanssen-Bauer
et al., 2009). These predicted increases in both temperature and
snowfall may have opposing effects on SMT, with increased snowfall
delaying and higher spring temperature advancing SMT. (Bjorkman
et al., 2015). These changes also affect the thermal conditions experi-
enced by plants (Jonas et al., 2008). Indeed, earlier SMT due to
warming may expose plants to colder conditions and increase the risk of
frost events (e.g. Inouye, 2008), later SMT due to increased snow ac-
cumulation in winter provides plants with a shorter, but warmer
growing season, as long as the season does not become too short
(Carbognani et al., 2016). Consequently, given the complex interplay
among the climatic factors, it is challenging to predict how plants will
respond to these concurrent climatic changes, and especially their cli-
matic tolerance limits under novel climatic conditions (Bjorkman et al.,
2015; Donnelly et al., 2012; Franks et al., 2014).

Plant populations’ abilities to respond to fluctuations and change in
SMT in space and time is limited by their phenotypic plasticity, genetic
adaptations, or a combination of both (Donnelly et al., 2012; Forrest and
Miller-Rushing, 2010; Franks et al., 2014). In the short-term, phenotypic
plasticity may allow plants to counter the detrimental effects of changing
environmental conditions and buffer populations against climate fluctua-
tions (Nicotra et al., 2010). In the long-term population adaptive potential
is key for species persistence and community stability (Byars and
Hoffmann, 2009). Numerous studies have investigated the plastic response
of growth and reproduction to changes in SMT in arctic and alpine habitats
(Carbognani et al., 2012; Cooper et al., 2011; e.g. Galen and Stanton,
1995; Heegaard, 2002; Hiilber et al., 2010; Petraglia et al., 2014; Totland
and Alatalo, 2002). Generally, advanced SMT prolongs the pre-flowering
period, while delayed SMT accelerates the phenological development,
whereas growth responses are very variable (reviewed in Wipf and Rixen,
2010). However, responses vary among species (Cooper et al., 2011;
Totland and Alatalo, 2002; Wipf et al., 2009) and with site-specific factors
(Carbognani et al., 2016), for example soil moisture (Gimenez-Benavides
et al., 2007; Winkler et al., 2016). Responses to changes in SMT can also be
affected by local adaptations exerted from changes in selection pressure
along climate gradients. Common garden and reciprocal transplant ex-
periments, the classical approach to disentangle phenotypic plasticity and
genetic differentiation (Merild and Hendry, 2014), provide evidence for
adaptation in reproductive phenology to SMT (Haggerty and Galloway,
2011; Hall and Willis, 2006; Kawai and Kudo, 2011; Stinson, 2004). Early-
flowering plants might be at a disadvantage in areas where snow melts
early, due to risk for late-frost events early in the season (Thomson, 2010).
In late snowmelt habitats, on the other hand, flowering early might give a
selective advantage, allowing to complete the life cycle during the short
growing season (Anderson et al., 2012; Stinson, 2004). However, the
evidence of such adaptive responses to SMT are less frequent (Donnelly
et al.,, 2012; Frei et al.,, 2014; Stanton and Galen, 1997), and typically
species-specific (Byars and Hoffmann, 2009).

Although some patterns in species responses to shift in SMT are
emerging, the consistently high species- and site-specific variation begs
the question of both the generality of the patterns and of the underlying
drivers of the variation. One way to address this challenge is to ex-
plicitly and systematically address if and how responses vary across
species and sites, e.g., by replicating the same experiments along en-
vironmental gradients (Dunne et al., 2003), an approach also known as
“distributed experiments” (Borer et al., 2014).

This study was conducted in south-western Norway, a fjord landscape
characterized by strong regional-scale climate gradients: a precipitation
gradient from the continental east to the oceanic west coast, and a tem-
perature gradient from the temperate, boreal sea-level to alpine climates at
high elevation. In this region, the combination of the two gradients result
in early SMT at drier and low-elevation sites, and late SMT at wet and
high-elevation sites (Fig. 1). We replicated our experiments across these
two gradients to explore how the climate context, as reflected in variation
in local SMT, affects reproductive phenology and growth of an alpine forb.
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Across these sites, we conducted a transplant experiment to explore how
populations originating from different climatic contexts will respond to
climate change. Since the climate change projections for our region predict
increased temperatures and increased precipitation, we transplanted in-
dividual plants of our study species, Ranunculus acris towards warmer sites,
wetter sites and warmer & wetter sites. We recorded phenological response
and growth of the transplanted individuals compared to local populations
in the origin site and in the transplanted localities over one growing
season. Specifically, we ask: (1) does R. acris respond to a change SMT in
reproductive phenology and growth? And (2) to what extent are such
plastic responses in the reproductive phenology and growth of R. acris
limited by genetic differences between populations? We expect plants to
accelerate phenology (i.e. flower faster after SMT) both when transplanted
to sites with advanced SMT due to warming and when transplanted to sites
with delayed SMT due to increased snowfall. This is because phenology is
affected by temperature, and we expect higher temperatures both at low-
elevation sites and later in the season under the same temperature regime.
Further, earlier phenology is expected in plants originating from sites with
late SMT, as these populations experience strong selection for earlier
flowering (Anderson et al., 2012). The predictions for the combined effect
of increased temperature and increased precipitation are less clear, be-
cause the effects could cancel each other out, or be additive or be multi-
plicative. Finally, we ask (3) how do these responses in reproductive
phenology and growth vary along the climate gradients? We expect plants
from harsher conditions, i.e. wet and high-elevation sites, to be more
strongly genetically determined in their response to SMT and therefore
more constrained in plasticity (Gugger et al., 2015; Vitasse et al., 2013).
And we expect the magnitude of response to vary with the magnitude in
SMT (Wipf and Rixen, 2010).

2. Material and methods
2.1. Study sites and species

The study was conducted in south-western Norway within semi-
natural grassland sites selected to represent a ‘climate grid’ of sites
along broad-scale temperature (three levels, ca. 2°C apart) and pre-
cipitation (four levels ca. 700 mm apart) gradients (Klanderud et al.,
2015; Meineri et al., 2014). We selected four sites within the climate
grid to represent contrasting climatic contexts (Fig. 1, Table 1); two
temperature levels (ca. 7.5 and 9.5 °C mean temperature of the four
warmest months), each combined with two precipitation levels (ca.
2000 and 2700 mm annual precipitation). The climate data are inter-
polated with 100 m resolution from the normal period 1961-1990
(Tveito et al., 2005). All sites are grasslands on calcareous bedrock and
were specifically selected to be similar in slope, exposure, grazing
pressure, soils, and other ecologically relevant variables, so as to
maximize impacts of the regional climate differences (Klanderud et al.,
2015). To avoid animal interference with the experimental treatments
and the transplanted plants, the experimental areas were fenced during
the growing season. At each site, temperature was measured con-
tinuously at 30 cm above the ground using UTL-3 version 3.0 tem-
perature loggers (GEOTEST AG, Zollikofen, Switzerland).

SMT advanced along the temperature gradient and was delayed
with higher precipitation, with earlier SMT at low-elevation and drier
sites (Fig. 1b and c). In 2015, the snow melted in the second half of June
in the low-elevation sites and between early July and mid-August at the
high-elevation sites (Fig. 1c, Table 1); SMT was 17-50 days earlier at
the low-elevation sites and 7-40 days later in wetter sites. Mean daily
temperature in the first week after snowmelt was up to 2 °C warmer in
the high compared to the low-elevation sites.

Ranunculus acris (Ranunculaceae) is a common perennial herb with
a circumpolar distribution; in south-western Norway it grows in a wide
range of habitats, but is most abundant on medium dry meadows. R.
acris flowers are self-incompatible (Totland, 1994). It is an early flow-
ering species and leaves begin to develop precociously after snowmelt
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Fig. 1. a) Map of the location of the transplant sites in south-western Norway and b) the transplant design. The four sites shown by boxes, are located in a climate grid representing
different temperatures (line type) and precipitation levels (grey shading). The number inside the box indicates the snowmelt date in days of the year. Arrows show the direction of
transplant from the origin site (arrow tail) to the destination site (arrow tip) for the warmer (red), wetter (blue) and warmer & wetter transplant treatment (purple) and the local controls
(black). Some of the sites thus represent both origin and destination sites. (¢) Cumulative temperature (sum of mean daily temperature above 1 °C after snowmelt). The black triangles
indicate the timing of snowmelt at each site. The arrows show the direction of transplant from the dry high-elevation site. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 1

Geographic and climatic features of the four transplant sites (according to their tem-
perature and precipitation level); coordinates, elevation, mean annual precipitation,
mean temperature of the four warmest months (interpolated with 100 m resolution from
the normal period 1961-1990, Tveito et al 2005), snowmelt date in 2015 in day of the
year (DOY) and mean daily temperature in the first week after snowmelt are shown.

Temperature level Cold Cold Warm Warm
(Elevation) High High Low Low
Precipitation level dry wet dry wet
Latitude (°N) 60.83 60.93 61.09 60.54
Longitude (°E) 7.18 6.41 6.63 6.51
Elevation (m a.s.l.) 1213 1088 769 797
Precipitation (mm) 1925 2725 1848 3029
Temperature (°C) 5.87 6.58 8.77 8.67
Snowmelt date (DOY) 184 224 167 174
Temperature (°C) first week 9.7 9.1 8.5 7.1

and initiate the reproductive development early in the season (Hegland
and Totland, 2007). Typically, individuals of high-elevation popula-
tions produce a single flower (Totland, 1997). We chose this species
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because it is one of the most common perennial forbs in the study
system, it is dependent on pollinators and well studied (Totland, 1997,
1994, 2001).

2.2. Transplant experiment

In September 2014, at the end of the growing season, individual
plants of approximately the same size (6.34 * 3.07 cm) were collected
within populations at the four sites. Each plant was carefully excavated
from the ground, surrounded by a soil core of 10 cm in width and 10 cm
in depth, to ensure that the roots were not damaged. Plants were ran-
domly allocated to four transplant treatments, representing the ex-
pected change in climate: (i) warmer (Fig. 1b, red arrow), (ii) wetter
(blue arrow), and (iii) warmer & wetter climate (purple arrow), and a
local control (black arrow). Controls were planted back into another
location at the original site to control for the transplant effect per se.
Plants were only transplanted in one direction (not reciprocally), be-
cause we were mainly interested in understanding the effects of the
projected climate change in the region.
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From each site and treatment 30-40 plants were transplanted,
adding up to a total of 269 R. acris individuals for the entire experiment
(see Appendix A for the number of individual plants per transplant site
and origin). Fewer plants were transplanted in the wetter transplant
treatment at low-elevation sites than originally designed because we
were unable to locate enough plants at the dry low-elevation site. Each
plant was individually labelled, with labels placed so that they did not
shade the plants or interfere with growth.

2.3. Data collection

Phenological observations started in 2015 after SMT and were
carried out weekly until mid September, when the plants started to
senescence. In these surveys, the phenophases for each target plant was
recorded: budding (pedicellate buds emerging from basal rosette on a
stalk), flowering (anthesis with completely open flowers) and fruiting
(expanding fruits without flowering structures). During the 2015
growing season, 18 plants produced more than one flower, but we
considered only the first bud the plant produced. In R. acris the different
phenophases have limited overlap within individuals and if produced,
the second bud appears after the first one is flowering and flowers when
the first one is in fruiting (Totland, 1997, 2001). At each site, 6-15 such
phenological observations were carried out, depending on the length of
the snow-free period. Growth of each individual was assessed by
measuring the longest leaf of the rosette at the end of the growing
season 2015.

2.4. Data analyses

A generalized linear model was fitted independently for onset of
bud, flower and fruits, expressed in days after snowmelt or leaf size as
response variables. To account for non-normal distribution of residuals
and non-homogeneous variances, we use a Poisson error distributions
(appropriate for count data) for the phenological variables and a
Gamma error distribution (appropriate for continuous positive data) for
leaf size and checked that the assumptions were fulfilled by visual in-
spection of residual patterns (Zuur et al., 2009). We fitted a separate
model for each transplant treatment (warmer, wetter and warmer &
wetter), because the transplants are compared to different origin- and
destination-control plants, for the different treatments (Fig. 1). Each
model contained one transplant treatment and precipitation level (dry
vs. wet for warmer treatment) or temperature level (low vs. high ele-
vation for wetter treatment) to define the position in the climate grid
and their interaction as predictors. The combined warmer & wetter
transplant treatment had no interaction term, because this treatment
was replicated only once.

To test for plasticity in the onset of phenology and plant growth, the
plants in each transplant treatment were compared to the local control
plants from the site of origin (hereafter origin-control). Whereas to test
for genetic differentiation between populations in the phenological
development and plant growth, the plants in each transplant treatment
were compared to the local control plants from the destination site
(hereafter destination-control). Only 3 individuals transplanted to
wetter sites reached fruiting stage and this phenophase was therefore
not analysed for plants transplanted to wetter climate. All the analyses
were performed in R version 3.3.2 (R Development Core Team, 2016).

3. Results
3.1. Plastic response in reproductive phenology and growth

Plants in all transplant treatments produced buds, flowers and fruits
consistently faster than the corresponding origin-control plants.
Budding, flowering and fruiting was advanced on average by 7-11 days
when transplanted to warmer climate, compared to the origin-controls
(Fig. 2; Appendix B). Plants transplanted to wetter climate advanced the
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onset of budding and flowering by 9-12 days compared to the corre-
sponding controls. And in the warmer & wetter transplant treatment,
plants advanced the onset of each phenophase by 14-21 days relative to
the origin-control.

The phenological development of R. acris also showed significant
differences in relation to SMT. Plants advanced the onset of the phe-
nophases significantly more at drier sites (i.e. where SMT was less ad-
vanced; Appendix B; precipitation level term for bud: P < 0.001,
flower: P < 0.001 and fruit: P < 0.001) and the onset of flowering at
high-elevation sites (i.e. where SMT was more delayed; temperature
level term P = 0.005). The interactions between the transplant treat-
ments and either precipitation or temperature levels were not sig-
nificant, indicating consistent plastic responses in the onset of re-
production when transplanted to both warmer and wetter climate
irrespective of the change in SMT. The only exception were plants
transplanted to wetter climate, where bud swelling was more advanced
in  high-elevation than low-elevation sites (wetter treat-
ment X temperature level: P = 0.001).

Ranunculus acris leaves also responded plastically to the transplant
treatments. Plants had twice as large leaves in the warmer treatment
and 1.4 times larger in the warmer & wetter treatment, compared to
origin-control plants growing at high-elevation sites (Fig. 3 left side). In
contrast, leaves of plants transplanted to wetter climate were 0.6-0.8
times smaller compared to the corresponding controls. The negative
effect of transplanting to wetter climate on leaf growth was stronger at
low compared to high-elevation sites (wetter treatment X temperature
level: P = 0.049). These changes match patterns in leaf size of R. acris
in relation to the temperature gradient, as plants at high elevation had
significantly smaller leaves than those at low elevation (data not
shown).

3.2. Genetic differences in reproductive phenology and growth

Plants transplanted towards warmer climates initiated all pheno-
phases 7-15days earlier than the local destination-control plants
(Fig. 4; Appendix C). In contrast, plants transplanted towards wetter
climates initiated budding and fruiting 8-10 days later than the desti-
nation-controls. For the warmer & wetter transplant treatment, plants
did not differ in the onset of phenology compared to destination-con-
trol.

The onset in phenology differed also depending on the delay in
SMT. The phenological development was significantly more delayed at
low-elevation (i.e. where SMT was less delayed) compared to high-
elevation sites (Appendix C; wetter treatment x temperature level for
bud: P = 0.012; flower: P = 0.022). For example, budding was delayed
by 15.0 days at low-elevation, but only by 1.1 days at high-elevation
sites and flowering was delayed by 17.7 days in the low-, but only by
2.8 days at high-elevation sites.

Leaf size of R. acris did not differ from destination-controls under
any transplant treatments (Fig. 3 right side, Appendix C). However,
low-elevation plants decreased leaf size more compared to corre-
sponding control plants when transplanted to wetter climate than high-
elevation plants (wetter treatment X temperature level: P = 0.015).
Leaf size also depended on the delay in SMT, with longer leaves in low-
elevation compared to high-elevation sites (temperature level:
P < 0.001).

4. Discussion
4.1. Plastic versus genetic responses in ranunculus acris

Ranunculus acris responded plastically in the velocity of the onset of
reproductive phenology and growth to both advanced and delayed
SMT. Plants transplanted to sites with advanced or delayed snowmelt
were exposed to warmer temperature compared to the origin-control
plants, which can explain the acceleration in the phenological
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Fig. 2. Plasticity in phenological development as the difference in onset of a phenological stage in days since SMT * 2SE between treatment and origin-control plants. The x-axis
represents the difference in SMT between origin and destination site. The different stages are bud, flower and fruit. The colours and symbols indicate the transplant treatments to: warmer
(red triangle), wetter (blue circle) and warmer & wetter (purple square) climate. Points below/above the dashed grey line indicate earlier/later days since SMT for onset in a stage in the
transplanted plants compared to the origin-control plants. Closed circles indicate a significant difference between treatment and origin-control plants. Dashed error bars indicate a sample

size lower than 6 individuals.

development (Carbognani et al., 2016; Dunne et al., 2003; Petraglia
et al., 2014; Wipf and Rixen, 2010). Interestingly, plants in the warmer
& wetter transplant treatment responded similarly in the onset of
phenology as for the plant in the wetter treatment, but more strongly
than the warmer treatment. This suggests that the effect of warmer &
wetter conditions may not be fully additive. However, SMT advanced
very similarly in both the warm treatment at the dry end of the climate
grid and the warmer & wetter treatment and we therefore do not expect
a large difference in the onset of phenology between these treatments.
Also, leaf size increased in response to advanced SMT, while delayed
SMT had a negative effect on growth (Wipf and Rixen, 2010).
Different R. acris populations grown under common conditions also
responded differently in the onset of reproductive phenology, in-
dicating genetic differentiation in the studied populations. However,
the warmer and wetter treatment had opposite effects and plants from
sites with later SMT had a faster phenological development than plants
from early SMT site. This is consistent with other studies (Anderson
et al., 2012; Carbognani et al., 2016; Kawai and Kudo, 2011) and might
be due to a selective advantage flowering earlier in environments with a
short growing season. Consistently, plants transplanted to warmer &
wetter climate showed no such responses, suggesting that the opposite
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effects of temperature and precipitation change cancel each other out.
In contrast to reproductive phenology, the leaf size of plants grown at
the same site does not vary depending on origin, suggesting less dif-
ferential selection and local adaptations in growth across sites. Growth
has been suggested to be driven by other factors than climate, such as
nutrient and water availability (Sedlacek et al., 2015), and especially in
alpine plants, there might be trade-offs between growth and re-
production (Kudo, 1992; Molau, 1993; Theurillat and Schlussel, 2000).

Ranunculus acris had the ability to track variation in environmental
conditions via phenotypic plasticity and at the same time showed clear
indication of genetic differentiation on the phenological development,
in accordance with other studies (Forrest and Miller-Rushing, 2010;
Franks et al., 2014; Kawai and Kudo, 2011). Overall, the plastic re-
sponse was stronger for phenology and growth, but not across all
transplant treatments. For example, plants exposed to warmer climates
reduced the pre-flowering period by approximately 25% compared to
the origin-control plants, but also by 30% compared to destination-
control plants. The combination of high plasticity and genetic response
to warmer climate in high-elevation plants thus resulted in an en-
ormous reduction in the pre-flowering period. This reduction is much
larger than the difference in the pre-flowering time between the control
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Fig. 3. Plasticity and genetic difference in growth as the difference in leaf size = 2SE in cm between treatment and origin-control (left) or destination-control (right) plants. The x-axis
represents the difference in SMT between origin and destination site. The colours and symbols indicate the transplant treatments to: warmer (red triangle), wetter (blue circle) and
warmer & wetter (purple square) climate. Points above/below the dashed grey line indicate larger/smaller leaf size in the transplanted plants compared to the origin-control (left) or
destination-control (right) plants. Closed symbols indicate a significant difference between treatment and destination-control plants and open symbols no significant difference.
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Fig. 4. Genetic difference in phenological development as the difference in onset of a phenological stage in days since SMT = 2SE between treatment and destination-control site. The x-
axis represents the difference in SMT between origin and destination site. The different stages are bud, flower and fruit. The colours and shapes indicate the transplant treatments to:
warmer (red triangle), wetter (blue circle) and warmer & wetter (purple square) climate. Points below/above the dashed grey line indicate earlier/later days since SMT for onset in a stage
in the transplanted plants compared to the destination-control plants. Closed symbols indicate a significant difference between treatment and destination-control plants and open symbols
no significant difference. Dashed error bars indicate a sample size lower than 6 individuals.

plants at high- and low-elevation sites, suggesting that plants from high-
elevation sites respond plastically by advancing their phenologies in
response to increased temperatures, but also that they are genetically
different and progress through the flowering phenology faster than the
low-elevation plants. The combined effect is that their phenologies are
strongly advanced compared to low-elevation populations in response
to warming. However, we did not test the response of the low-elevation
plants to warming.

In contrast, plants exposed to wetter climates started the onset of
flowering 13% earlier than their origin-control plants, but were still 8%
later than destination-control plants. Plants transplanted to warmer &
wetter climates reduced the pre-flowering period by 17% compared to
origin-control plants and flowered more or less at the same time as
destination-control plants. For these two transplant treatments, the
plastic response was considerably larger than the genetic response and
generally corresponded to the shortened pre-flowering period between
the control plants across sites. Overall, R. acris responded plastically to
the climate treatments in all phenophases, with some exceptions.

4.2. Reproductive phenology and growth across climate contexts

Ranunculus acris showed similar within-population variation in
plasticity in the onset of phenology (equally long error bars in Fig. 2)
across different SMTs. We expected plants in harsher climate condi-
tions, i.e. wet and high-elevation to be more genetically constrained to
the extreme SMT in these sites and therefore exhibit less phenotypic
plasticity (Frei et al., 2014; Gugger et al., 2015; Vitasse et al., 2013).
Indeed, plants that were exposed to the most severe advance in SMT
(i.e. transplanted from wet and high-elevation to wet and low-eleva-
tion), shifted the onset in phenology less compared to plants that ex-
perienced less severe advance in SMT (Fig. 2). Nine of the plants from
wet and high-elevation site transplanted to warmer climate, managed
to flower. But four of these did not advance the onset of phenology
compared to the origin-control plants (error bar crosses zero line in
Fig. 2), suggesting less plasticity in some genotypes of this population.
Thus, plants from late SMT sites could be less plastic due to costs to
phenotypic plasticity (Ernande and Dieckmann, 2004; Moran, 1992;
van Tienderen and van der Toorn, 1991). Also, this population is likely
to be close to the range edge of its distribution, which could explain the
reduced plasticity. Overall, the largest magnitude in plant response did
not correspond to the largest change in SMT the plant experienced,
suggesting that plants can be constrained in their responses (see below).

Plants at high- and low-elevation sites also differed in how plasti-
cally they responded to delayed SMT. However, we had too few in-
dividuals from low-elevation sites to draw any conclusion on the
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difference in plasticity, which is likely to be due to the low sample size.
The strong acceleration in the onset of phenology when SMT was
strongly delayed (high-elevation plants) is possibly because later in the
season temperatures are higher and speed up plant development
(Domenech et al., 2016). Temperature in the first week after snowmelt
was 1.6 °C higher in the high than low-elevation site, which could ex-
plain this acceleration in development.

Plants exposed to the warmer climate grew twice as tall than the
origin-control plants, independent of how much advance in SMT they
experienced. The plants exposed to earlier SMT, did not produce larger
leaves even though their growing season was 50 days longer, possibly
because there is a maximum leaf size that can be reached. Plants
transplanted to wetter climate, had 13% shorter leaves at high-eleva-
tion and 40% at low-elevation compared to the origin-control plants.
Plants at high-elevation generally had smaller leaves, and the negative
effect of wetter climate therefore had a smaller effect on leaf size
compared to the plants at low-elevation with on average larger leaves.

4.3. Responses to climate change in reproduction phenology

In this study, we were interested in how R. acris will respond to
future climate, i.e. in a warmer and wetter world. We did not perform a
true test of whether or not the species responses to different climates
were adaptive, which would require reciprocal transplants experiments
(Blanquart et al., 2013; Kawecki, 2008; Merild and Hendry, 2014). We
used individuals grown in their original habitat and can therefore not
completely rule out confounding maternal carry-over effect on local
adaptation (Kawecki and Ebert, 2004). Local plants did not produce
more fruits (data not shown) compared to non-local plants, suggesting
no evidence that R. acris is locally adapted, however, this interpretation
should be taken with caution. R. acris plants were taller and produced
more fruits when grown at low-elevation, irrespective of origin (con-
trols, warmer and warmer & wetter transplant treatment), suggesting
no maladaptation to the predicted future climate in this region. On the
contrary, the highly plastic response in the onset of all phenophases,
allowed R. acris to profit from the longer growing season after advanced
SMT. The genetic constraint to start the phenological development
earlier did not result in fitness loss, at least not in the year of this study.
However, we do not know if early flowering in a less snow-rich year
could confer a disadvantage, for example due to frost events (Inouye,
2008; Thomson, 2010). The study sites had a low replication and we
can therefore not rule out that some of the effects we saw were due to
other abiotic (soil) and biotic factors we did not control for in this ex-
periment. However, the sites were chosen to be as similar as possible to
reduce such effects.
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All R. acris plants drastically reduced the fruit production when
grown in the wet high-elevation site in the year of the study, due to late
snowmelt. Although the present study was carried out during an ex-
tremely snow rich year, further and rapid adaptation might be neces-
sary in wet alpine sites for species to persist (Anderson et al., 2012).
Even populations of widespread species may be more vulnerable to
extreme climate events (i.e. a snow-rich year) than inferred from their
distribution alone. Finally, the interaction of increased precipitation
and warmer temperatures are complex and could also result in a de-
layed SMT, and lead to later flowering in the season and at warmer
temperatures. This could accelerate the phenological development and
lead to probably much more synchronized flowering across different
species within a plant community (Carbognani et al., 2016). Synchrony
in flowering among species can attract pollinators and increase re-
production (Moeller and Geber, 2005; Totland, 1993), but may also
lead to increased pollen limitation (Garcia-Camacho and Totland,
2009).

Appendix A

Number of individual plants per origin and transplant site.
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Transplant site

Origin

Number of plants

High-elevation dry
Low-elevation dry

High-elevation wet

Low-elevation wet

High-elevation dry
High-elevation dry
Low-elevation dry

High-elevation dry
High-elevation wet
High-elevation dry
Low-elevation dry

High-elevation wet
Low-elevation wet

30
40
10
40
30
40
9

40
30

Appendix B

Plasticity of reproductive phenology (in days after SMT) and leaf size (in cm) between origin-control plants and transplants to a) warmer, b)
wetter and c) warmer & wetter transplant treatment. Analysis of deviance tables on the effects of transplant treatment, precipitation level or
temperature level and their interactions on the onset of bud, flower and fruit stage between stages and leaf size of Ranunculus acris. Values are 2.
(Significance codes: P-value < 0.001 “**’; < 0.01 ‘**’; < 0.05 “*’; > 0.05 *”).

Compare to origin-control Bud Flower Fruit Leaf size
a) Warmer transplant treatment

Warmer treatment 45.65 *** 42.36 *** 12.17 *** 83.95 ***
Precipitation level 56.92 *** 55.66 *** 36.22 *** 3.68
Warmer X Precipitation level 1.73 0.002 1.01 1.27

b) Wetter transplant treatment

Wetter treatment 62.81 *** 19.51 *** NA 14.73 ***
Temperature level 3.66 7.99 ** 36.99 ***
Wetter X Temperature level 10.76 ** 2.75 3.86 *

c) Warmer & wetter transplant treatment

Warmer & wetter treatment 114.73 *** 50.79 *** 24,18 *** 18.38 ***

Appendix C

Genetic response of reproductive phenology (in days after SMT) and leaf size (in cm) between destination-control plants and transplants to a)
warmer, b) wetter and c) warmer & wetter transplant treatment. Analysis of deviance tables on the effects of treatment, precipitation level or
temperature level and their interactions on the onset of bud, flower and fruit stage between stages and leaf size of Ranunculus acris. Values are 2.
(Significance codes: P-value < 0.001 “***’; < 0.01 “**’; < 0.05 “*’; > 0.05 ).
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Compare to destination-control Bud Flower Fruit Leaf size
a) Warmer transplant treatment

Warmer treatment 8.70 ** 28.38 *** 16.99 *** 1.23
Precipitation level 49.23 *** 32.11 *** 3.05
Warmer X Precipitation level 0.73 0.34 0.19

b) Wetter transplant treatment

Wetter treatment 8.86 ** 7.69 ** NA 2.17
Temperature level 7.58 ** 4.68 * 39.37 ***
Wetter x Temperature level 6.33 * 5.22 * 5.87 *
c) Warmer & wetter transplant treatment

Warmer & wetter treatment 0.12 0.25 < 0.001 1.44
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ARTICLE INFO ABSTRACT

Organisms that modify the environment (niche constructors) are likely candidates to mediate the effects of climate
warming. Here we assess tundra plant community changes along a temperature gradient and how these are modified
in the presence of the common allelopathic dwarf shrub Empetrum nigrum and the large herbivore Rangifer tarandus.

We developed a structural equation model based on data from a field-based study of 1450 tundra plant
communities across Northern Fennoscandia, covering a temperature gradient of 3.5°C, contrasting Rangifer
densities, a range of Empetrum abundances in addition to gradients in topography and bedrock.

We found temperature to be a significant positive predictor of Empetrum, herbaceous and woody plant
abundances. However, the effect of temperature as predictor for herbaceous plant abundance was significantly
reduced in communities with Empetrum present. For woody plant abundance Empetrum was a stronger predictor
than temperature. In comparison, we found Rangifer density to have marginal or no effect on either herbaceous
or woody plant abundance. These findings were not modified by either topography or bedrock.

Results from this study indicate that herbaceous plant responses to climate warming are currently reduced in
communities where Empetrum is present, whereas the abundance of Empetrum and other woody plants is pro-
moted. Results also indicate that any future Empetrum encroachment is likely to drive tundra communities to-
wards slower process rates and lower biodiversity. As such our results substantiate the importance of under-
standing the dynamics of niche constructor species and include them in predictive models of climate change.

Keywords:

Empetrum nigrum

Rangifer tarandus
Herbaceous plants
Structural equation model
Niche construction
Ecosystem engineering

1. Introduction

The tundra is changing (e.g. Chapin et al., 2005; Elmendorf et al.,
2012b; Wookey et al., 2009), with the potential to become more species
rich and greener under climate warming (e.g. Aerts et al., 2006; Epstein
et al.,, 2012; Kullman, 2010; Rustad et al.,, 2001). Environmental
modification by organisms, also termed niche construction or eco-
system engineering (Odling-Smee et al., 2013), may, however modify
effects of climate warming. Plants can modify the environment in
tundra plant communities, for instance by changing nutrient cycling
rates (Brathen and Ravolainen, 2015), subsequently causing plant-
based cascade processes that enhance or reduce responses to climate
change (Wookey et al., 2009). In addition, herbivores can counteract
the greening process (shrub encroachment into circumpolar or alpine
areas) (Den Herder et al., 2008; Olofsson et al., 2009; Post, 2013;
Ravolainen et al., 2014; Zamin and Grogan, 2013), and hence prevent
plant-based cascade processes. The trajectory of change under climate

warming may therefore be dependent on the niche constructing abil-
ities of plants and herbivores inhabiting the tundra.

Plant species are tracking their temperature niche as indicated by the
upward and northward changes in species distributions in response to a
warming climate (Chen et al., 2011; Klanderud and Birks, 2003; Lenoir
et al., 2008). A thermophilization of the tundra flora is happening, where
warm adapted species replace cold adapted species (Elmendorf et al.,
2015; Gottfried et al., 2012). Because warm adapted species are benefited
under climate warming and because the species richness is larger among
warm adapted species, an increase in species richness is expected
(Kullman, 2010). Yet, at the plot scale, no significant increase in species
richness has happened in tundra areas in 30 years, whereas there have
been changes in the height and abundance of growth forms (Elmendorf
et al., 2012b) with increases described for shrubs, graminoids and forbs
(Elmendorf et al., 2012a). Shrubs, in particular, are already common in
tundra ecosystems (Walker et al., 2005), and are increasing with recent
observed climate warming (Elmendorf et al., 2012b; Myers-Smith et al.,
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2011). However, how this increase in shrub abundance is linked to com-
munity species richness and abundance of other growth forms is not evi-
dent. Theoretically, shrub encroachment can cause a range of possible
outcomes for plant communities depending on the ecological context
(Wookey et al., 2009) and empirical evidence of decreasing (Klein et al.,
2004; Mod et al., 2016, Post, 2013; Wilson and Nilsson, 2009), stable
(Pajunen et al., 2011) and increasing (Brathen and Lortie, 2016) species
richness of vascular plants as a response to shrub encroachment has been
found. To advance in the understanding of how ecological contexts in-
fluence responses of plant communities to climate warming, large-scale
studies on dominant shrub species within a range of habitats and contexts
are needed (Christie et al., 2015).

The evergreen dwarf-shrub Empetrum nigrum (crowberry) has strong
niche constructing capacity (sensu Matthews et al., 2014) as indicated
by its ability to modify ecosystem properties (Brathen and Lortie, 2016;
Nilsson and Wardle, 2005; Tybirk et al., 2000; Wardle et al., 1998).
Empetrum is tightly linked to variation in species diversity of tundra
plant communities under both high and low intensity Rangifer tarandus
(reindeer) land use (Ravolainen et al., 2010). The abundance of Em-
petrum has repeatedly been found negatively related to species richness
of vascular plants in tundra communities (Brathen and Lortie, 2016;
Brathen and Ravolainen, 2015; Mod et al., 2016; Wilson and Nilsson,
2009). Accordingly, Empetrum is found to be an important predictor
along with temperature in species distribution models (Pellissier et al.,
2010) and in plant community models (Le Roux et al., 2014). However,
although allelopathic to other plant species at their seedling state
(Gonzélez et al., 2015), Empetrum does not always have negative effect
on coexisting plants. Whereas Empetrum is competitively superior to
forb and grass species (Mod et al., 2014; Pellissier et al., 2010; Wilson
and Nilsson, 2009), it seems to have facilitative effects for species with
higher leaf dry matter content (Mod et al., 2014; Pellissier et al., 2010).
Empetrum may thus modify the environment, thereby driving selection
for species with traits causing slow nutrient process rates (cf. Wilson
et al., 1999), and potentially reinforcing the filtering effect that Empe-
trum has on the species pool. This is especially pertinent to herbaceous
species in tundra plant communities.

Dendroecological studies indicate Empetrum is sensitive to climate
change (Buntgen et al., 2015; Myers-Smith et al., 2015), and empirical
evidence indicates that Empetrum is advancing in altitude and abundance
in tundra areas in response to recent climate warming (Felde et al., 2012;
Klanderud and Birks, 2003; Wilson and Nilsson, 2009). Such observations
of a positive response to warming are corroborated by experiments (Buizer
et al., 2012; Kaarlejarvi et al., 2012; Wada et al., 2002), and indicate shrub
encroachment by Empetrum is promoted by climate warming. However,
Empetrum has been found to be vulnerable to extreme climatic events
during winter (Bokhorst et al., 2008) and to attacks by the Empetrum-
specific parasitic fungus Arwidssonia empetri under increased snow cover
(Olofsson et al., 2011). Still, Empetrum has been found resilient to simu-
lated strong winter damage (Aerts, 2010), has a high tolerance to ice
encasement (Preece et al., 2012; Preece and Phoenix, 2014), and it ap-
pears that Empetrum is relatively resistant to a range of environmental
changes, including fertilization, as compared to coexisting species (Tybirk
et al., 2000). Hence, although Empetrum has been found to be vulnerable
to some aspects of climate warming, it seems it mostly thrives.

Empetrum abundance is also affected by herbivores. For instance,
close to fences that separate Rangifer migration areas, trampling can be
intense (Moen and Danell, 2003). As Empetrum is vulnerable to tram-
pling (Bell and Tallis, 1973), this can result in reduced abundance
(Olofsson et al., 2001; Viisdnen et al., 2014). Small rodents have also
been shown to control Empetrum abundance (Olofsson et al., 2009;
Olofsson et al., 2012), but a longer time collapse in small rodent cycles
(Ims et al., 2008), may have reduced the capacity of small rodents to do
so. Furthermore, while most studies indicate that herbivory are coun-
teracting the encroachment of shrub species, there are empirical in-
dications of Empetrum responding differently and that it is rather pro-
moted by Rangifer activities (Brathen et al., 2007b; Francini et al., 2014;
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Ylanne et al., 2015). Such promotion can potentially happen through
apparent competition because Empetrum leaves have low palatability
(Tybirk et al., 2000) and through endozoochory because Empetrum
berries are eaten by e.g. Rangifer (Brathen et al., 2007a). Hence, Em-
petrum seems to be both positively and negatively affected by the ac-
tivities of herbivores.

In sum, an assessment of how Empetrum itself is affected by in-
creasing temperatures and Rangifer density, and how Empetrum affects
tundra plant communities in this context, is likely to yield insight into
the development of tundra plant communities under climate warming.
Therefore, in this study, we ask to what extent Empetrum and Rangifer
are likely candidates for mediating effects of climate warming in tundra
plant communities. We use a space for time approach to address climate
warming effects (Blois et al., 2013; Elmendorf et al., 2015): the study
design covers a temperature gradient of 3.5°C across a total of 1450
randomly chosen tundra plant communities in the Fennoscandian part
of the circumpolar dwarf shrub tundra (sensu Walker et al., 2005). The
communities are defined as where plant species share a habitat or en-
vironment (sensu Daubenmire, 1968). Empetrum varies in abundance
across these communities, from being absent to subordinate and to
having supreme dominance. The study design concomitantly covers ten
district pairs of high vs. low intensity of Rangifer husbandry land use,
and has previously been used to assess effects of Rangifer density on the
ecosystem state of the tundra communities (Brathen et al., 2007b),
focusing on mammalian herbivore abundances (Ims et al., 2007) and
plant diversity (Brathen and Lortie, 2016; Brathen and Ravolainen,
2015). In this study we hypothesize that (1) Empetrum abundance in-
creases along the temperature gradient, and that (2) higher Rangifer
densities promote Empetrum abundance at higher temperatures. We also
hypothesize that (3) Empetrum reduces the effect that increasing tem-
peratures has in promoting both inflorescences and biomass of growth
forms with higher process rates such as forbs and grasses. In addition,
since higher Rangifer densities have already been shown to reduce
biomass of forbs and grasses as well as the abundance of inflorescences
(Brathen et al., 2007b), we hypothesize that (4) Rangifer counteract any
positive effect of temperature on the abundance of herbaceous plants.
Furthermore we hypothesize that (5) Empetrum and increasing tem-
peratures facilitate the biomass of other shrub species, but that (6)
higher Rangifer densities do not modify this relationship because the
abundance of these growth forms is mostly independent of Rangifer
densities (Brathen et al., 2007b). In order to test these hypotheses in a
comprehensive way we developed a structural equation model, and
then we tested each hypothesis separately.

2. Materials and methods
2.1. Study area

Field work for this study was conducted in the coastal alpine tundra
of northern Fennoscandia between latitudes 69.2-71.2°N and long-
itudes 20.5-31.3°E (Fig. 1). This is a region characterized primarily as
dwarf-shrub tundra (Walker et al., 2005), with Empetrum nigrum being
both the most common shrub and the most dominant plant (Brathen
et al., 2007b; Ravolainen et al., 2010). The region is typically snow
covered until late June and the main vegetation types are heath,
meadows and marshes. Besides Empetrum, heath is dominated by the
dwarf shrubs Betula nana, Salix herbacea, Vaccinium myrtillus, V. vitis-
idaea and V. uliginosum. Forb and grass-rich meadows are often popu-
lated with Bistorta vivipara and Viola biflora, Avenella flexuosa, De-
schampsia cespitosa, Anthoxanthum nipponicum, and sedges of Carex spp.
Marshes are dominated by Eriophorum angustifolium and E. vaginatum
along with various species of Carex. Empetrum is often present in both
meadows and marshes. Plant names follow the Pan-Arctic Flora (http://
nhm2.uio.no/paf/). The main large herbivores in this region are the
migratory, semi-domestic Rangifer tarandus that have their summer
pastures along the coast, which is divided into districts to facilitate
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management. Other common herbivores include moose (Alces alces),
domestic sheep (Ovis aries), and small rodents (Ims et al., 2007).

The study region is characterized by steep climatic gradients from
west to east as well as from coast to inland, caused by the warm NE
Atlantic Current that gradually declines from west to east (see tem-
perature map in Fig. 1). The northernmost coast of the study region is
classified as Arctic (Walker et al., 2005). Average summer precipitation
(June, July and August) is 65, 54 and 48 mm in the west, middle, and
east of Finnmark, respectively (calculated from Norwegian Meteor-
ological Institute, http://www.eklima.no). The coastal part of the study
region is furthermore characterized by variable bedrock (mainly gabbro
in the west, slate and sandstone towards the east [Geological Survey of
Norway, http://www.ngu.no/]).

2.2. Study design

A total of 1450 plant communities were sampled within the borders
of ten pairs of neighbouring Rangifer districts (Fig. 2), where each pair
represents two decades of high versus low Rangifer densities (official
numbers provided by the Norwegian Reindeer Husbandry Administra-
tion http://www.reindrift.no/) (Brathen et al., 2007b). Different Ran-
gifer densities are to a large extent determined by spatiotemporally
heterogeneous management practices in Rangifer husbandry (Tveraa
et al., 2007). Faeces counts in the field confirmed that each pair of
neighbouring Rangifer districts represented a contrast in low and high
Rangifer density (Brathen et al., 2007b).

Sampling within the Rangifer districts was based on a priori strati-
fication and plant community selection using GIS as well as on rules set
a priori to the field sampling (sensu Morsdorf et al., 2015). Each Rangifer
district was covered with a 2 X 2 km grid (in which each cell is referred
to as a “landscape area”). For each district, and in order to avoid
landscape areas dominated by glaciers, lakes and boulder fields, sa-
tellite image classifications of vegetation types (Johansen et al., 1995)
were evaluated to identify landscape areas with more than the district
average of mesic and wet vegetation. Among these, landscape areas
were retained unless they included > 50% forest, lakes, sea, glaciers or
included a fence or a major road (based on http://www.norgeskart.no/
). The final landscape areas within each Rangifer district were selected
randomly. The number of selected landscape areas increased as a
function of district area, with the final number of selected landscape
areas per district ranging from 6 to 14 units.

The choice of plant communities within the selected landscape areas
was random. The landscape areas were subdivided into 100 potential
sampling squares of 200 m X 200 m, with a maximum of 21 randomly
selected squares (Fig. 1). The centre of each selected square was the
starting position for a 50 m long transect whose direction was de-
termined by a random GPS position on a circle with a 50 m radius. If
any of the transects had to be discarded because of steep terrain, water
(lake, large river or very wet mire), snow cover (more than a 5m sec-
tion of the transect running through snow), boulder field (more than
half of the transect running over boulders devoid of vegetation), or the
transect was below the tree-line, another random direction or start
position was identified. If no new acceptable transect placement within
the area was available, the entire sampling square was discarded. Each
transect was sub-sampled at plots every 5m along the transect with a
triangular sampling frame with sides of 40 cm. Each transect con-
stituted a tundra plant community (Fig. 1). All landscape areas were
sampled in July and August 2003. Each landscape area was sampled by
two individuals but for a few areas sampled by one person. To avoid
differences due to plant phenology, Rangifer districts belonging to the
same pair were analyzed simultaneously, and sampling was conducted
from west to east as the season progressed in order to sample at or just
after peak growing season.
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2.3. Environmental variables

A downscaled WorldClim temperature layer (“Warmest Quarter”
Hijmans et al., 2005) of 100m X 100 m resolution (Pellissier et al.,
2013) was applied for average summer temperatures (Fig. 1). We used
average summer temperature (across June, July and August) because it
is physiologically more meaningful to alpine species than other tem-
perature variables (Korner, 2003).

Bedrock types for each plant community were obtained from maps
provided by the Geological Survey of Norway (http://www.ngu.no/).
The bedrock type was classified as poor (0), e.g. quartzite, moderate (1)
e.g. amphibolite, and rich (2) e.g. mica or limestone, in providing nu-
trients available to the plant community as based on Tarbuck and
Lutgens (1992).

A curvature index, i.e. a geoedaphic factor that serves as a surrogate
for the moisture level of vegetation (Moore et al., 1991), was calculated
per plant community using GIS and a digital terrain model of
25m X 25m pixels (http://www.kartverket.no). Index values from 1 to
—1 indicate concave to convex curvature, i.e. moist to dry terrain, re-
spectively. Visual inspection in the field of a few sites verified that the
index values correctly depicted concave or convex terrain.

2.4. Biological variables

In each plot the point intercept method (Brathen and Hagberg, 2004)
— using three pins attached to the corner of the triangle (Fig. 1) — was
used to obtain measures of above ground live vascular plant species
biomass. Prior to further analyses, point intercept data per species and
plot were converted to biomass estimates in units of grams per m? using
established calibrations (Ravolainen et al., 2010). To achieve estimates of
growth form biomasses and total biomass per plant community, the data
were summed across species and averaged across all plots. Point inter-
cept data on inflorescences (including all inflorescence parts and all their
phenological stages) were registered separately, and were summed
across species and averaged across all plots to achieve estimates of in-
florescences abundance per plant community. Estimates of Empetrum
biomass and Empetrum berry abundance were calculated separately.

2.5. Data analyses

Structural equation models were developed in the R environment
version 3.2.3 (http://www.r-project.org) using in the lavaan package
(Rosseel et al., 2013). Data were screened for distributional properties
and nonlinear relations which resulted in several variables being log-
transformed. The first structural equation model was exploratory, built
to test the effect of all predictor variables (temperature, Rangifer den-
sity, curvature and bedrock) onto the abundance of herbaceous and
woody growth forms. The possible mediating effect by the abundance of
Empetrum was included in the model by having Empetrum both as a
response variable and as a predictor to the plant growth form abun-
dances. All non-significant predictors were successively removed from
the model. The final model was selected based on parsimoniousness and
goodness of fit as interpreted from Chi Square tests, RMSEA and
Comparative Fit Index provided in the lavaan package (Rosseel et al.,
2013). The contribution of each predictor variable in the final model
was then assessed in order to possibly simplify the model further. Final
models with one predictor variable removed at a time were compared
to the final model using anova model comparison. The final model in-
cluding all predictors had the best AIC score. Lastly, the final model was
tested for whether the hierarchical setup of the study design had any
consequences to the variance explained by the model using the lavaan
survey package and by an assessment of the robust Chi Square test
(Oberski, 2014). At this stage, all predictors were retained in the model,
including predictors that became non statistically significant but still
explained variance above a value of 0.04. Variance explained by the
different predictor variables was obtained from model outputs as
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Fig. 1. Summer temperatures across northern Fennoscandia including landscape areas where plant communities were analyzed (upper panel) and an overview of the study design applied
in each landscape area (lower panel). In the upper panel the borders represent the 20 Rangifer husbandry districts and the red squares represent the landscape areas. In the lower panel the
nested design for each landscape area, geographically positioned a priori to the field season, is shown. Within each landscape area a random set of maximum 21 squares of 200 m X 200 m
were analyzed by running a transect from the square centre in a random direction. Plots were regularly placed along each transect representing a plant community and each plot was
analyzed by the point intercept method using three pins. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

standardized values, and manually entered into a path diagram of the
final structural equation model.

In addition we developed linear mixed effects models (Pinheiro and
Bates, 2000) using the nlme package in R to test specific hypotheses. In
the first set of models fixed factors were Empetrum biomass and Empe-
trum berries as response variables and temperature and Rangifer density
(high and low) as predictor variables. For the model on Empetrum
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berries Empetrum biomass was also a predictor. In a second set of
models fixed factors were species richness, the abundance of in-
florescences, and the biomass of each growth form as response variables
along with temperature, Empetrum biomass and Rangifer density as
predictor variables. For all models the random factors were landscape
areas nested in pairs of Rangifer districts.

To achieve homogeneity of the residual variance of models, all
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abundance variables (i.e. inflorescence abundances and biomasses)
were log transformed (x + 1). All predictor variables were standardized
(mean = 0 and standard deviation = 1) to facilitate comparison be-
tween variables and models (e.g. Iversen et al., 2014).

The standardized coefficients and the confidence intervals of fixed
predictors were extracted from model outputs and presented and
plotted as predicted values. From the second set of models the predicted
values were presented in three different plant community categories; in
communities with Empetrum biomass constituting 0%, 20-30% or
70-80% out of total community biomass.

All models were extended with nutrient availability (bedrock index)
and moisture level (curvature index) as fixed factors to assess any
confounding towards main predictors and are presented with their
standardized coefficients in supplementary information (Table S1). In
addition, standard deviations and confidence intervals of the random
factors for each set of models are presented.

3. Results

Empetrum was present in 1230 out of the 1450 randomly chosen
tundra plant communities, and composed more than half the biomass
across all communities. Among the growth forms, forbs constituted on
average the least biomass, followed by sedges, grasses, evergreen
shrubs (excluding Empetrum) and deciduous shrubs (Table 1). In the
communities where Empetrum was not present, other shrubs constituted
on average 55% of the community biomass.

The structural equation modelling (SEM) showed a significant in-
fluence of temperature on the biomass of Empetrum and herbaceous
plants and a non-significant influence on woody plant biomass (Fig. 2).
The influence of Rangifer density on either response variable was not
significant. The influence by Empetrum on herbaceous and woody plant
biomass was stronger than that of temperature, but with a negative and
a positive relationship respectively. Moreover, there was a significant
negative interaction between temperature and Empetrum on herbaceous
plant biomass, indicating the influence of Empetrum was more negative
at higher temperatures. Moisture, as presented in the form of the cur-
vature index, had a significant negative influence on Empetrum biomass
and a significant positive influence on herbaceous plant biomass. Nu-
trient availability, as presented by the bedrock index, was only influ-
ential to herbaceous plant biomass, and in a positive way.

Herbaceous
0.78

!

0.28

Woody
0.87
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and herbaceous and woody growth forms supported
by the data. Blue text represents positive effects, red
text represents negative effects. Black arrows in-
dicate significant effects, grey arrows indicate effects
no longer significant under the adjustment of the
model when accounting for the hierarchical study
design. Only the interaction term significant in both
models is presented: the interaction between
Empetrum and temperature on herbaceous biomass.
Model test statistic = 4.825, with 2 model degrees of
freedom and p = 0.090 (indicating close model-data
fit). The robust test statistic = 1.138 (model also
considering the hierarchical design), with 2 model
degrees of freedom and p = 0.566 (again indicating
close model-data fit). Comparative Fit Index = 0.996
and Root Mean Square Error of
Approximation = 0.031, further indicate close
model fit. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Forbs

Grasses

Sedges

Deciduous
shrubs

Evergreen
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The bivariate model (linear mixed model) result on the influence of
temperature on the Empetrum biomass was consistent with the SEM
results, showing a marked increase in Empetrum biomass in response to
increasing temperature (Fig. 3, Table 2). However, in contrast to the
SEM results, higher Rangifer density had significant positive effect on
the Empetrum biomass in the bivariate model, but with small effect size
(Fig. 3, Table 2). The abundance of Empetrum berries was only modelled
using a bivariate model, with model results showing slightly less berries
in communities with high Rangifer densities (Fig. 3, Table 2), and a
positive relationship with temperature where also the biomass of Em-
petrum was higher (Table 2).

The bivariate model results on the influence of temperature and
Rangifer on the biomass of the herbaceous and woody growth forms
were also mostly consistent with the SEM results; Temperature had a
significant positive relationship with both herbaceous and woody plant
biomass whereas the effect of Rangifer density was insignificant (Fig. 2,
Table 2). With increasing biomass of Empetrum in the plant commu-
nities these positive relationships to increasing temperature were se-
verely reduced for the herbaceous plant biomass, whereas they were
enhanced for the woody plant biomass (Fig. 4a, Table 2). This latter
interaction effect on woody plant biomass was however not part of the
final SEM model (Fig. 2) because the variance explained by the inter-
action was less than 0.03.

Bivariate models were run to assess responses among the different
herbaceous or woody growth forms. The biomass of each of the growth
forms were all significantly positively related to the temperature gra-
dient from 4.4 to 7.9°C (Fig. 4a, Table 2). The effect of Rangifer was
insignificant for all growth forms except for forbs and grasses where a
negative effect of high Rangifer densities was similar in effect size and
sign to that of Empetrum biomass (Table 2).

The bivariate model on the abundance of inflorescences (not in-
cluding Empetrum inflorescences) showed a similar outcome to that of
the forbs and grasses, with a positive effect of temperature, a negative
effect of Empetrum biomass and a negative effect of high Rangifer den-
sities (Fig. 4b). The bivariate model on species richness showed a po-
sitive effect of temperature and a negative effect of Empetrum, but no
effect of different Rangifer densities (Fig. 4b, Table 2).

The predictor strength and direction of temperature, Empetrum
biomass and Rangifer density was only slightly modified by adding
nutrient availability (i.e. bedrock index) and moisture (i.e. curvature
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Fig. 3. The effect of increasing temperature (warmest quarter) and Rangifer tarandus
density (high vs. low) on the predicted values of aboveground biomass (g m~?2) and the
abundance of berries (point intercept frequency) of Empetrum nigrum presented on a log,
(x + 1) scale. The linear regressions are based on predicted values from a Ime model
output and are presented with + 95% confidence bands.

index) as predictors of community characteristics (Table S1). This in-
dicates there were no confounding effects between main predictors and
the additional environmental predictors, and is consistent with the SEM
results that showed temperature and Empetrum biomass had a clear
influence alongside that of the environmental predictors. Such lack of
confounding is also strengthened by the fact that the full range of
moisture and nutrient availability regimes were present in all categories
of Empetrum dominance (Fig. S1 and S2). Nonetheless, the nutrient
availability was significantly positively related to species richness,
herbaceous and woody shrub biomass. Moisture was significantly ne-
gatively related to Empetrum biomass (indicating more Empetrum in
convex and hence drier terrain) and significantly positively related to
species richness, inflorescence abundance and herbaceous biomass
(indicating higher abundances in more concave and hence moister
terrain).
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4. Discussion

In this study, we assessed the extent to which Empetrum nigrum and
Rangifer tarandus, two species with niche constructing abilities (sensu
Matthews et al., 2014; Odling-Smee et al., 2013), mediate the response
of tundra plant communities to increasing temperatures. We found
Empetrum — a common dwarf shrub species in circumboreal-polar areas
(http://nhm2.uio.no/paf/) — to have clear mediating effects whereas
we found effects of Rangifer — the dominant large herbivore in this
ecosystem (Huntington, 2013) — to have no or low mediating effects in
comparison. Moreover, we found the biomass of Empetrum to be posi-
tively affected by increasing temperatures and to be slightly positively
affected by higher Rangifer densities. Because Empetrum has allelopathic
capacity its proliferation implies a deterioration of habitats to a range of
other organisms (Aerts, 2010; Brathen et al., 2010; Nilsson et al., 1993;
Nilsson and Zackrisson, 1992; Wallstedt et al., 2001), with potential
wide-reaching consequences to circumpolar areas.

4.1. Empetrum abundance increases with increasing temperatures

The increase in abundance of both biomass and berries of Empetrum
with increasing temperatures is in line with previous studies assessing
Empetrum biomass (Felde et al., 2012; Kaarlejarvi et al., 2012;
Klanderud and Birks, 2003; Wada et al., 2002; Wilson and Nilsson,
2009) and reproduction (Buizer et al., 2012). The ability of Empetrum to
acquire nitrogen early in the season (Larsen et al., 2012; Wipf, 2010)
may give it a competitive advantage over other plant species when
responding to increasing temperatures. Also, the increase in berry
abundance likely contributes to increased establishment and hence in-
creased abundance of Empetrum under warmer temperatures. Increase
in Empetrum abundance with warming has been found along a tem-
perature gradient ranging from 5 to 15 °C (Buizer et al., 2012) (i.e. at
higher temperatures than that provided in the current study), indicating
climate warming can promote encroachment by Empetrum in ecosys-
tems also beyond circumpolar regions.

Higher intensity land use by Rangifer husbandry had a marginally
positive effect on the biomass of Empetrum, and is consistent with
previous findings (cf. Brathen et al., 2007b). The positive effect of
Rangifer herbivory might have parallels to Empetrum rubrum, a species
found in the southern hemisphere and with a high genetic similarity to
Empetrum nigrum (Popp et al., 2011). Claims are that grazing by sheep
over the last 100 years has turned grasslands into Empetrum rubrum
dominated heathlands (Collantes et al., 1999). In our system, the pro-
cess by which herbivory causes Empetrum nigrum to gain abundance on
behalf of other species is most likely apparent competition because it
has both low nutrient content (Kaarlejarvi et al., 2012; Sorensen et al.,
2008), phenolic rich leaves (Gallet et al., 1999; Viisdnen et al., 2013)
and low palatability (Tybirk et al., 2000) even during winter when food
resources are scarce (Danell et al., 1994). Empetrum has also been found
to benefit from endozoochory by Rangifer (Brathen et al., 2007a).
Hence, the reduced abundance of Empetrum berries at higher Rangifer
densities may ultimately be part of the positive effect of Rangifer den-
sities on Empetrum abundance: Rangifer is likely dispersing Empetrum
into new habitats. Areas of high Empetrum cover are, however, avoided
by Rangifer (Iversen et al., 2014) and presence of other herbivores is
also negatively linked to areas of high Empetrum abundance (as shown
in a companion study by Ims et al., 2007). There may thus be a
threshold in Empetrum abundance at which herbivores are no longer
influencing its abundance.

4.2. Climate warming effects on tundra plant communities modified by
Empetrum

Our finding that the abundances of both inflorescences and biomass
of herbaceous and woody plants increased with increasing tempera-
tures in the tundra plant communities is in line with expectations of an
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Fig. 4. The effect of increasing temperature (warmest quarter) and Rangifer tarandus density (high vs. low) and increasing levels of Empetrum biomass on the predicted values of a) the
aboveground biomass (gm ~2) of herbaceous (forbs, grasses and sedges) and woody (deciduous and evergreen shrubs) growth forms and on b) the abundance of species richness and
inflorescences (point intercept frequency) in the plant communities. The three panels represent communities with 0%, 25% (20-30%) and 75% (70-80%) of community biomass occupied
by Empetrum biomass. All variables are presented on a log. (x + 1) scale. The linear regressions are based on predicted values from a Ime model output and are presented with + 95%

confidence bands.

increase in ecosystem process rates in response to climate warming
(Elmendorf et al., 2012a). Increased biomass in general indicates higher
productivity. Also an increase in the abundance of inflorescences will
likely improve seed availability and new plant establishment because
tundra communities often are seed limited (Graae et al., 2011). The
biomass of herbaceous plants, the most productive and palatable
growth forms (Chapin et al., 1996; Cornelissen et al., 2004; Cornelissen
et al., 2007), were more positively related to the increasing tempera-
tures than that of shrubs. However, in communities with Empetrum
present the strength of temperature as a predictor of higher herbaceous
biomass clearly declined. Although herbaceous growth forms utilize
different nutrient pools than Empetrum (Michelsen et al., 1996), sug-
gesting low direct competition for nutrients, reduced biomass of her-
baceous species in the presence of Empetrum is likely. That is, re-
calcitrant evergreen litter can slow warming-induced increases in soil
fertility (De Long et al., 2016; Hobbie, 1992). Additionally, forbs and
grasses are especially vulnerable to the allelopathic capacity of
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Empetrum at their germination and seedling stage (Brathen et al., 2010;
Gonzalez et al., 2015). It is thus likely that niche construction by Em-
petrum, through modifying habitat quality for herbaceous plants, limits
the capacity of herbaceous plants in tundra communities to respond
positively to climate warming.

In contrast, the biomass of woody plants, i.e. dwarf shrubs, was
positively related to Empetrum biomass. Increases in the abundance of
shrub species alongside increases in Empetrum have been shown in
previous climate warming studies in dwarf shrub heaths (Buizer et al.,
2012; Kaarlejarvi et al., 2012; Wada et al., 2002). Because shrub species
in average are long-lived (e.g. Biintgen et al., 2015), they are likely to
be promoted by climate warming at an established developmental stage
and are hence not as dependent on the seedling stage previously shown
to be vulnerable to Empetrum interference (Gonzalez et al., 2015;
Nilsson and Zackrisson, 1992). It may rather be that facilitating effects
such as sheltering among established shrubs (Wipf et al., 2006) promote
shrub species to further encroach upon the tundra in response to
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climate warming.

4.3. Climate warming effects on tundra plant communities modified by
Rangifer

The effects of land use by Rangifer husbandry on herbaceous growth
forms were on average small in comparison to that of Empetrum, but
when addressing the herbaceous growth forms individually, both forbs
and grasses were found to be negatively affected by both higher
Rangifer densities and Empetrum biomass. Hence, our study supports
studies addressing Rangifer grazing where a general reduction of forbs
(Bernes et al., 2015), a general decline in seed production (Gonzalez
et al.,, 2010) and a decrease in the forb response to climate warming
(Kaarlejarvi et al., 2013), have been found.

4.4. Implications for ecosystem functioning

Niche construction by Empetrum can be so strong that the physical
removal of the plant itself has no consequence to aboveground species
composition or soil abiotic and biotic properties of its habitat even after
ten years (Wardle et al., 2012; Wardle and Jonsson, 2013). Such a
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legacy effect of Empetrum niche construction is plausible due to the
bioactivity of leaves accumulated in soil (Brathen et al., 2010; Wallstedt
et al., 2005). Empetrum may also have cascading effects on plant-her-
bivore interactions in tundra ecosystems. For instance, the diet of small
rodents consists to a large extent of forbs and grasses (Soininen et al.,
2013a; Soininen et al., 2013b), which, as shown in this study, have
lower abundance in the presence of Empetrum. Also, the reduction of
forb and grass biomass at higher Rangifer densities (Brathen et al.,
2007b) may come as a consequence of Empetrum being a dominant
species in most plant communities: The relative grazing pressure on
forbs and grasses probably increases when co-occurring with Empetrum.
Critiques of the ecological sustainability of reindeer husbandry (Moen
and Danell, 2003) may thus be valid if they are linked to a trajectory of
niche construction by Empetrum, promoted by climate warming and
more intense Rangifer land use, as it may have subsequent cascading
effects onto the whole ecosystem.

4.5. Implications for model predictions

Shrub expansion following warming in the Arctic is linked to plant
longevity and persistence indicating that model assumptions of fast
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Total and average species pool and aboveground biomass presented per growth form and for Empetrum nigrum and in total across the tundra plant communities included in this study.

Growth form Species pool per growth form

Average species pool (mean * SD)

Aboveground biomass (mean g m~2 + SD)

Forbs 105
Grasses 23
Sedges 47
Deciduous shrubs 17
Evergreen shrubs’ 9

Vascular cryptogams 21

Empetrum nigrum
Total per plant community

1.18 = 1.84 54 x 11.6
1.34 = 1.47 9.1 + 17
1.31 = 1.37 7.8 +14.8
214 = 1.14 63.5 + 58.3
1.02 = 0.93 24 + 324
0.16 = 0.44 0.9 * 4.0
0.85 + 0.35 118 + 106.6
8.08 + 4.34 228.7 * 146.6

* Not including Empetrum.
** Average presence of Empetrum across all plant communities.

response rates to climate warming are overestimated (Biintgen et al.,
2015). The identified linkages between shrub expansion and Empetrum
and Rangifer in this study further indicate that model assumptions of
climate responses may be overestimated for areas where species with
niche constructing capacity are common. Empetrum and to some extent
Rangifer, as results of this study may indicate, improve niches for long-
lived shrubs and deteriorate niches for herbaceous plants. In con-
sequence plant longevity and persistence are favoured over higher
process rates and short reaction time to climate warming. Such niche
construction may also limit the range expansions of southern species
into circumpolar areas (Virtanen et al., 2010) as tundra communities
will be less suited as stepping-stones to plants tracking their climatic
niche. Accordingly, there is lower variability in warm thermal limits in
Fennoscandia as opposed to the Alps, as shown for the climatic niches
of species common to the Alps and Fennoscandia (Pellissier et al.,

Table 2

2013). Also, whereas the current assessment of the Arctic acknowledges
a controlling impact of herbivores on the encroachment of shrubs under
climate warming (Ims et al., 2013), our study shows that the en-
croachment of a particular shrub, i.e. Empetrum, is more likely enforced,
although marginally, by herbivory. As such this study substantiates the
call for species specific studies on shrub encroachment (Myers-Smith
et al., 2011) and further substantiates the conclusion of previous studies
to include Empetrum (Le Roux et al., 2014; Pellissier et al., 2010) and
Rangifer (Ims et al., 2013) into predictive models of tundra ecosystem
change. In summary, the capacity of Empetrum to cause a decoupling
with soil processes (Wardle et al., 2012), be unpalatable or avoided by
herbivores (Danell et al., 1994; Ims et al., 2007; Iversen et al., 2014)
and be competitively superior to herbaceous plants (Mod et al., 2014;
Pellissier et al., 2010) suggests that an increase in its abundance is
likely to drive a trajectory of tundra communities and ecosystems

Standardized coefficients ( = 95% C.1.) of fixed effects predictors extracted from mixed effects models on community and Empetrum characteristics, along with their random factors
(SD + 95% C.L). All models include temperature (warmest quarter), Empetrum biomass and Rangifer density (high vs. low) as predictors along with their significant interactions. The
evergreen shrub biomass is not including Empetrum biomass, and the inflorescences are not including Empetrum inflorescences. Statistically significant predictors have confidence intervals
that do not overlap with zero, and non-significant predictors are presented in grey. Growth form names are short for their biomasses, whereas berries and inflorescences are short for their

point intercepts.

Predictors, fixed variables

Random factors

Temperature Empetrum biomass Rangifer density

Temp x Empetrum bm District pairs Landscape areas

Response variables

Empetrum nigrum

Biomass 0.642 (0.492,0.792) - 0.316 (0.005,0.627)

Berries 0.066 (0.052,0.081)

Community characteristics

Species richness 0.204 (0.159,0.250)  -0.035 (-0.060,-0.010)

Inflorescences 0.083(0.050,0.117)  -0.079 (-0.101,-0.056)  -0.080 (-0.142,-0.018)

Herbaceous plants  0.446 (0.340,0.553)  -0.343 (-0.407,-0.278)

Woody plants 0.281(0.188,0.375)  0.299 (0.246,0.352)

Growth forms

Forbs 0.325(0.221,0.428)  -0.236 (-0.295,-0.177)  -0.280 (-0.488,-0.072)
Grasses 0.471(0.363,0.579)  -0.136 (-0.201,-0.071)  -0.265 (-0.469, -0.062)
Sedges 0.183(0.082,0.283)  -0.289 (-0.352,-0.226)

Deciduous shrubs  0.320 (0.216,0.425)  0.200 (0.141,0.259)

Evergreen shrubs ~ 0.192 (0.063,0.322) 0.596 (0.515,0.676)

-0.032 (-0.064, -0.0001)

- 0.308 (0.123,0.771)  0.792 (0.658,0.954)

0.023 (0.010,0.036) 0.043 (0.023,0.081)  0.052 (0.035,0.077)

0.213 (0.126,0.362) 0.245(0.208,0.288)

-0.052 (-0.073,-0.030) 0.066 (0.031,0.139)  0.139 (0,109.0.175)

-0.077 (-0.137,-0.017) 0.307 (0.168,0.562)  0.527 (0.443,0.628)

0.065 (0.016,0.114) 0.450 (0.265,0.765)  0.496 (0.422,0.583)

0.403 (0.234,0.693)  0.545 (0.460, 0.646)

0.210 (0.096,0.462)  0.504 (0.419,0.607)
0.399 (0.233,0.681)  0.488 (0.406, 0.587)
0.451(0.260,0.785) 0.545 (0.464,0.641)

0.617(0.369, 1.030)  0.527 (0.425,0.653)
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towards slower process rates and lower biodiversity. Such change may
be indicative of ecosystem retrogression (Peltzer et al., 2010; Wardle
et al., 2004). As such our results substantiate the importance of un-
derstanding the dynamics of niche constructor species and include them
in predictive models of climate change.

4.6. Conclusion

In this study, tundra plant community changes along a temperature
gradient were clearly modified by the presence of the common allelo-
pathic dwarf shrub Empetrum nigrum and modified to a marginal degree
by the large herbivore Rangifer tarandus. More specifically we found the
increase in herbaceous plant biomass with increasing temperature to be
reduced in the presence of Empetrum, whereas the biomass of woody
plants was enhanced. Importantly, we also found the biomass of
Empetrum to increase with increasing temperature. Higher Rangifer
density negatively affected biomass of forbs and grasses and abundance
of inflorescences, and positively, although to a small extent, Empetrum
biomass. Based on these results we argue for the inclusion of niche
constructor species in predictive models of climate change due to their
ecosystem-modifying role.
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ARTICLE INFO ABSTRACT

Keywords: Facilitation by nurse plants has received considerable attention, but the feedback effects of beneficiaries on the
Competition benefactor fitness remain comparatively unexplored. In particular, to our knowledge there have been no studies
Facilitation

of feedback effects of exotic species on nurse plants. Furthermore, there have been few studies of how exotic
plants interact with native beneficiaries, potentially generating indirect effects on the nurse. Here, through
spatial association analyses, we estimate the reciprocal interactions between the cushion nurse-plant Arenaria
musciformis, native beneficiaries, and the dominant exotic Rumex acetosella (a fast growing heliophile species) in
a tropical alpine ecosystem of the Venezuelan Andes, locally known as pdramos. We recorded the density of
natives and the exotic within Arenaria cushions and in paired open areas at three sites and calculated Relative
Interaction Indices (RII) to explore the effects of the cushion. Then, we analyzed the feedback effects of Rumex
and the natives on the density of flowers produced by Arenaria. Finally, we analyzed how Rumex abundance is
related to the abundance of native species inside and outside cushions. Rlls indicated a facilitative effect of
cushions on the abundance of native plants, but no effect on Rumex. We found a negative relationship between
the density of natives and cushion flower density, but no such relationship for Rumex. However, at high den-
sities, Rumex was negatively correlated with the abundance of the natives both inside and outside of cushions.
Our results suggest the possibility of complex reciprocal interactions between nurses, natives and exotics, and
that native and exotic plants can differ in their feedback effects on nurse cushions. Native plants appeared to be
facilitated by cushions and then develop a parasitic relationship with their nurses. In contrast, the exotic Rumex
had a neutral interaction with the nurse, but competitive effects on the native beneficiary community, which
could indirectly modulate the feedback effects of natives on the nurse. These results highlight the importance of
analyzing direct and indirect reciprocal interactions and the impacts of exotic invaders for understanding alpine
community assembly.

Feedback effects
Invasive species
Indirect interactions
Nurse plants

1. Introduction

Facilitative interactions are important processes in plant community
assembly (Lortie et al., 2004; Brooker et al., 2008). In particular, there
is a large body of evidence for positive interactions driving increases in
species abundance and diversity in low-productivity environments
(Callaway 2007; Cavieres et al., 2014). We know much about the effects
of facilitators on other species, but we know little about the reciprocal
feedback effects (RFE) of the beneficiaries on the fitness or performance
of the facilitator, or “nurse” species (Schob et al., 2014a, 2014b; Garcia
et al., 2016). Understanding the nature of the bi-directional interaction

between nurses and beneficiaries (i.e. parasitism, commensalism or
mutualism) has implications for the evolution of these interactions
(Bronstein 2009; Brooker and Callaway 2009). For example, if bene-
ficiaries have negative feedback effects on the fitness of benefactors,
this could select for mechanisms employed by the nurse plant to reduce
the abundance of beneficiaries or to tolerate their negative effects
(Schob et al., 2014b).

A few studies in semi-arid ecosystems have shown that the RFEs of
beneficiaries on benefactors can be positive (e.g. Pugnaire et al., 1996;
Holzapfel and Mahall 1999). However, most research in desert and
alpine communities has reported negative effects of beneficiaries on the
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growth or reproduction of the nurse (Valiente-Banuet et al., 1991;
Flores-Martinez et al., 1994; Michalet et al., 2011; Cranston et al., 2012;
Schob et al., 2014a). In alpine ecosystems, where cushion plants com-
monly facilitate other species (e.g. Arroyo et al., 2003; Cavieres and
Badano 2009; Yang et al., 2010; Cavieres et al., 2014), research at a
global scale showed that beneficiary species predominantly have ne-
gative effects on the flower production and seed set of the cushions that
host them (Schob et al., 2014b). These RFEs were variable in their di-
rectionality and intensity depending on the environmental context,
with high-productivity sites showing weaker negative effects of bene-
ficiaries on the benefactor (Schob et al., 2014c¢).

However, to our knowledge, there have been no studies of the RFEs
of exotic species on nurse plants. These interactions may be particularly
important in ecosystems where exotic species have become invasive.
Exotic species are generally uncommon in alpine ecosystems and global
research indicates that their richness decreases with altitude in moun-
tains regions (Pauchard et al., 2009; Alexander et al., 2011; Seipel et al.,
2012). This may be due to more frequent introductions at low eleva-
tions, strong environmental filtering, and low disturbance at higher
elevations. However, close to two hundred exotic plant species have
been reported in alpine areas worldwide and their impacts on native
alpine plant communities remain largely unexplored (Alexander et al.,
2016). Although many of these species are not considered invasive, this
may change with increasing effects of climate and land use change in
alpine areas, which are expected to promote invasion (Theurillat and
Guisan, 2001; Alexander et al., 2016).

Natives and exotics could differ in their direct impact on nurse
species due to differences in resource use strategies, and thus the in-
tensity of their competitive effects on the benefactor (Callaway, 2007).
For example, if exotics grow faster and have higher resource demand
than natives in general, they could have a stronger negative feedback
effect on the benefactor. This is reasonable to expect for introduced
species with ruderal strategies in unproductive environments where
stress tolerant strategies are likely to be favored in the natives (Tilman
1982). However, having evolved in environments with different selec-
tive pressures, there could be lower temporal or spatial niche overlap in
resource use between exotic species and the nurse, which would reduce
their impact on the benefactor fitness relative to natives. Differences in
the effects of natives and exotics on the reproductive output of the nurse
could also occur if they have different interactions with pollinators.
This would depend on the degree to which natives and exotics share the
same pollinators with the nurse, and whether exotics, natives and the
nurse compete for pollinators (e.g. Mufioz and Cavieres, 2008Mufioz
and Cavieres 2008; Morales and Traveset 2009) or alternatively, there
are net facilitative effects through mutual attraction of pollinators (e.g.
Moragues and Traveset, 2005).

Exotic species could also have important RFEs on nurse plants in-
directly through their interactions with the native beneficiary com-
munity. In many invaded systems exotic plants suppress native species
(Vila et al., 2011; Besaw et al., 2011; Shah et al., 2014), and thus create
scenarios in which indirect effects might be strong. In the temperate
Chilean Andes, cushion nurses positively affect the abundance and
performance of abundant invaders (Cavieres et al., 2005; Badano et al.,
2007; Cavieres et al., 2008). In turn, this facilitation of invaders could
ultimately suppress native species within cushion plants, and indirectly
dampen the negative feedback effects of natives on the nurse (i.e. “a
competitofs enemy is a friend”, Levine, 1999; Callaway and Pennings,
2000). These types of indirect facilitation effects between nurses, na-
tives and exotics have not been explored, especially in the context of
studies on RFEs. More generally, indirect facilitation and non-transitive
plant-plant interactions have received limited empirical attention, al-
though they can be an important mechanisms for promoting species
coexistence (particularly in species rich communities), and con-
siderably expand our understanding of community assembly rules and
species interdependence (Callaway 2007; Brooker et al., 2008; Filazzola
and Lortie 2014; Aschehoug et al., 2016).
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Here, we analyze the RFEs of native species and a dominant exotic
(Rumex acetosella L.) on the flowering of a cushion nurse plant, Arenaria
musciformis Triana & Planch, in a tropical alpine ecosystem in the high
Andes of Venezuela. There has been little previous research on the role
of facilitation and nurse plants on community structure in the tropical
alpine of the Andes (see review by Anthelme and Dangles 2012). This
represents an important knowledge gap since these systems, known as
pdramos in the Andes, comprise more than 90% of the global tropical
alpine biome (Jacobsen, 2008). They also host a very diverse flora with
outstanding levels of endemism (Simpson and Toddzia, 1990). In the
paramos of Ecuador and Venezuela, cushion plants can increase local
species richness and facilitate other species in the community, with
facilitation increasing in importance at higher elevations (Sklenar,
2009; Anthelme et al., 2011; Hupp et al., 2017). In the high Venezuelan
paramos, nurse shrubs also increase local species diversity, modify
community structure and improve the performance of other associated
species (Céceres et al., 2015; Ramirez et al., 2015).

To our knowledge, RFEs of beneficiaries on nurses have only been
studied at two sites in the paramo, in Ecuador and Venezuela, in the
broader context of a global study on RFEs (Schob et al., 2014c). In these
tropical alpine sites, no feedback effect of beneficiaries on the flower
production of cushions was found. However, this study did not distin-
guish between the effects of natives vs. exotic beneficiaries. In Vene-
zuela, the exotic forb Rumex acetosella (called Rumex hereafter) has
become a dominant herbaceous species both in cushions and in open
spaces. Rumex is also one of the most widespread exotic species in the
high tropical Andes. Consequently, this is an ideal study system to ex-
plore potential direct and indirect interactions among nurse cushions,
native beneficiaries, and exotic beneficiaries. Here we investigate how
native and exotic beneficiaries may differ in their feedback effect on
nurses. We asked the following questions: 1) Does the cushion species
A. musciformis facilitate the abundance of other native plants and the
exotic Rumex? 2) Do the feedback effects of native beneficiaries on
flower production of A. musciformis differ than those of Rumex? 3) What
is the relationship between Rumex abundance and the density of native
plants? And 4) Do these effects differ inside vs. outside of the cushions?
We investigated these questions by comparing the abundance of native
species and Rumex inside and outside of cushions. Then we reanalyzed
data from Venezuela included in Schob et al. (2014c¢) on the relation-
ship between the number of flowers produced by Arenaria cushions and
the density of beneficiaries inside cushions, but separating the effects of
Rumex and the natives. Finally, we analyzed the relationship between
the abundance of Rumex and the abundance of the natives inside and
outside the nurse, to evaluate the possibility of indirect effects of the
exotic on the nurse.

2. Methods
2.1. Study site

The study was conducted in the northern tropical Andes, in the
Piedras Blancas paramo, Sierra de La Culata National Park, Venezuela,
during January 2014, the dry season. Sites were located between
4250-4350m, on northeast facing slopes with inclinations ranging
between 15 and 25°. We sampled at three similar sites within a 5km?
area: Rio Azul (Lat 8.8866,Long —70.8685), Avenida (8.8847,
—70.8666), and Gloria (8.8928, —70.8714). Mean annual temperature
is 3°C £ 2.7 and relatively constant throughout the year, but daily
topsoil temperature can range from 40 °C during the day to less than
—5°C at night (Ramirez et al., 2015). This region has an average an-
nual precipitation of 860 mm with a dry season between December and
March (Pico El Aguila weather station, 4118 m). The soils at the study
sites are entisols, shallow, with a coarse sandy texture, acid and with
low soil organic matter levels, and subject to constant disturbance by
needle-ice formation due to daily freeze-thaw cycles (Pérez, 1987).

The plant community in these high paramo areas generally attains
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less than 40% cover and the vegetation is highly clustered. Cover is
partitioned to some degree into two strata, one dominated by giant
rosettes and shrubs, and the other consisting of cushions, grasses, forbs,
and acaulescent rosettes (Céaceres et al., 2015). Our focal nurse plant,
Arenaria musciformis (Caryophyllaceae, called Arenaria hereafter), is
one of the most abundant cushion species in the region. It is endemic to
the northern paramos of Colombia and Venezuela (3500 and 4500 m,
Bricenio and Morillo, 2002). The exotic invader forb Rumex acetosella
has become the dominant species in terms of cover and density within
the lower vegetation stratum in our study region, and it is the only
exotic species present at our study sites (Caceres et al., 2015). Rumex
was introduced into the Venezuelan paramos from Europe with wheat
cultivation during the 1800’s (Salgado-Labouriau and Schubert, 1977).
Sarmiento et al. (2003) and Llambi et al. (2003) described Rumex as a
ruderal, fast growing heliophile species in paramos at lower elevations
(between 3300 and 3800 m), which strongly dominates early stages of
secondary succession in agricultural old-fields, being almost completely
displaced by the natives after about 10 years. However, Rumex has
expanded its distribution from the agricultural belt into high sub-nival
environments, probably taking advantage of the increase in bare soil
cover with elevation and reduced competition with tall native plants at
high altitudes.

2.2. Sampling design

At each of the three study sites we haphazardly selected 35 in-
dividual Arenaria cushions within a 200 X 200 m area. We only sam-
pled individuals with their maximum length measuring at least 20 cm.
We placed a wire ring 20 cm in diameter on each cushion plant and
recorded the identity and abundance (number of individuals) of all
vascular plant species within. We defined individuals as ramets, as
some species in the paramo, including the exotic Rumex, are inter-
connected underground. Then, we randomly sampled open substrate
1 m from each cushion (in 35 paired samples at each site) and measured
the abundance of all plant species within the rings in the same way we
did inside the cushion. Hence, a total of 105 samples were collected
inside and 105 outside of cushions across the three sites. The average
maximum length and width of the 105 Arenaria individuals included in
the sample across the three sites was 51.6 X 29.3 cm. At each of the
three sites we also quantified the cover of our focal cushion species
using the line-intercept method (Greig-Smith, 1983).

To estimate the density of flowers within Arenaria cushions, we
haphazardly placed five 10 X 2.5 cm micro-quadrats within each of the
105 cushion plants sampled, and counted all the flowers present within
each micro-quadrat. The majority of the cushions in the research sites
were in flower during our study.

2.3. Data analysis

We first calculated the total number of individuals (density) of all
native vascular plant species found inside and outside of Arenaria
cushions. We also calculated the density of Rumex. Then, to analyze the
relationship of the cushion with the abundance of natives and Rumex,
we calculated the Relative Interaction Index (RII, Armas et al., 2004) for
each replicate pair wusing the formula RII = Neyshion — Nopen/
Neushion + Nopen, Where N represents the density of the natives or in-
vader species. We then averaged these values and calculated the 95%
confidence interval across all replicate pairs combining the three sites
and for each site separately. RII values range from 1 to —1, where
positive values suggest a net facilitative effect (with the 95% confidence
interval not including zero) and negative values indicate a net antag-
onistic effect of cushions on native/exotic densities. The average den-
sity of both natives and Rumex inside vs. outside of the cushions was
also compared using a two-way permutational analysis of variance
(PERMANOVA) using the Permanova + for Primer 6.0 software
(Anderson et al., 2008). Here, we defined the local sampling situation
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as a fixed factor with two levels (inside vs. outside Arenaria) and the
sampling site as a random factor with three levels (the three study
sites).

To evaluate the feedback effect of both the density of natives and
invaders on the number of flowers produced by Arenaria, we used a
generalized linear mixed-effect model. Data were analyzed with the
glmmadmb function from the gimmADMB package (Bolker et al., 2012)
of the R software (version 2.15.1). Given that the response variable (i.e.
number of flowers) corresponds to counts, we assumed a negative bi-
nomial error distribution with a log-link function. Density of native
plants and the invader Rumex were included as additive fixed effects,
and the sampling site as a random effect, allowing the intercept to vary
among sites. Since we had five replicate flower density measurements
per cushion plant, we defined the individual cushion identity as a
random factor nested within the sites.

Finally, to analyze the effect of the density of the exotic Rumex on
the total density of native plants, both inside and outside the cushions,
we used linear mixed-effects models. Data analysis was carried out
using the Ime function from the nlme package (Pinheiro et al., 2015) of
the R software (version 2.15.1), assuming a Gaussian error distribution,
and a quadratic relationship between predicted and response variables.
The density of Rumex and type of habitat (i.e. inside vs outside cush-
ions) were included as interactive fixed effects, to evaluate if the
quadratic relation between Rumex and Native densities depends on
whether the plants are inside or outside cushions; the sampling site was
included as a random effect. We log transformed the response variable
(i.e. density of native pants) as In + 1 to fulfil the normality assumption
(Shapiro-Wilk test).

3. Results

At the Rio Azul and Avenida sites, Arenaria musciformis comprised
2% of the total landscape cover, while at the Gloria site the cover of the
cushion was 5%. The average size of each of the 105 cushions of
Arenaria included in our sample was 0.49 + 0.04 m? (with no differ-
ences between the three replicate sites).

3.1. Effect of cushions on native and invader densities

The Relative Interaction Index (RII) indicated a positive effect of
Arenaria cushions on the density of native plants, but no effect on
Rumex (Fig. 1). The average ( = SE) density of native plants inside
Arenaria was 75.8 = 9.1 individuals m ™2 versus 37.3 + 6.2 per m 2
in open areas around cushions (pseudoF = 25.32; p = 0.0384). There
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Fig. 1. Mean relative interaction index (RII) and + 95% confidence levels for local total
density of natives plants and the exotic invader Rumex acetosella sampled in rings placed
inside and outside Arenaria musciformis cushion plants at three sites in the Venezuelan
high paramo.
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o _ Fig. 2. Relationship between Arenaria musciformis flower density
b (flowers per micro-quadrat) as a function of the total density of native
7o) plants within the sampling rings. Symbols represent mean *+ SE,
N while the solid curve the regression equation estimated from the ne-
:.z‘ o gative binomial model.
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was no significant site effect (p = 0.3251) and no interaction between function were not statistically different inside vs outside the cushions

site and microhabitat (p = 0.6244; i.e. the positive effect of cushions on (estimated + SE = —0.51 + 0.203, p = 0.802, and 0.043 = 0.045,
native plants was consistent across the three sites). For Rumex, the p = 0.345, respectively).
average density inside the cushions was 27.6 *+ 4.4 per m? versus

30.9 = 5.1 per m? in the open areas, and this difference was not sta- 4. Discussion
tistically significant (pseudoF = 1.33; p = 0.3608). There was a sig-
nificant difference in the exoti¢s abundance between the study sites The general aim of this study was to evaluate if the feedback effects
(pseudoF = 15.90; p = 0.001), and no interaction between site and on the reproductive output of nurse cushions differed between native
microhabitat (i.e., Rumex densities did not differ inside vs. outside of plants and a common exotic invader (Rumex acetosella) in tropical al-
Arenaria in any of the three sites). pine communities. We found that native beneficiaries had a direct ne-
Both inside and outside of the cushions, species accumulation gative effect on the cushion flower production, but the exotic did not.
curves approached asymptotes indicating that our sampling represented However, because at high densities the exotics show a negative effect
most of the local species pool (see Hupp et al., 2017). Across the three on the abundance of natives within cushions, they could indirectly
sampling sites, more vascular plant species accumulated inside Arenaria modulate the native’s effect on the cushion fitness. Hence, our results
cushions (30 spp.) than in the associated open samples (23 spp.). highlight the need to consider both direct and indirect interactions for
interpreting the complex reciprocal relations that can develop between
3.2. Effects of native and invader densities on cushion flower density nurses and beneficiaries of contrasting adaptive strategies and/or ori-
gins (i.e. natives vs exotics). Moreover, it offers an original way to ex-
The mixed-effects model for flower production by Arenaria as a plore indirect non-trophic interactions between plants, and their im-
function of the density of natives and invaders, showed a significant portance for community organization.
negative relationship between the density of natives and flower pro-
duced by the cushion (Fig. 2, ; = — 0.047, SE = 0.023, p = 0.038), 4.1. Cushion effects on the abundance of natives and exotics
but not for the density of Rumex (3, = 0.075, SE = 0.055, p = 0.137).
The estimated mean number of flowers produced by the cushions de- To evaluate the RFEs of natives and exotics on the nurse, we first
creased 53%, from 20.3 flowers per micro-quadrat™! when native needed to analyze their relationship with Arenaria. Our results in-
plants were absent to 10.9 flowers per micro-quadrat™! at the max- dicated that Arenaria cushions had a positive effect on the density of
imum native plant density observed within the cushions. native plant species, but no effect on the exotic Rumex. At these same
study sites Hupp et al., 2017 found a positive effect of Arenaria cushions
3.3. Effect of invader densities on native densities on local plant species richness, a significant increase in soil organic
matter, and a decrease in temperature amplitudes within these cush-
Across our three study sites, Rumex represented in average 26.7% of ions. Interestingly, the other abundant cushion species at these sites,
the total plant density within Arenaria cushions and 45.3% of the total Agzorella julianii, had a positive association with Rumex, and a positive
density in open areas. This made Rumex the dominant species in open effect on soil water, while Arenaria did not (Hupp et al., 2017). Rumex
areas, and co-dominant with the grass Agrostis breviculmis within has a lower water use efficiency than many native pdramo species
cushions. There was a complex density-dependent relationship between (Llambf et al., 2003), and this may explain its positive association with
the exotic Rumex and the density of native plants, both inside and Azorella but not with Arenaria. More generally, these results suggest
outside the cushions. In both cases, the abundance of native species that interactions between the exotic and cushions can be species-spe-
showed a hump-shaped relationship with the abundance of Rumex cific, which in turn might drive different kinds of reciprocal interactions
(Fig. 3). This was explained by a quadratic function, with parameters than those we report here. Other studies in the high paramos of Ecuador

B; =0.676, SE=0.084, p < 0.001, fS,=0.650, SE =0.154, reported positive effects of Arenaria and Azorella cushions on plant
p < 0.001, 33 = — 0.142, SE = 0.037,p < 0.001, inside the cushions, abundance and local richness, but only at sites above 4600 m (Sklenér,
and fB; =0.297, SE =0.084, p < 0.001, B, =0.599, SE = 0.154, 2009; Anthelme et al., 2011).

p < 0.001, B3 = —0.099, SE = 0.037, p = 0.001, outside the cushions

(Fig. 3). The only parameter of the quadratic function that was different 4.2. Feedback effects of natives and the exotic Rumex on cushion
between the two fitted curves was the intercept (i.e. ;) (estimated = reproduction

SE = —0.37 £ 0.11, p = 0.001), which was higher inside the cush-

ions. This indicates that when Rumex was not present, the density of Previous results from the high tropical Andes of Ecuador and
native plants is higher inside cushions than outside. Aside from this, the Venezuela indicated a neutral effect of benefactor densities within
linear (i.e. ) and quadratic (i.e. 83) parameters of the polynomial cushions on the nurse reproductive output (Schob et al., 2014c).

85



L.D. Llambi et al.

Perspectives in Plant Ecology, Evolution and Systematics 30 (2018) 82-88

Fig. 3. Relationship between the density of native plants as a function
of the density of the invader Rumex acetosella, both inside and outside
the cushions. Symbols represent mean * SE, while the solid curves
the quadratic equations estimated from the mixed effect model for
inside (gray) and outside (black) cushions.
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However, when we separated the RFE of natives and exotics, our results
indicated a significant negative effect of native abundance on the flower
density of Arenaria. We observed 53% fewer flowers in cushions where
the maximum native density was observed, compared to cushions with
no natives. In contrast, Rumex density had no significant correlation
with flower density. This suggests that the native community has a
‘parasiti¢ relationship with nurse cushions in our systems, as has been
recently reported across many temperate alpine sites (Schob et al.,
2014b, 2014c). However, we evaluated RFE using flower density, and
further research is needed to explore how this relates to fruit and seed
set and seed quality. Even so, previous research on feedback effects of
beneficiaries on cushion reproduction indicates that a reduction in
flower densities is consistently associated with a reduction in seed
production (but not seed quality or fruit set), in both experimental and
observational contexts (Schob et al., 2014b; but see Garcia et al., 2016).
This would be compatible with the reproductive feedback effects being
induced by resource competition between the natives and the cushion
(Schaob et al., 2014a). Negative feedback effects mediated by pollinator
competition seem less likely, as many of the dominant species in the
native community growing within the nurse in our system are wind-
pollinated grasses (Hupp et al., 2017), whereas Arenaria cushions are
pollinated by insects (Wyat, 1986).

The lack of a significant effect of Rumex on Arenaria flower densities
may have been due to an indirect positive effect derived from the
substantial decrease in abundance of natives at high densities of Rumex
(see below). This may also explain why Schab et al. (2014c) did not find
significant feedback effects from beneficiaries on the flower density of
other cushion species. To explore this would require experimental
manipulation of the densities of natives and exotics. Interestingly, in-
teractions with native species mediated by pollinators are also unlikely
in the case of Rumex, as it is wind pollinated (Friedman and Barret
2009). This contrasts with the case of the alien T. officinalis in Chile,
which competes with native species for insect pollinators (Munoz and
Cavieres 2008).

4.3. Effects of Rumex on native plant densities

Rumex was the dominant species outside cushions, and co-dominant
with the grass Agrostis breviculmis inside cushions. Moreover, Rumex
seemed to have a density-dependent effect on the abundance of natives.
We found a quadratic relationship between the density of Rumex and
native plants species as a group both inside and outside the cushions.
Both natives and Rumex increased in abundance at low densities, but at
high densities of the exotic, the natives showed a marked decrease in
abundance, indicating a competitive effect of Rumex (and the possibi-
lity of an indirect facilitation effect on the nurse). Interestingly, the
same quadratic relationship was found between Rumex density and
native species richness (results not shown). We did not find a significant
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reciprocal effect of native abundance on the density of Rumex. We
suspect that at low densities of Rumex, both native species and the
exotic increase in abundance in response to microhabitat quality, inside
and outside of cushions. Inside cushions, this could be due to observed
differences in the cover of dead-tissue patches within different Arenaria
individuals, which could have influenced the quality of cushions as
facilitators, modifying how other plant species occupy them (e.g.
Anthelme et al., 2017).

The contrasting behavior of Rumex and the natives could be linked
both with its exotic character (offering an advantage through me-
chanisms such as the scape from natural enemies) and several adaptive
traits which could make it a strong competitor in high tropical alpine
ecosystems. Rumex has been found to behave as a ruderal in pdramo
old-fields at lower elevations and to have a higher SLA, higher leaf N,
CO,, assimilation and growth rates than other native paramo species
(Llambf et al., 2003). It is also very effective in expanding both clonally
(thorough rhizomes and an extensive root system) and via seeds
(Escarre and Houssard, 1989). This could explain why Rumex is able to
displace the natives when it can attain high densities in favorable mi-
crosites, such as in open subnival environments dominated by low-
stature, slow growing, stress-tolerant plants, and where soil disturbance
by solifluction is common (i.e. outside cushions, where it is the domi-
nant species).

Though our research provides evidence that high exotic densities
can have a negative effect on native species, this does not always seem
to be the case. For example, in the Australian Alps Rumex has been
common in the alpine zone for at least 60 years, but there is no evidence
of negative effects on native species richness (Alexander et al., 2016).
Furthermore, in a Mediterranean ecosystem in the central Andes of
Chile, Cavieres et al. (2005) found a positive correlation between the
exotic Taraxacum officinale and the density and species richness of na-
tives within cushions. In open areas, there were no differences in
overall native density or richness with or without the exotic, but several
species showed negative associations with T. officinale.

5. Conclusions

Our results indicate the potential existence of complex reciprocal
effects between nurses, natives and exotic plants in the high tropical
Andes, and that natives and exotics differ in their feedback effects on
the nurses (Fig. 4). Native plant species were facilitated by Arenaria
cushions, and the native community growing within Arenaria had a
negative feedback effect on this nurse plants flower production, sug-
gesting a parasitic relationship. In turn, we found no significant re-
lationships between the exotic Rumex and Arenaria. But at high den-
sities, the invader was associated with much lower densities of native
species both inside and outside cushions. This may have an indirect
positive effect on the cushionis reproduction through the reduction of
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Fig. 4. Schematic diagram representing the potential nature of the interactions between
our focal cushion plant (Arenaria musciformis), the other native species in the community
and the exotic Rumex acetosella. Solid arrows indicate direct positive (+) or negative
effects (—), while the dotted arrow indicates the possibility of an indirect positive effect
of Rumex on the cushionis reproduction mediated by the exotiés negative effect on native

beneficiaries.

the density of natives within them. These conclusions are based on
spatial associations and correlative patterns, and need to be further
explored through manipulative experiments. Even so, our results sug-
gest the possibility of complex direct and indirect reciprocal interac-
tions between facilitators and beneficiaries and emphasize the im-
portance of documenting the impacts of exotic invaders on alpine plant
communities.
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ARTICLE INFO ABSTRACT

Species range shifts and possible species extinctions in alpine regions are hypothesized being influenced by the
increasing time lag between the velocity of global warming and the slowness of primary succession. We tested this
hypothesis in tropical alpine environments above 4700 m a.s.l. (Central Andes) and we explored the underlying
mechanisms at work by using four sites gradually deglaciated since the acceleration of warming in the late 1970’s.
These post-glacial chronosequences, made available by a multidisciplinary approach combining glaciology and
ecology, are extremely rare and provide a pertinent space-for-time substitution for the study of climate change
effects. We found consistent patterns in plant succession (abundance, species richness and functional strategies)
along the four chronosequences. Dispersal limitation was a prominent constraint for succession, even at the end of
the chronosequences, leading to an overrepresentation of anemochorous species in comparison with adjacent
ecosystems. Nurse plants were infrequent and their low maturity seemed to make them poorly efficient as facil-
itators, contrarily to the expectations made by the stress-gradient hypothesis in alpine regions. This suggests that,
despite the accelerating rate of warming, the dynamics of primary succession remains slow, generating a climatic
debt and hampering the adaptation to climate change in alpine plant communities.

Keywords:
Biological soil crust
Climatic debt
Chronosequence
Nurse plant
Species range shifts
Tropical andes

1. Introduction

Under the pervasive effects of climate warming on ecosystems,
characterizing the biodiversity-climate change relationship has become
a major scientific challenge (Lavergne et al., 2010; Chen et al., 2011;
Urban, 2015). Especially, a detailed description of patterns and me-
chanisms of vegetation succession is required to identify the ecological
processes that will shape future biodiversity (Walker and Wardle,
2014). In mountain systems, despite the local availability of biotic and
abiotic refuges in heterogeneous areas (Scherrer and Korner, 2011;
Anthelme et al., 2014a), the majority of organisms need to perform
upward range shifts to adapt to the direct and indirect effects of

warming (Gottfried et al., 2012; Lenoir and Svenning, 2015; Harsch and
HilleRisLambers, 2016). Located at the upper limit of life, alpine species
are particularly sensitive to these range shifts because new, upward
habitats are often devoid of life and soil, or they are simply absent. The
migration lag experienced by alpine plants, i.e. the time spent between
a climatic fluctuation and the moment when plants effectively reach the
new site, has been shown to cause a significant reduction in their spatial
distribution in a study centred on the Holocene scale (Dullinger et al.,
2012). Given the high magnitude and velocity of current and predicted
climate change, it is expected that this migration lag might affect ne-
gatively the altitudinal distribution of alpine species (Svenning and
Sandel, 2013). A key issue is to know whether plant migration lag can

Abbreviations: CSR, competitor, stress-tolerant, ruderal; BSC, biological soil crust; LIA, little ice age
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result in a climatic debt for natural communities that would be no
longer in equilibrium with climate (Devictor et al., 2012; Svenning and
Sandel, 2013).

Elevation has been shown positively correlated with the intensity of
warming in mountainous areas, with tropical alpine ecosystems being
among the most heavily affected by global warming because of their
high elevation, generally above 4000 m a.s.l. (Bradley et al., 2006; MRI,
2015). This is observable with the tropical Andean glaciers, which have
experienced a more pronounced shrinking than other glaciers world-
wide since the late 1970’s (Rabatel et al., 2013). The impacts of these
changes on biodiversity seem to be rapid and severe, as demonstrated
with aquatic and terrestrial invertebrates (Jacobsen et al., 2012; Cauvy-
Fraunié et al., 2016; Moret et al., 2016). They are in line with the recent
evidence that the biodiversity of South America —the continent that
shelters more than 90% of tropical alpine regions worldwide- is the
most affected by changing climate with 23% of its species at risk vs.
7.9% worldwide, under an optimistic warming scenario (Urban, 2015).
Tropical alpine environments are also impacted by climate warming at
ecosystem level, through glacier shrinking, which has been shown to
modify water input and increase ecosystem fragmentation (Dangles
et al., 2017) and by increasing plant growth and organic carbon pro-
duction (Cooper et al., 2015). All in all, this makes tropical Andean
ecosystems flagship descriptors for the characterization of the biodi-
versity-climate change interactions in a changing world. However, al-
though secondary succession in the alpine tropics has received con-
siderable attention (e.g. Sarmiento et al., 2003; Bueno and Llambi,
2015), primary succession has been overlooked, so far, especially its
characterization in a changing world (but see Sudrez et al., 2015).

Our first specific hypothesis is that the unrivalled velocity of
warming in tropical alpine regions may exacerbate the dispersal filter
with new species assemblages being even more dominated by ane-
mochorous species than what has been observed along longer post-
glacial chronosequences, so far (Stocklin and Baumler, 1996;
Erschbamer and Caccianiga, 2016; Marta et al., 2016). Indeed, wind is
expected to be the most efficient dispersal vector for seeds to reach
rapidly upwards alpine sites, whereas water streams would pre-
ferentially disperse seeds downwards. Additionally, we expect that re-
cently deglaciated sites will not be sufficiently visited by dispersers
such as mammals, birds and insects to allow animal-dispersed plants to
be correctly represented.

Our second specific hypothesis is that the direction and intensity of
plant-plant interactions, a crucial mechanism of community organiza-
tion in alpine environments, will be influenced by rapid warming, thus
having a significant impact on the future alpine plant communities.
Indeed, once seeds have reached a new site, a suitable environment is
required to proceed with establishment. At this stage, the presence of
refuges for plants, either biotic or abiotic, may be critical (Klanderud
and Totland, 2007; Anthelme et al., 2014a) especially because soil is
generally absent, or at best composed of mineral ashes and rests of
bacterial activity in scattered microsites/safe sites (Caccianiga et al.,
2006; Sattin et al., 2009). Environment amelioration by nurse plants
has been evidenced in a large panel of stressful environments (Filazzola
and Lortie, 2014), including tropical alpine environments (Sklenar,
2009; Anthelme et al., 2012; Céceres et al., 2015), and has been in-
cluded into the conceptual framework on species interactions (Callaway
et al., 2002; Maestre et al., 2009; niche concept: Bulleri et al., 2016).
However, there are no available studies questioning a possible limita-
tion in nurse effects induced by a lack of time consecutive to ac-
celerated warming (HilleRisLambers et al., 2013; Anthelme et al.,
2014a). We address two specific questions related to plant-plant in-
teractions in rapidly changing environments: (1) can the altitudinal
migration lag mentioned above reduce the presence/abundance of
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nurse plants, thus indirectly reducing plant diversity through cascade
effects (sensu Malatesta et al., 2016)? And (2) would the short time
available for the development of alpine nurse plants in recently de-
glaciated sites impact negatively plant communities because of limited
ontogenic variations between the nurse and the beneficiary (Anthelme
and Dangles, 2012)?

More generally, how the various pioneer organisms interact early
after glacial retreat is poorly known and requires further investigation
(Matthews and Vater, 2015; Erschbamer and Caccianiga, 2016). Among
these organisms, biological soil crust (BSC), an association of bacteria,
lichens, algae, mosses and fungi, has been proposed to be another driver
of primary succession after glacial retreat, through facilitative interac-
tions with other plants (Tiirk and Gartner, 2001; Breen and Lévesque,
2008; Matthews and Vater, 2015). Can they ensure successful primary
succession under a rapidly changing climate irrespective of nurse plant
effects?

By characterizing the abiotic environment, the species diversity,
plant-plant and plant-rock spatial associations along primary succes-
sion in four sites in the tropical Andes gradually deglaciated since the
late 1970’s (post-glacial chronosequences) we aimed at testing these
specific hypotheses and their related research questions. Our results
were discussed into the recent conceptual framework on species range
shifts consecutive to global changes (Lenoir and Svenning, 2015), ex-
ploring future scenarios for the tropical alpine biodiversity.

2. Material and methods
2.1. Study area and study sites

At elevations above 500 m a.s.l., the tropical Andes extend over 1.5
millions km?. They are one of the most important biodiversity hotspots
worldwide; by, with a high proportion of endemic plants (Anthelme
et al., 2014b). Tropical alpine regions in the Andes range between
3200 m a.s.l. and more than 5000 m a.s.l., even if tropical alpine ve-
getation stricto sensu, i.e. that develops above the natural treeline, is
primarily observed above 4200 m a.s.l. (Smith, 1994; Meneses et al.,
2015). The Andes gather 99% of the tropical glaciers worldwide, 71%
of which in Peru and 21% in Bolivia (Rabatel et al., 2013).

To test our hypothesis under different environmental conditions, we
studied four sites distributed in two countries. In Bolivia, three sites
were located in three different valleys of the Cordillera Real (Fig. 1).
This mountain range includes 11% of tropical glaciers and 55% of
Bolivian glaciers (Soruco et al., 2009). 338 vascular plants have been
described above 4200 m a.s.l. (Meneses et al., 2015) and glaciers lost
48% of their surface area between 1975 and 2006 (Soruco et al., 2009).
In Peru, we selected one site in the Cordillera Blanca, Ancash region,
which comprises more than 755 glaciers covering approximately
527 km? in 2003. Glaciers in Peru showed a reduction of 43% their
surface over the past 40 years (UGRH, 2014).

The southernmost Bolivian site was located on the foreland of gla-
cier Zongo (4900 m a.s.l.; 16°16°28.57”S; 68°8’45.50”W). The second
site was located in the foreland of glacier “10” (4812m a.s.l;
16°7/36.13”S; 68°15’°4.42”W; see labelling inSoruco et al., 2009). The
third Bolivian site was located on the foreland of glacier Tarija (4690 m
a.s.l.; 16°10°42.78”S; 68°13’18.67”W). Annual precipitations reach be-
tween 600 mm/yr in sites Tarija and 10 and 860 mm/yr in site Zongo.
Precipitations are essentially distributed between November and March
(Rabatel et al., 2012). The Peruvian site was located on the foreland of
glacier Yanamarey (4720 m a.s.l.; 9°39’9.45”S; 77°16’16.30”"W) where
precipitations reach 1000 mm/yr. These precipitations are mainly dis-
tributed between October and April, denoting a longer rainy season
than in the Bolivian sites (Tarazona Santos, 2005; Rabatel et al., 2012).
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Each of the four sites comprises a glacier in the upper part of the
catchment. These glaciers are of valley-glacier type within the altitu-
dinal range 4800-6000m a.s.l., and a surface area between 0.6 and
1.9 km? in 2006. For the tropical Andes, these are middle-size glaciers
and their forelands show a sufficiently wide deglaciated area to make
repetitions of vegetation plots while being more rapidly responding to
climate change than larger glaciers (Rabatel et al., 2013). Glaciers were
also selected upon the following criteria: good accessibility, available
data on glacial retreat, and absence of large stone slabs and steep slopes
in the deglaciated areas that are expected to influence colonization
processes.

2.2. Chronosequences under rapid warming

Chronosequences provide reliable space-for-time substitution de-
signs for predicting climate change effects on biodiversity (Blois et al.,
2013; Walker and Wardle, 2014), especially post-glacial chron-
osequences in alpine-arctic environments (Matthews, 1992; Cannone
et al., 2008). Indeed, glacial retreat is recognized as a powerful and
integrative indicator of recent climate change (IPCC, 2013), especially
within the Tropics where ablation occurs all year round resulting in a
short-time response of glacier extension and volume to changing cli-
mate (Rabatel et al., 2013). By releasing newly colonisable areas free of
soil and plant propagules, glacial retreat provides consistent sites for
studying primary succession (Walker and Del Moral, 2003; Matthews
and Vater, 2015).

The high Andes experienced an average warming of 0.04°C per
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Fig. 1. Four sites located in tshe central Andes (three
in the Cordillera Real in Bolivia and one in the
Cordillera Blanca in Peru), each of which providing a
38-years post-glacial chronosequence. Lines re-
present the date of glacial retreat at five periods:
2013, 2006, 1997, 1983 and 1975.

decade since the Little Ice Age in Bolivia (LIA; 1.2°C between years
1675 and 2000). This value increased to 0.1 °C per decade since the
1970’s (Rabatel et al., 2013). Accordingly, considering the warming
since LIA maximum as a control, the rate of warming has been multi-
plied by 2.5 during the last 38 years. It means that temperature changes
during the 38 years of our post-glacial chronosequences would have
taken (38 x 2.5) 95 years before the 1970’s and the acceleration of
human-induced CO2 emissions, even without considering the probable
higher warming at high elevation (MRI, 2015). Meanwhile, scenarios of
changes in precipitations are much less developed and do not permit to
define structured trends during the future decades in the Andes (IPCC,
2013). For these reasons, they were not considered into our framework.
However, it has to be kept in mind that the combination of warming
and precipitation variations, in dry mountainous environments, has
been shown recently to have unexpected impacts on plants (Harsch and
HilleRisLambers, 2016; Grossiord et al., 2017) and some studies in the
tropical Andes propose structured scenarios of future precipitation
changes at regional or local scale (e.g. Tovar et al., 2013).

For each of the four selected sites we considered four zones defined
by the time since deglaciation: 0-7 years, 7-16 years, 16-30 years and
30-38 years. At the time of the plant observation (2013), this matched
chronosequences starting in 1975, i.e. the period when atmospheric
CO, started to increase rapidly worldwide (IPCC, 2013) and when the
acceleration of glacial retreat started in the tropical Andes (Rabatel
et al.,, 2013). Each line delimiting zones was extracted from existing
data in 2013, 2006, 1997, 1983 and 1975 (1976 in glacier Yanamarey)
through satellite imagery, aerial photographs and direct in-situ
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observations (Rabatel et al., 2008; Soruco et al., 2009; L. Davila, un-
published data; Soruco and Rabatel unpublished data).

2.3. Sampling, data collection and data analysis

At each site, between 15 and 38 square plots of 1 m? were selected
randomly in each deglaciated zone (total: four sites, 325 plots) once the
following two key environmental conditions were met: 1) absence of
dominant rock or slab stone within —or adjacent to- each plot; and 2)
absence of water-dominated patch (e.g. lake) in the vicinity of plots
(< 5m). Each plot was divided into 100 subplots of 0.1 m? each in
order to yield a more precise data collection.

Within each plot, biotic and abiotic data were collected to identify
succession patterns and mechanisms. We listed all the vascular species
observed in our sampling (Table A.1) and each individual of each
vascular species was assigned to one subplot. We estimated visually the
relative cover of each vascular plant and the relative cover of the bio-
logical soil crust (BSC). Each individual of each vascular species was
assigned to one subplot. We calculated the area of each individual at
soil surface by multiplying its maximum length by the perpendicular
width. Then we calculated the volume of each individual (1) by mul-
tiplying its area with its vegetative height and (2) by multiplying this
product with the visually-estimated vegetation cover of each individual
at soil surface (%). This individual-based approach permitted to yield
data at individual level, species level, and at community level. Other
abiotic data measured in each plot were: slope gradient (clinometer
Suunto Tandem, Vantaa, Finland), granulometry (making difference
between sand, gravel (< 2 cm), rock (between 2 and 20 cm) and block
(> 20 cm), and including gravel, rock and block as coarse elements),
soil temperature in a subsample of 10 plots at each zone of site Zongo
(using 40 Tidbit V2 Temp data loggers each 30 min during 27 days),
and soil moisture, extracted from the difference between moist and dry
samples of soil (%, 500 g of soil, 11-13 samples at each zone). Methods
are detailed in Zimmer et al. (2014). Wind speed was not measured.
From our experience it was higher in site Zongo, located at the level of a
pass between the Bolivian Altiplano and Amazonia.

To evaluate and compare the role played by biotic refuges (plants,
biological soil crust) and abiotic refuges (rocks) on the presence of
other vascular plants we reported each spatial association (1) between
vascular plants (as soon as the aerial parts of two individuals touched/
overlapped), (2) between plants and BSC (as soon as an individual was
located on BSC), and (3) between plants and rocks (as soon as rock
height being superior to plant height and the distance between plant
and rock not exceeding plant height). We assumed that root interactions
did not exceed aerial interactions among plants spatially because of the
short time available for plants to grow, although plants are expected to
produce extended belowground organs in cold environments (Korner,
2003). Spatial associations do not necessarily reflect positive interac-
tions. For example, two competing species can be spatially associated
because competing for the same local resource. In our sample, we in-
creased the probability that associations represent positive interactions

Table 1
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(1) by selecting smooth areas where resources are expected to be
equally distributed, and (2) because positive interactions involving a
nurse and a beneficiary were identified as soon as one of the two in-
teracting individuals had a volume at least two times larger than the
other individual, which reflects complementarity in resource acquisi-
tion and/or ontogenic shifts (Anthelme and Dangles, 2012). These
specific spatial associations were extracted as a subsample. The fact that
they represent positive interactions was highly probable but not certain.

We estimated the constraint played by dispersal limitation by as-
signing a dispersal mode to each species observed in our samples.
Taxonomic identifications and dispersal strategies were both de-
termined using Meneses et al. (2015) and Kolff and Kolff (2005).

Given the lack of general patterns on plant functional traits of alpine
plants in relation with climate change, the C (competitor) S (stress-
tolerant) R (ruderal) strategies by Grime (1977, 2002) have been pro-
posed as a relevant way to infer the functional response of plants to
climate change in alpine zones (Grytnes et al., 2014; Parmesan and
Hanley, 2015). Using criteria proposed by Grime (2002, taking into
account arctic and alpine regions in this edition), Hodgson et al. (1999)
and Caccianiga et al. (2006 in an alpine region), we built a local CSR
classification in our sites based on the assignment of one of the fol-
lowing strategies for each species: C (value: 1), S (1), R (1), SR (0.5/
0.5), CS (0.5/0.5), CR (0.5/0.5) and CSR (0.33/0.33/0.33). Criteria for
the determination of strategies were extracted from field observations,
bibliography (Meneses et al., 2015) and specimen in the Herbarium LPB
(Table A.2). Accordingly, they related mostly to morphological and life
history traits and their relative weight in the determination of strategies
was function of their deviation from the mean value observed in the
community. For example, erect shrubs were predominantly C-strategists
because of their dominant structure, even if producing micro-leaves,
whereas grasses were predominantly R-strategists because of their fast
growth rate and despite their high longevity during establishment
phase (a trait shared by the overwhelming majority of species, locally).
At each zone of each site, we calculated C, S and R community weighted
means, ie. plot-level strategy values weighted by species abundance
(see Violle et al., 2007; Sonnier et al., 2010 for calculation details). Note
that this classification is still exploratory with the objective to serve as a
solid base for future CSR classifications in tropical alpine regions.

To test statistically the variations of biotic and abiotic variables
observed along with sites and chronosequences, we used mixed effect
models. For this purpose we used a generalized linear model with the
variable “chronosequence” (fixed, four zones) being nested within the
variable “site” (random, four sites, see Fig. 1). The quantitative vari-
ables being explained by this model were species richness, plant cover,
number of individuals (abundance) and dispersal modes. We computed
linear regressions to quantify the effects of the chronosequences on the
average CSR strategies (%) by calculating an average time since glacial
retreat (semi-quantitative data) at each zone, resulting in the following
quantitative values: 3.5; 11.5; 23 and 34 years. Significant differences
between pairs of zones in the chronosequence were identified with post-
hoc Tukey tests. Similarities among plant communities between

The abiotic environment along the chronosequences. Site effect and chronosequence effect nested within site were calculated with mixed effect models. ***: P < 0.001; *: P < 0.05; (a)

data available for site Zongo only.

0-7 yrs 7-16 yrs 16-30 yrs 30-38 yrs Site Chronosequence
Effect Effect
Soil moisture (%) 497 = 0.37 4.52 = 0.38 418 = 0.31 4.42 = 0.46 -
Coarse elements (%) 75.82 + 2.47 73.20 = 2.64 61.07 + 3.02 54.61 + 3.08 ok ok
Slope coefficient () 7.89 = 1.03 12.79 + 1.87 8.74 + 1.28 14.11 + 1.88 ok ok
Temperature min. (C°) —1.19 = 0.09 -1.73 = 0.11 —2.25 = 0.13 —0.68 = 0.11 (a) il
Temperature max. (C°) 8.69 = 0.59 12.17 = 0.55 11.64 = 0.50 16.26 = 0.62 (a) il
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Fig. 2. Succession patterns along the chronosequences, at each site. Each symbol represents the mean value at one site and one period of a chronosequence. (a) Species richness; (b) plant
cover at soil surface and (c) abundance (number of individuals at community level). Green losanges: site Yanamarey; black circles: site 10; red squares: site Tarija; blue triangles: site
Zongo. Significance of site and chronosequence (nested within site) effects: ***: P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

deglaciated zones were tested with the Sgrensen index of similarity.
Statistics were run with Minitab.

3. Results
3.1. Abiotic environment

The overall granulometry at soil surface changed along the chron-
osequences, with coarse elements (> 2mm) reducing significantly in
abundance (P < 0.001; Table 1). This reduction was negatively cor-
related with the increasing cover of BSC (R? =0.29, P < 0.001).
Minimum and maximum belowground temperatures significantly in-
creased along the chronosequence (mixed effects model: P < 0.001).
Maximum temperatures were strongly impacted by the chronose-
quence, increasing from 8.69 + 0.59 °C after 0-7 years of glacial re-
treat to 16.26 + 0.62 °C after 30-38 years. In contrast we did not ob-
serve significant variations in slope along the chronosequences at the
four study sites (P > 0.05). Soil moisture was also relatively constant
and low, between 4 and 5% (P > 0.05).

3.2. Species diversity

On a total of 4743 individuals, 64 species were observed along the
four chronosequences, 34 in site Zongo, 9 in site Tarija, 10 in site 10
and 29 in site Yanamarey (Table A.1). Four groups of species were
distinguished, by order of first appearance: those first established be-
tween 0 and 7 years (13 species), those first established between 7 and
16 years (16), those first established between 16 and 30 years (22) and
those first established between 30 and 38 years (13). The overall species
richness, relative cover and abundance of plants increased at plot scale
along the chronosequences, despite significant site effects (mixed effect
model: P < 0.001; Fig. 2). Site Zongo displayed both the highest

93

species richness and the highest abundance of individuals. Maximum
variation in species composition was observed between zone 0-7 and
zone 30-38, as revealed by a minimum Sgrensen index of 0.18 in site
Yanamarey (Table A.3).

3.3. Dispersal

The overwhelming majority of observed species were dispersed by
wind although their number decreased significantly from 99% to 92%
from 0 to 7 to 30-38 years (P < 0.001; Fig. 3a). However, these results
differed among sites (P < 0.05) with sites 10 and Tarija displaying
almost exclusively species dispersed by wind at each zone along the
chronosequence (Fig. 3d). Conversely, species dispersed by animals
increased significantly and monotonously along the chronosequences,
from 0% to 5% (Fig. 3b). Species dispersed by water averaged 2% and
remained constant along the chronosequences (Fig. 3c).

3.4. CSR strategies

We observed an overall shift from R-strategists (ruderals) to S-
strategists (stress-tolerants) and, to a lesser extent, C-strategists (com-
petitors) along the chronosequences: at community level R-strategy
decreased significantly from 80% to 37% (R® = 0.46; P < 0.001)
whereas S-strategy increased from 1% to 32% (R? = 0.21; P < 0.001;
Fig. 4). Meanwhile, C-strategists shifted from 19% to 35% (R? = 0.05;
P < 0.001). These significant differences concerning C, S and R stra-
tegies were confirmed at each site separately, with two exceptions: S-
strategists did not increase in site Tarija whereas C-strategists did not
increased significantly in sites Yanamarey and Zongo.
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Fig. 3. Plant dispersal strategies along early succession. Each symbol represents the mean value at one site and one period of a chronosequence. Relative proportions of dispersal
syndromes: (a) anemochory, (b) zoochory, (¢) hydrochory. (d) Community proportion of anemochorous species at each of the four sites. ***: P < 0.001; *: P < 0.05.

3.5. Spatial associations

At the beginning of the chronosequences (0-7 years), 11 * 2% of
plants were associated with other plants and 86 + 2% were associated
with rocks (Fig. 5a). Plant-plant associations increased monotonously
up to 24 * 1% after 30-38 years whereas associations with rocks de-
creased significantly while remaining more frequent than plant-plant
associations at the end of the chronosequence (49 = 1%). 205 spatial
associations between pairs of plants were clearly sustained by nurse/
beneficiary interactions. Within this subsample, the efficiency of the
three most frequent nurses, i.e. the average number of beneficiary in-
dividuals observed in one nurse individual, reached 0.43 #= 0.24 with
Senecio rufescens, 0.23 + 0.08 with Xenophyllum dactylophyllum and
0.17 + 0.05 with Deyeuxia nitidula, which was the most frequent nurse
in the sampling (Fig. 5b). The three species were infrequent at the be-
ginning of the chronosequence (0-7 years: 60 on a total of 891 in-
dividuals).
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Fig. 5a shows that plants were poorly associated with BSC 0-7 years
after glacial retreat (1.9 * 1.4%) but this association reached a peak
after 16-30 years (39 *= 4%). They remained more frequent than
plant—plant associations at the end of the chronosequences. The relative
cover occupied by BSC was positively correlated with the frequency of
associations between BSC and vascular plants (R? =0.18; P < 0.001).

4. Discussion
4.1. Common succession patterns at regional scale

Patterns of primary succession are strongly influenced by stochastic
factors (e.g., Del Moral et al., 2010), hiding partly assembly rules
(Walker and Del Moral, 2003). Reducing their importance to quantify
environmental effects on plants is a challenging task during early suc-
cession (Marteinsdottir et al., 2013; Mori et al., 2013). By combining
four Andean sites at regional scale, we observed an overall increase in



A. Zimmer et al.

/

/

() 0-7 yrs
© 7-16 yrs
@ 16-30 yrs
@ 30-38 yrs

50

ls(%)***

Yanamarey Tarija 10

80 1

rocks

60 1

Frequency of associated individuals (%)

0-7 7-16 16-30
Chronosequence (yrs)

Fig. 5. Spatial associations between plants and refuges along the chronosequence of site Zongo (Bolivia). (a) Associations with biotic and abiotic refuges; (b) ranking of the three principal

30-38

Individuals per nurse unit

1.07

0.87

&
o

o
'S

<
o

Perspectives in Plant Ecology, Evolution and Systematics 30 (2018) 89-102

Fig. 4. Functional CSR strategies of plants along the chronosequences. At
each deglaciated zone, a bullet represents the combination of the three
strategies at community level. Statistical significance extracted from Mixed

effect model (site & chronosequence nested within site);

** P < 0.01. For each strategy, different letters indicate significant dif-
ferences (Tukey post-hoc tests). I.: intensity of competition; Is: intensity of

stress; Ig: intensity of perturba

W 30-38 yrs
I 16-30 yrs
£ 7-16 yrs
O 0-7 yrs

T

tion.

800

600

400

200

Senecio
rufescens

Xenop'hyllum Deyeuxia

dactylophyllum

Nurse plant

nurse plants by efficiency and by number of individuals sheltered. Error bars represent 95% confidence intervals.

95

nitidtla

SHUN OSINN




A. Zimmer et al.

species richness, abundance, and plant cover along chronosequences.
Also, plant communities separated by a larger time frame displayed low
similarities. All these results are in line with general patterns reported
in primary successions after glacial retreat (Matthews, 1992; Walker
and Del Moral, 2003). Another common pattern among sites, although
less documented, is the significant shift from R-strategists to S-strate-
gists during succession. As observed and interpreted in the Alps, this
shift may indicate a first colonization step by R-strategists taking ad-
vantage of glacial till deposit thanks to their rapid phenological de-
velopment (Caccianiga et al., 2006; Erschbamer and Caccianiga, 2016).
Later, stress-tolerant species may dominate the community by max-
imizing nutrient use before soil development. The slight, but sig-
nificant, increase in the abundance of C-strategists is in line with later
successional stages described during primary succession (e.g. Chapin
et al.,, 1994). These common trends among sites reveal a structured
succession pattern in our data, which is not hidden by stochastic fac-
tors. This justifies a posteriori our choice to build a regional sampling,
adding relevance to the discussion developed below.

4.2. Dispersal filter during upward migration

Congruently with our hypotheses, our data revealed several dis-
crepancies with the general knowledge on primary succession. The
dominance of anemochorous species early after glacial retreat is a
classical feature observed along post-glacial chronosequences (Stocklin
and Baumler, 1996; Erschbamer and Caccianiga, 2016). However,
during plant primary succession centred on 50-350 years (little ice age
scale), a decrease in anemochorous species and/or an increasing fre-
quency of species not dispersed by wind is generally observed (e.g.
Matthews, 1992; Erschbamer et al., 2008). Under a temporal frame
equivalent in terms of temperature warming (our chronosequences
since the late 1970s correspond to a warming of approximately 0.4 °C;
i.e. what would have taken 95 years before the acceleration of warming;
see details in the section “Chronosequences under rapid warming” in
the methods), the overwhelming majority of species observed at the end
of the chronosequences remained anemochorous (92%). Interestingly, a
publication on the tropical flora of the Cordillera Real (Bolivia) above
4200 m a.s.l. and concerning 338 species pointed out that 33% were
anemochorous (Meneses et al., 2015). This proportion might increase
up to 55-60% given that the majority of species with multiple strategies
(32%) and with no dispersal data (12%) should be anemochorous. This
is roughly two thirds of what we observed at the end of our chron-
osequences. At the same time the proportion of zoochorous species was
slightly higher (6.5% instead of 5%) and the proportion of hydro-
chorous species reached 7% instead of 2% at the end of the chronose-
quence. Accordingly, from a strictly dispersal “viewpoint”, tropical al-
pine plants seem to be confronted to a climatic debt, as shown for
animals under the effects of warming (Devictor et al., 2012). This debt
mainly concerns tropical alpine plants that are dispersed by water,
which are generally observed in aquatic and semi-aquatic tropical al-
pine ecosystems (Meneses et al., 2015). These species, and to a lesser
extent a number of zoochorous species, are not able to match the new
rate of warming and are outcompete by wind-dispersers during upward
migration.

The most abundant sites in terms of plant individuals (Zongo and, to
a lesser extent, Yanamarey) displayed more pronounced successional
trends along the chronosequences than sites Tarija and 10, either in
terms of dispersal modes, but also in terms of plant species richness or
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CSR strategies. Interpreting these differences would be speculative at
this stage given the limited number of sites and our observational ap-
proach. Seed trap experiments may be a relevant method in future
studies to further assess the role played by local and regional en-
vironmental drivers on the dispersal of alpine plants along primary
succession under warming.

4.3. Establishment constrained by low nurse effects

A second discrepancy in our data when compared with general
patterns of primary succession concerns plant-plant interactions. After
reaching sites, plants require habitat amelioration to achieve a suc-
cessful establishment phase and compensate the near absence of soils
(Erschbamer et al., 2008). In alpine environments, abiotic hetero-
geneities such as rocks and small crevices can facilitate plant recruit-
ment by acting as seed traps, but also by generating local gradients in
soil moisture and soil nutrients (Mori et al., 2013). However, by having
biological nurse effects, plants are expected to be better nurses than
rocks along primary succession (Haussmann et al., 2010) and they have
been shown more associated with plants than abiotic areas early after
glacial retreat (Erschbamer et al., 2008). Nurse plants mitigate extreme
temperatures, increase soil moisture, soil nutrients and they can de-
crease the negative effects of wind (Callaway, 2007; Filazzola and
Lortie, 2014), a feature that has also been reported in tropical alpine
environments (Sklenat, 2009; Anthelme et al., 2012; Ramirez et al.,
2015). For these reasons, alpine habitats have been recognized as one of
the environments where plant-plant facilitation takes greater im-
portance in assembly rules and increases species diversity (Cavieres
et al., 2016).

However, in our sampling, plant-rock associations were more fre-
quent than plant—plant associations. As soon as we consider that the
majority of these associations reflects habitat amelioration (see
methods), this indicated that established plants do require habitat
amelioration (frequent nurse rocks), in line with the stress-gradient
hypothesis in alpine regions (Callaway et al., 2002). But, at the same
time, the infrequent plant-plant associations were not able to fully
provide this habitat amelioration. This low frequency results from the
lack of time for plants to colonize the recently deglaciated terrains, as
shown with a low plant cover at soil surface.

Importantly, the three most efficient nurse species of the sampling
(Senecio rufescens, Xenophyllum dactylophyllum, Deyeuxia nitidula) did
not facilitate more than 0.43 individuals per nurse unit. This is ex-
tremely low in comparison with other tropical alpine nurses which
averaged, e.g., 3.06 individuals per unit with the compact cushion
species Azorella compacta (N = 60), and 1.60 individuals with the loose
cushion species Pycnophyllum spathulatum (N = 45) in another alpine
site in Bolivia not constrained by recent glacial cover (Sajama National
Park, 4900 m a.s.l.; Anthelme et al., 2017). We explain this poor facil-
itative efficiency —not related with dispersal filter- by the low maturity
of nurses as increased ontogenetic variations between nurses and ben-
eficiaries are expected to increase facilitation intensity (Armas et al.,
2013). The short time frame offered by accelerated glacial retreat for
plant colonization is probably not sufficient for expressing their full
nurse potential. This would be especially true for cushion-forming
plants like Xenophyllum dactylophyllum, which are stress-tolerant species
that display slow growth rates (Caccianiga et al., 2006). Consequently,
the climatic debt experienced by alpine plants may express not only
through dispersal filter, but also during establishment phase through



A. Zimmer et al.

the time lag indebt to the development of a biotic substrate provided by
nurse plants. It has been recently suggested that deficient facilitation
among plants could be responsible for lagged species range shifts under
rapid warming but without field example (HilleRisLambers et al.,
2013). Our study evidences it for the first time in the field, adding shape
to the conceptual framework on plant-plant interactions under the ef-
fects of climate change.

Interestingly, by rapidly developing a fairly high relative cover at
the soil surface (indirectly diminishing the proportion of coarse ele-
ments) BSC promoted plant diversity and biomass shortly after glacial
retreat. The decrease of the BSC nurse effects on plants coincided with
the increasing positive effects by vascular plants and temperature in-
crease. As shown by Breen and Levesque (2006), the decreasing positive
associations between BSC and plant at the end of the chronosequences
may represent a shift from net facilitation to net competition between
the two groups. This agrees with observations of BSC developing ra-
pidly after glacial retreat, especially in windswept places and perigla-
cial areas (Tiirk and Gartner, 2001; Matthews and Vater, 2015). Ac-
cordingly, rapid terrain availability consecutive to warming may
generate a transient deficit in vascular nurse plants. In this context, BSC
might take greater importance in the success of primary succession by
facilitating the establishment phase of the plants that achieved suc-
cessful dispersal.

4.4. Altered species assemblages in the future

Geographical shortfalls have been identified when building sce-
narios of climate-related species range shifts and tropical regions like
the Andes are among these research gaps (Lenoir and Svenning, 2015).
Based on the comprehensive conceptual framework by these authors,
among the 64 species observed in our sampling the overwhelming
majority were capable of performing upward migration. Accordingly,
they belong either to type “march” (upward colonization combined
with downward retraction) or “expand” (upward colonization). A small
portion of these species may actually not migrate upward and rather
move from moraines adjacent to our study sites (“lean” species; see
Suarez et al., 2015). This was not distinguishable with our design.

In contrast with these “march” and “expand” species, which found a
way to adapt the effects of warming, the species absent from our
sampling were not capable of migrating upward rapidly. For example,
cushion-forming plants of high Andean wetlands (Distichia muscoides, D.
filamentosa, O. andina, Phylloscirpus deserticola, Plantago tubulosa; Loza
Herrera et al., 2015) were absent in our plots (see Table A.1) despite the
presence of wetlands at short distance below each site (Meneses et al.,
2015; pers. obs.). In parallel, growing evidence shows that the trailing
edge distribution of these species is negatively impacted by the com-
bined effects of thermophilization and the intensification of human
activities (Squeo et al., 2006; Meneses et al., 2015; Dangles et al.,
2017). As such they may be categorized within the “retract” type of
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species range shift, a type of distribution with no upward migration and
a retraction of the trailing edge distribution that makes species highly
vulnerable to extinction (Lenoir and Svenning, 2015).

5. Conclusions

At a time when data from long-term experiments are needed to
determine the effects of global warming on plant succession (Walker
and Wardle, 2014) post-glacial chronosequences constitute a promising
alternative approach as soon as they are sufficiently replicated to pro-
vide structured patterns at regional scale. We provided an exploratory
insight on its ability to determine to what extent communities can turn
unbalanced under accelerated warming and, to a certain extent, why.
The time lag generated between increased temperature and constant
dispersal constraints combined with constant time for nurse plant es-
tablishment creates altered plant communities, as suggested in other
alpine studies (Dullinger et al., 2012; Svenning and Sandel, 2013). The
consecutive deficit in positive interactions among plants is not con-
gruent with current literature, which predicts facilitation interactions to
be a crucial driver of plant community organization in alpine systems,
even under warming (Callaway, 2007; Cavieres and Sierra-Almeida,
2012; Metz and Tielborger, 2016). It deserves being taken into account
when generalizing the stress-gradient hypothesis. Taking into account
the last IPCC scenarios, global temperature by 2055 will rise between
0.2°C (RCP2.6) and 0.4 °C (RCP8.5) per decade (IPCC, 2013) thus ex-
tending the climatic debt born from the time lag between climate
warming and ecological processes. This study is mostly exploratory
although it provides precise data on a regional scale. Much is to be done
and a next topical challenge will be quantifying the respective influ-
ences of dispersal filter and nurse limitation on the climatic debt that
constrains plant distribution.
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Appendix A

Table A.1
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List of the species observed in our sampling, with their zone of first establishment along the chronosequence and their dispersal mode(s).

Species code Genus Species Family Zone of first establishment Dispersal
Afol Agrostis foliata Poaceae 7-16 yrs A
Alep Anthochloa lepidula Poaceae 0-7 yrs A
Arel Arenaria spl Caryophyllaceae 0-7 yrs Z
Are2 Arenaria sp2 Caryophyllaceae 30-38 yrs z
Aspl Asplenium sp. Aspleniaceae 30-38 yrs A
Atol Agrostis tolucensis Poaceae 7-16 yrs A
Bcere Bartsia crenoloba Orobanchaceae 7-16 yrs z
Bdif Bartsia diffusa Orobanchaceae 16-30 yrs AZ
Bmon Brayopsis monimocalyx Brassicaceae 30-38 yrs Z
Bpic Belloa pickeringii Asteraceae 7-16 yrs A
Cala Calamagrostis sp. Poaceae 16-30 yrs A
Camp Calamogrostis ampliflora Poaceae 7-16 yrs A
Ccra Cerastium crassipes Caryophyllaceae 30-38 yrs Z
Cfib Calamagrostis fibrovaginata Poaceae 30-38 yrs A
Clag Calamagrostis lagurus Poaceae 16-30 yrs A
Cnit Calamagrostis nitidula Poaceae 0v7 yrs A
Cort Cortaderia sp. Poaceae 16-30 yrs A
Cova Calamagrostis ovata Poaceae 0-7 yrs A
Covo Chersodoma ovopedata Asteraceae 16-30 yrs A
Cscl Calamagrostis sclerantha Poaceae 30-38 yrs A
Cspi Calamagrostis spicigera Poaceae 16-30 yrs A
Dcal Dissanthelium calycinum Poaceae 16-30 yrs A
Ddis Draba discoidea Brassicaceae 16-30 yrs A
Dflo Dielsiochloa floribunda Poaceae 7-16 yrs A
Drab Draba sp. Brassicaceae 30-38 yrs AZ
Edent Epilobium denticulatum 7-16 yrs A
Elap Elaphoglossum sp. Dryopteridaceae 16-30 yrs A
Erup Ephedra rupestris Ephedraceae 7-16 yrs V4
Geor Galium corymbosum Rubiaceae 30-38 yrs z
Gent Gentianella sp. Gentianaceae 16-30 yrs A
Gery Gamochaeta erythractis Asteraceae 16-30 yrs A
Glac Gnaphalium lacteum Asteraceae 7-16 yrs A
Glul Gamochaeta lulioana Asteraceae 30-38 yrs A
Gpun Gynoxys sp. Asteraceae 16-30 yrs A
Hobt Hypolepsis obtusata Dennstaedtiaceae 0-7 yrs AH
Kkur Koeleria kurtzii Poaceae 7-16 yrs A
Lfer Loricaria ferruginea Asteraceae 30-38 yrs A
Lrac Luzula racemosa Juncaceae 16-30 yrs A
Lvul Luzula vulcanica Juncaceae 16-30 yrs A
Mvol Muehlenbeckia volcanica Polygonaceae 16-30 yrs z
Orth Orthrosanthus sp. Iridaceae 16-30 yrs AZ
Pkur Poa kurtzii Poaceae 16-30 yrs A
Poa Poa sp. Poaceae 7-16 yrs A
Pper Poa perligulata Poaceae 0-7 yrs A
Ppro Pernettya prostrata Ericaceae 16-30 yrs Z
Pspi Poa spicigera Poaceae 16-30 yrs A
Sade Senecio adenophyllus Asteraceae 7-16 yrs A
Saur Senecio spl. Asteraceae 0-7 yrs A
Sene Senecio sp2. Asteraceae 30-38 yrs A
Seva Senecio evacoides Asteraceae 16-30 yrs A
Shoh Senecio hohenackeri aff. Asteraceae 0-7 yrs A
Smag Saxifraga magellanica Saxifragaceae 0-7 yrs AH
Sman Silene mandonii Caryophyllaceae 16-30 yrs ZH
Smod Senecio modestus Asteraceae 7-16 yrs A
Sp Undetermined 16-30 yrs A
Srhi Senecio rhizomatus Asteraceae 7-16 yrs A
Sruf Senecio rufescens Asteraceae 0-7 yrs A
Sser Senecio serratifolius Asteraceae 0-7 yrs A
Vniv Valeriana nivalis Caprifoliaceae 30-38 yrs A
Vpet Valeriana petersenii Caprifoliaceae 7-16 yrs A
Wnub Werneria nubigena Asteraceae 30-38 yrs A
Xdac Xenophyllum dactylophyllum Asteraceae 0-7 yrs A

A: anemochory; Z: zoochory; H: hydrochory (Meneses et al., 2015).
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Table A.3

Perspectives in Plant Ecology, Evolution and Systematics 30 (2018) 89-102

Sprensen index of similarity among deglaciated zones at each of the four chronosequences.

Pairs of zones Zongo Tarija 10 Yanamarey
0-7 yrs vs. 7-16 yrs 0.53 0.86 0.83 0.73
0-7 yrs vs. 16-30 yrs 0.39 0.86 0.77 0.17
0-7 yrs vs. 30-38 yrs 0.29 0.36 0.50 0.18
7-16 yrs vs. 16-30 yrs 0.71 1.00 0.80 0.30
7-16 yrs vs. 30-38 yrs 0.73 0.50 0.57 0.24
16-30 yrs vs. 30-38 yrs 0.76 0.50 0.80 0.53
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ARTICLE INFO ABSTRACT

Keywords: The functional trait composition of plant communities reflects the influence of ecological constraints on their
Tropical Andean peatland assembly. In high-elevation peatlands of the Andes, multiple abiotic and biotic stresses are exerted on herbac-
Giant cushion-plants eous plant communities. We hypothesized that dominant cushion-plant species found in these ecosystems

Graminoid and forb guilds

Emergent and understory plants
Between-species and intraspecific functional
trait variation

Herbivore pressure

strongly influence the dynamics of their subordinate plants by providing protection against external stress. To
test the hypothesis, we addressed the variation of functional traits reflecting how subordinate plants invest in
durable tissues and develop below and above the canopy of two cushion-plant species dominating the ecosystem,
with varying intensity of herbivore pressure. We expected different functional composition of plants living below
(understory stratum) and above (emergent stratum) the canopy, related to cushion-plant protection. In addition,
we considered the functional composition of basic morphological guilds, forbs and graminoids, as they invest
differently in plant development and respond differently to herbivore pressure. We found contrasted functional
compositions among morphological guilds and according to the position relatively to cushion-plant canopy.
These variations support a protective influence of cushion-plants on subordinate plants for both strata, with
investment into less costly leaves and a larger stature when protection is greater, depending on cushion-plant
species and cushion-plant height. External stress mainly affected emergent plants and led to different responses
according to the guild. Graminoids showed avoidant strategy, while forbs shifted from avoidant to tolerant
strategy with increasing herbivore pressure. Both between-species and intraspecific trait variations contributed
to explain functional changes of guilds, but the relative contributions depended on morphological guild and
stratum. A basic trade-off in physiological and morphological variability determined different relative con-
tribution in forbs and graminoids. While functional ecology classically focuses on the composition of spatially
delimited communities, we here underline the need to address separately the functional composition and as-
sembly dynamics of distinct guilds making a community. In addition, our survey is the first to investigate the
functional ecology of high-elevation tropical peatlands and provides novel insights into vegetation ecology in
this stressful ecosystem.

1. Introduction issue, as they are subject to multiple and intense stresses like high solar
radiation, cold, water limitation and herbivore pressure (Anthelme and

Understanding the role of biotic and abiotic constraints on species Dangles, 2012; Korner, 2003). Interactions among plants also play a
survival and coexistence is a central issue of community and functional crucial role in the dynamics of these ecosystems (Callaway et al., 2002).
ecology (Ackerly and Cornwell, 2007; McGill et al., 2006; Westoby and Specifically, cushion-plants are common in cold and arid environments
Wright, 2006). Alpine ecosystems are especially relevant to broach the (Aubert et al., 2014) and can have protective influence on the

Abbreviations: H, Height; LDMC, Leaf Dry Matter Content; LW, leaf Length/leaf Width; DM, Distichia muscoides; OA, Oxychloe andina; HP, Herbivore Pressure; BTV and ITV, Between-
species and Intraspecific Trait Variation; GWM, Group Weighted Mean; UG and EG, Understory and Emergent Graminoids; UF and EF, Understory and Emergent Forbs
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Fig. 1. Influence of environmental stresses on leaf durability (A & B for emergent and E for understory plants) and plant development (C & D for emergent and F for understory plants) in
subordinate plant communities, depending on plant position relative to the cushion-plant canopy. The cushion-plant is represented in green, while the subordinate plants are in grey. The
scale of grey represents a gradient in leaf durability investment. Changing abiotic or biotic conditions are expected to influence differently leaf functional strategies and plant devel-
opment below and above the cushion-plant canopy. The stress gradient represented on abscissa can reflect the influence of abiotic (e.g., hydric and temperature stress) or biotic (e.g.,
herbivore pressure) factors. For understory plants (bottom part), protection by the cushion-plant should limit the influence of abiotic and biotic stresses, so that we expect less investment
into leaf durability (lighter grey) than emergent plants, and that leaf durability (E) and plant development (F) should be less if not influenced by stress variation. Conversely, emergent
plants benefit less from cushion-plant protection, and two alternative ways to survive under increasing stress are expected: stress avoidance (B & D) means increased investment into leaf
structure and durability (more conservative strategy, darker grey), which limits the damages due to stress, while stress tolerance (A & C) means producing less durable leaves (lighter
grey) that are more damaged but are less expensive to renew. In A, increasing stress entails less leaf durability, while in B increasing stress entails greater leaf durability, within
physiological limits. In D, limited damages due to stress entail less influence of stress intensity on plant development. Conversely, plants in C invest more into tissue renewal, which means
that plant development should decrease with stress, due to more frequent and more extensive damages. (Any colour code mentioned in the legend refers to the figure layout in the web
version of this article.)

subordinate plants establishing and living within (Cavieres et al., 2014; (bofedales, Squeo et al., 2006).

Reid et al., 2010). They accumulate litter, increase water and nutrient Figs. 1 and 2 summarize our hypotheses on how environmental
availability (Anthelme and Dangles, 2012; Cavieres et al., 2007; Korner, constraints and cushion-plant protection interplay and determine the
2003) and their protection can limit impact of grazing and trampling by functional composition of subordinate plants. Of primary importance is
herbivores (Acuna-Rodriguez et al., 2006). Previous surveys basically the spatial organization of subordinate plants occupying different mi-
investigated how cushion-plants influence the assembly of subordinate crohabitats within cushion-plants (Schob et al., 2012). Cushion-plants
plants in terms of taxonomic (Arroyo et al., 2003; Badano and Marquet, in high-elevation ecosystems display compact architecture and limited
2009; Cavieres et al., 2002; Sklenat, 2009) and phylogenetic compo- vertical development, with clear canopy boundary, so that the en-
sition (Butterfield et al., 2013), and determine long-term stability and vironmental context differs below and above the canopy. Plants located
diversity in high-elevation alpine ecosystems (Badano and Cavieres, below the cushion-plant canopy (i.e., understory plants) are expected to
2006). However, the influence of cushion-plant on the functional be more protected against external stress (Acufa-Rodriguez et al.,
composition of subordinate plants is little studied (Korner, 2003; Schob 2006). Conversely, the plants located above the canopy (i.e., emergent
et al., 2012). The diversity of functional traits among coexisting or- plants) benefit less from this protection, as only the basis of the plant
ganisms provides insights into the ecological processes driving com- can be protected (Fig. 1, top). We then expect different functional trait
munity dynamics (Albert et al., 2011; McGill et al., 2006). We then values of subordinate plants according to their position below or above
expect that the functional diversity of subordinate plants inhabiting cushion-plant canopy (Fig. 1). Plants above the canopy subject to
cushion-plants reflect the combined influence of environmental stress greater stress are expected to invest into more conservative and more
and micro-environmental conditions (Violle and Jiang, 2009) generated durable leaves (Garnier et al., 2016; Grime, 2002). In addition, owing to
by the cushion-plants. We thus investigated the functional diversity of the protection, the functional traits of plants below the canopy are
basic physiological and morphological traits representing strategies of expected to be less influenced by the variation of external stress.

resource acquisition and spatial development (Westoby, 1998) of sub- For emergent plants, abiotic stress and herbivore pressure entail
ordinate plants living in giant cushion-plants of high-Andean peatlands damages to stems and leaves, loss of invested resources, and reduced
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Fig. 2. Influence of cushion-plant canopy height on the leaf durability (A) and vegetative
plant development (B) of subordinate plant species. For both understory and emergent
plants, a taller cushion-plant is expected to protect more, so that investment in durable
leaves is expected to decrease (A) while development of subordinate plants (B) is expected
to increase. The cushion-plant is represented in green.

primary production (Grime, 1974). Two alternative strategies of re-
sistance to such damages are possible. Avoidant species invest more
into defenses through physiological and morphological adaptations,
which allow greater leaf longevity, while tolerant species build cheaper
and less durable tissues but need to renew them more often due to
greater loss (Fig. 1, Briske, 1996; Del-Val and Crawley, 2005). We ex-
pect that avoidant emergent plants invest into more durable structure
and conservative strategy when exposed to greater stress (Fig. 1A),
while tolerant species cannot develop as much due to greater loss of
tissues when stress increases (Figs. 1B and D). The protective influence
of the cushion-plant, highly dependent on its morphology, is expected
to increase with canopy height (Schob et al., 2013), allowing less in-
vestment in durable leaves (Fig. 2A) and greater development of sub-
ordinate plants (Fig. 2B).

From this premise, we expected (i) more conservative strategies in
emergent than in understory plants if the protective influence of
cushion-plant predominates, (ii) more conservative strategies in stress-
avoidant emergent plants vs. more acquisitive strategies in stress-tol-
erant emergent plants (Fig. 1), (iii) taller subordinate plants and less
conservative strategies in taller cushion-plants for both emergent and
understory plants (Fig. 2). We questioned whether and how the influ-
ence of cushion-plant protection could differ between two cushion-
plant species dominating the high-elevation peatlands of the Bolivian
Andes, Distichia muscoides Phil. and Oxychloe andina Nees & Meyen
(Meneses et al., 2015; Munoz et al., 2014), which present different
canopy height and substrate properties (Loza Herrera et al., 2015).

The influence of ecological processes on the functional composition
of communities is classically tackled by analyzing how the community
average trait values change with environmental conditions (Garnier
et al., 2004). The variation can be due to trait variation between species

Perspectives in Plant Ecology, Evolution and Systematics 30 (2018) 103-114

(BTV) or within species (i.e., intraspecific, ITV). Greater trait variability
across populations of a species along environmental gradients is ex-
pected to inflate the contribution of ITV, while the sorting of species
with contrasted strategies is expected to increase the contribution of
BTV. The relative contribution of ITV and BTV thus represents the ex-
tent to which environmental constraints filter species with different
adaptations or entail intraspecific phenotypic variation across com-
munities (Albert et al., 2011). In addition, guilds are groups of species
displaying distinctive ecological strategies, and the assembly of guilds
can differ depending on their specific attributes. For instance, forbs or
graminoids are two basic morphological guilds of herbaceous plants
with contrasting ways to explore space and to respond to stress
(Mclntyre et al., 1999). Graminoids have the capacity to elongate their
leaves (Wilson and Roxburgh, 1994), which contributes to their spatial
development and allows persistence and continuing development of
leaves under grazing (Coughenour, 1985). We expect that different
investment into leaf tissue and plant development of forbs and grami-
noids should influence their response to environmental stress and to
cushion-plant protection. We thus analyzed separately the functional
structure of the two guilds, and determined the contribution of BTV and
ITV to the changing functional composition of guilds among sub-
ordinate communities. We tested our hypotheses of Figs. 1 and 2 by
analyzing the variation of leaf durability and plant development for
each morphological guild, depending on cushion-plant species (Distichia
muscoides or Oxychloe andina), their canopy height, herbivore pressure
and on the position of subordinate plants from cushion-plant canopy,
i.e., understory or emergent.

2. Material and methods
2.1. Study area

High-elevation cushion-plant peatlands are found in the central
Andes of Peru, Bolivia, Chile and Argentina. They are semi-aquatic
ecosystems surrounded by a matrix of dry ecosystems (Ostria, 1987).
They undergo intense abiotic stresses, i.e., low temperature with broad
daily variations, daily frost or snow, seasonally water-saturated soils
and intense solar radiation (Ruthsatz, 2012; Squeo et al., 2006).

The study area is the Huayna Potosi valley located in the Cordillera
Real mountain range close to La Paz, Bolivia. Rainfall is concentrated
from December to March (wet season): 410.4 mm with mean tem-
perature of the period around 6.4 °C. Rainfall during the dry season
from April to November reaches 184 mm, and the mean temperature of
the period is around 4.5°C (Loza Herrera et al., 2015). The Huayna
Potosi valley is surrounded by glaciers, and includes numerous peatland
ecosystems. These ecosystems are a key resource for domestic herbi-
vores and are thus subject to intense herbivore pressure (Buttolph and
Coppock, 2004; Dangles et al., 2014; Muioz et al., 2015).

We selected four spatially isolated peatland sites above 4700 m of
altitude, each of which was formed by a mosaic of cushion-plants
dominated by Distichia muscoides Nees & Meyen (abbreviated as DM;
Fig. 3A) and Oxychloe andina Phil. (abbreviated as OA; Fig. 3E). These
cushion-plant species display distinctive substrate compaction, spatial
development and ecophysiological properties, e.g., leaf nutrient con-
tents (Loza Herrera et al., 2015), which represent distinct abiotic and
biotic conditions for the subordinate plant communities (Fig. 3).

OA has longer spiny leaves and forms taller and less compact
cushion-plants than DM (Loza Herrera et al., 2015). In this regard, we
expected that OA cushion-plants could provide greater protection
against herbivore pressure and/or cold stress (Ruthsatz, 2012).

2.2. Sampling of subordinate communities
We sampled in April 2015 at least twelve cushion-plants per peat-

land (54 in total), with equal proportion of OA and DM species. We
selected cushion-plants occurring in comparable hydric conditions and
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Fig. 3. Distichia muscoides Nees & Meyen (DM; A, B, C & D) and Oxychloe andina Phil. (OA; E, F, G & H), two Juncaceae forming dense cushion-plants in bofedal ecosystems, and some of
their subordinate species. A: a DM cushion-plant; B: DM ramets; C: Lachemilla diplophylla (Diels) Rothm., an understory forb in DM cushion-plant; D: Carex maritima Gunnerus, an
emergent graminoids in DM cushion-plant; E: a OA cushion-plant; F: OA leaves; G: Carex maritima Gunnerus, an emergent graminoids in OA cushion-plant; H: Oritrophium limnophilum

(Sch.Bip.) Cuatrec., an understory forb in OA cushion-plant.

located far from peatland border. The sampled cushion-plants were
large enough to allow laying a 1 m? quadrat at their center, without
influence of cushion edge. The 1 m? quadrats were subdivided in sub-
quadrats of 10 X 10 cm. In each quadrat, we visually estimated the
total cover of all species making the subordinate plant community
(Fig. 4). The species were identified according to Meneses et al. (2015)
and belonged to two morphological guilds, i.e., graminoids and forbs
(Wilson and Roxburgh, 1994).

2.3. Trait sampling and measurement

To test our hypotheses on subordinate plant community assembly

(Figs. 1 and 2), we considered two sets of functional traits related to (i)
resource acquisition strategies, and (ii) spatial development. First, the
dry mass of a leaf divided by its water-saturated fresh mass (expressed
in mg.g ™!, Pérez-Harguindeguy et al., 2013), LDMC, is a physiological
trait related to photosynthesis activity, water budget, growth rate and
durability (Weiher et al., 1999). Second, vegetative height (H in cm), is
a morphological trait related to plant competitive ability for light in-
terception (Westoby, 1998). We also considered the ratio of the leaf
major (length) to minor axis (width), called LW (leaf length/leaf
width), another morphological trait, to characterize leaf elongation
(Niinemets et al., 2007). Because the stems of subordinate plants were
very short, LW was expected to be an important index of the ability of

Cordillera Real
Huayna Potosi valley

Bofedal detail

Cushion : relative
cover of species

Species sampled for
trait measurement

10cm
7> < i
Valley Bofedal Cushions Individuals
] MDistichia muscoides O Species i Forbs
a \‘Species j
7.\ ; P ine
] Oxychloe andina y Species k=» Graminoid
|
Large scale Meso scale Local scale : Communities Populations "

Fig. 4. Sampling scheme of subordinate plant communities. In each bofedal, we selected a balanced number of Oxychloe andina (OA) and Distichia muscoides (DM) cushion-plants, and
measured the relative cover of subordinate plant species in 1m x 1m quadrats. For each of the fifteen species selected for trait measurement, and in each quadrat where it occurred, three
entire individuals were collected for leaf trait analysis and the height of five individuals was measured.
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plants to explore space and intercept light. Morphological traits like H
and LW have often been related to response to disturbance including
grazing (Cingolani et al., 2005; McIntyre et al., 1999). We performed
trait sampling and measurement following the standardized protocols
of Pérez-Harguindeguy et al. (2013). In each selected cushion-plant,
functional traits were measured for both subordinate and cushion-plant
species. Furthermore, we measured and averaged the cushion-plant
canopy height at five random points in each quadrat, and found that
canopy height was significantly lower for DM (1.5cm # 0.12) than for
OA cushion-plants (3.8cm + 0.8, one-tailed Wilcoxon test,
P < 0.001).

Based on preliminary inventories, we selected fifteen subordinate
species for trait measurement (see Table A1), which were (i) present in
both OA and DM cushion-plant species, (ii) belonged to the two basic
guilds (graminoid and forb) and (iii) represented on average more than
85% cover of subordinate plant communities (Pakeman and Quested,
2007).

We measured the trait values of selected species in each quadrat
where they occurred. We selected five and three individuals of each
species per quadrat for height and leaf trait measurement, respectively.
Sampling was performed after the wet season, during April 2015.
Cooper et al. (2015) evidenced biomass production of Distichia mus-
coides all year round in Bolivia, with a peak during the extended austral
summer between October and April. We selected only reproductively
mature individuals at similar vegetative stage, which were not damaged
by freezing or by herbivores. Only well-developed and non-senescent
leaves were collected for leaf trait measurement (Pérez-Harguindeguy
et al., 2013). In addition, we sampled as many leaves per individual
(and at least 3 leaves) needed to get at least 0.02 g fresh material. Leaf
elongation (LW) was measured on the fresh leaves sampled for LDMC
measurement. For subsequent analyses, we averaged the trait values of
each species in each sampled cushion-plant.

We subdivided the subordinate community in each cushion-plant
into 4 ecological groups representing the combination of two basic
morphological guilds (forbs and graminoids), and two vertical strata,
representing the position of individuals from cushion-plant canopy
(understory and emergent plants). A species in a given cushion-plant
belonged to only one stratum, emergent or understory, but the species
stratum could change among cushion-plants. For each group in each
cushion-plant, we calculated the average of trait values of subordinate
species weighted by their relative cover. We coined this average value
Group Weighted Mean (GWM), by analogy with the Community
Weighted Mean value calculated at community level (Garnier et al.,
2004):

s
GWM,(j) = ) p;ti

i=1 (@]
where pj; is the relative cover and t; is the value of trait t for species i in
the group j, and S is the number of species of the group.

We thus calculated four GWM values per cushion-plant, namely, for
emergent graminoids (EG), understory graminoids (UG), emergent
forbs (EF), and understory forbs (UF). We then modeled the variation of
GWM according to the biotic and abiotic conditions expected to drive
the dynamics of ecological groups (Figs. 1 and 2).

2.4. Herbivore pressure

Intense herbivore pressure has been referred as one on the main
threats in bofedal ecosystems (Salvador et al., 2014). During the dry
season, the majority of herbivores rest and feed in the peatlands
yielding biomass all year round (Buttolph and Coppock, 2004). We
estimated dung density in each bofedal as a proxy of the residence time
and feeding activity of herbivores (Howison et al., 2015; Whitworth-
Hulse et al., 2016). Dung density has proved well related to herbivore
presence (Von Miiller et al., 2012), and shepherds did not collect dungs
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for fuel in our area (Meneses pers. com.). In each bofedal, we counted
the dung clusters of cows, lamas, sheeps and alpacas in a transect 2 m
wide and 100 m long. We defined three categories of dung clusters:
small, medium and large. On average, large clusters were twenty times
and medium clusters ten times larger than small clusters. The herbivore
pressure (HP) in each bofedal was then calculated as the sum of clusters
sampled along the transect, weighted by the relative size of clusters,
i.e., weighted by 1, 10 and 20 for small, medium and large clusters,
respectively. We thus obtained a quantitative index of herbivore pres-
sure in each bofedal.

2.5. Analysis of GWM variation

First, we tested the variation in GWM values by performing ANOVA
analysis and a post-hoc Tukey’s HSD test. We expected that the two
guilds had different GWM values because of distinctive morphological
characteristics, and that cushion-plant protection from abiotic and
biotic stresses led to lower LDMC of understory plants. Second, for each
of the four groups taken separately, we built three linear models of the
variation of GWM values across cushion-plants according to (i) the in-
tensity of herbivore pressure (HP), (ii) cushion-plant species (OA or
DM) and (iii) cushion-plant canopy height:

(a) For plant height, GWMy ~ (HP +HP?) x Cushion-plant species +
Cushion-plant canopy height

(b) For plant LDMC, GWM;pyc ~ (HP +HP?) x Cushion-plant species
+ Cushion-plant canopy height + GWMy

(c) For plant LW, GWMw ~ (HP +HP?) x Cushion-plant species +
Cushion-plant canopy height+ GWMy

We analyzed the variation of GWMy across cushion-plants (model a)
depending on herbivore pressure (HP), cushion-plant species and
cushion-plant canopy height, under the hypotheses that the height of
plants varied or not with herbivore pressure depending on tolerance or
avoidance strategy (Fig. 1), that the development and height depended
on cushion-plant species, and that taller cushion-plants allowed greater
development by providing more protection against external stress for
both emergent and understory plants (Fig. 2). For GWM; pyc (model b),
we further included GWMy as a predictor, under the hypothesis that
taller emergent plants were subject to more abiotic stress and/or her-
bivore pressure, which both should entail larger LDMC. In model (c),
GWMyyw (leaf elongation), a component of plant spatial development,
was expected to vary in the same way as plant height, depending on
herbivore pressure, cushion-plant species and canopy height. GWMy
was also a predictor in model (c), in order to assess whether taller
plants could elongate more their leaves.

We expected different directions of trait variation with increasing
stress for stress-avoidant and stress-tolerant strategies (Fig. 1). How-
ever, at group level, the relative proportion of individuals expressing
one or the other strategy could vary along the gradient (Laliberté et al.,
2012). Specifically, more importance of one strategy at an extreme of
the gradient and of the other at the other extreme should yield a hump-
shaped curve. In order to acknowledge this combined influence, we
included both a linear and a quadratic term of herbivore pressure in
each model (Albert et al., 2010b). We also included in the model an
interaction term of herbivore pressure and cushion-plant species, to
examine whether there was different influence of herbivore pressure
between the two cushion-plant species.

We checked the validity of the models by analyzing the distribution
of their residuals. For each model, we checked the normality (Shapiro-
Wilk Normality test, P > 0.05) and the homogeneity (visually) of the
residuals with the R package gvlma (Pena and Slate, 2006). In addition,
non-independence of the residuals could arise when, for instance, un-
measured environmental variation among bofedales influenced trait
variations and thus the variation of residuals in our models (Zuur et al.,
2010). As suggested in Zuur et al. (2009), we checked the absence of
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such dependency in the residuals by analyzing the variation among
bofedales of their average value, with ANOVA tests, and of their var-
iance, with Levene’s tests (function leveneTests of package heplots, Fox
et al., 2009). All the P-values of these tests were higher than 0.05, in-
dicating homogeneity of the variance and of the average residual values
among bofedales. We could thus perform ANOVA tests (type 1) of the
variance explained by the predictors.

2.6. Influence of intraspecific trait variation (ITV) in assembly of ecological
groups

Changes in GWM values among cushion-plants could be related to
(i) intraspecific trait variation of species in common (ITV), and/or (ii)
between-species trait variation due to the presence of different species
(BTV, between-species). For each guild in each stratum (i.e., each
ecological group), we decomposed the influence of each predictor on
the variation of GWM values in models (a), (b) and (c) into ITV and BTV
contributions (Leps et al., 2011; function traitflex.anova of package
cati, Taudiere and Violle, 2016).

This method compared GWM values derived from the trait values of
species measured in each cushion-plant (t; in Eq. (1)), and the
GWM_BTV value derived from the average trait values of species across
cushion-plants for a considered group (t; replacing t; in Eq. (1)). For a
species present in both understory and emergent strata, two t; values
were calculated, one for emergent and another for understory in-
dividuals. Significant variation of GWM_BTV across cushion-plants de-
pending on environmental predictors indicated that different species
with different average trait values were found in distinct environmental
contexts, while significant variation of GWM could further encompass
the contribution of intraspecific trait variation (ITV). Analyses of
GWM_BTV, GWM and their difference thus allowed characterizing and
testing the contributions of BTV and ITV to changing functional com-
position (Leps et al., 2011).

All statistical analyses were performed with R 3.3.0 (Team, 2016).

3. Results

We found 29 subordinate plant species (12 graminoids and 17
forbs), distributed in 13 families and 24 genera (see Table Al). The
most abundant families were Poaceae and Asteraceae. Quadrat richness
ranged from 7 to 18 species. The total cover of subordinate species
ranged from 4.5 to 46.5% of the quadrat and was greater in DM
cushion-plants (Wilcoxon test, P < 0.001). The relative cover of gra-
minoids represented from 4.2 to 97.5% (mean = 54.3%) of the total
cover of subordinate species. Among the fifteen species selected for trait
analyses, nine were forbs and six were graminoids. The selected forb
and graminoid species represented on average 81.9% and 87.2% of the
cover of forbs and graminoids per quadrat, respectively. We found the
same relative cover per quadrat of the two guilds when considering
only selected species or all the species occurring there (both Wilcoxon
test, P > 0.05). The selected species were thus representative of the
relative guild importance in subordinate plant communities.

3.1. Variation of subordinate plant traits at guild-level

We found broad variation of trait values between and within sub-
ordinate plant species, from 113.9 to 437.7 mg.g ™~ ! for LDMC, 1.3-60.8
for LW, and 0.38-10.3 cm for height (Fig. Al). Both the between and
within species variation contributed to the changing functional com-
position of subordinate plants among cushion-plants, namely, 73% and
21% for LDMC, 20% and 46% for height and 45% and 38% for LW,
respectively (function decompCTRE in cati package, Taudiere and
Violle, 2016). Graminoid species displayed higher LDMC and LW than
forbs (Figs. 5A and B). Emergent graminoids displayed higher LDMC
and larger LW than understory graminoids, while understory forbs did
not differ from emergent forbs for these traits (Figs. 5A and B). Height
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Fig. 5. Group Weighted Mean (GWM) of (A) leaf dry matter content (LDMC), (B) leaf
elongation (LW) and (C) height in OA and DM cushion-plants. GWM trait values in DM
and OA cushion-plants are presented in grey and white boxplots, respectively. Boxplots
include the median value, the inter-quartile range (horizontal edges of the box) and an
estimated 95% confidence interval (vertical lines). Different lower case letters indicate
significant differences (P < 0.01) between groups based on post hoc Tukey’s HSD test.
Furthermore, the asterisks represent significant differences between OA and DM for a
given group, with * P < 0.05, ** P < 0.01, *** P < 0.001 (results from Tables 1 A, B
and A2).

of understory graminoids and forbs did not differ, while emergent
graminoids were taller than emergent forbs (Fig. 5C).

For each of the emergent and understory strata, we found significant
variation in functional properties of the two guilds across cushion-
plants depending on herbivore pressure, subordinate plant height,
cushion-plant species, and cushion-plant canopy height (Tables 1 A, B
and A2). The selected predictors explained a large part of the total
variation of subordinate plant traits: more than 83.5% for plant height
(Table 1A), and from 30% to 76.5% for LDMC (Table 1B). For leaf
elongation (LW), we found only significant changes for graminoids and
the predictors explained more than 58.3% of the total variation for this
guild (Table A2).

3.2. Influence of cushion-plant species and canopy height

When significant, the influence of cushion-plant species explained a
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Table 1

Variation of Group Weighted Mean (GWM) values of plant height (A) and LDMC (B) depending on herbivore pressure (HP), cushion-plant species, GWM of subordinate plant height
(GWMjy) for LDMC, and cushion canopy height. GWM values are calculated for each of the four groups, emergent forbs, emergent graminoids, understory forbs and understory
graminoids. The analysis decomposes the contribution of between-species, intraspecific variation and their covariance. Each contribution is expressed in percentage of total trait
variation; hence a total of 1 appears at bottom right of each table. The residuals quantify the part of variation not explained by the explanatory variables. “*" represents a quadratic effect
of herbivore pressure. The asterisks represent significant contributions in type 1 ANOVA, with the thresholds: * P < 0.05, ** P < 0.01, *** P < 0.001. Whenever there is significant
effect of predictor on GWM total, the significant contributions to this effect are in bold. The sign of the coefficient of the significant predictors is provided within brackets for between-

species, intraspecific and total variation, while the cushion-plant species with higher value is indicated when significant (OA: Oxychloe andina, DM:Distichia muscoides).

A. FORBS

GRAMINOIDS

GWM of Height

GWM of Height

Explanatory variables Between-species  Intraspecific Covariation  Total Between-species  Intraspecific Covariation  Total
EMERGENT HP 0.001 0.001 —0.002 0.000 0.015 0.001 0.006 0.021*(+)
Hp? 0.005*(—) 0.001 0.005 0.011***(—-)  0.029%(-) 0.002 —-0.016 0.015*(-)
Cushion-plant species 0.075***(0A) 0.481***(0A) 0.381 0.937***(0A) 0.334***(0A) 0.088***(0A) 0.343 0.765***(0A)
Cushion canopy height  0.001 0.008**(+) 0.006 0.015***(+)  0.017 0.001 —0.009 0.009
HP : Cushion 0.001 0.002 —0.002 0.000 0.036*(0A) 0.002 —-0.016 0.022**(0A)
HP? : Cushion 0.000 0.003 —0.002 0.001 0.015 0.003 —-0.014 0.004
Residuals 0.042 0.031 —0.038 0.035 0.279 0.038 —0.152 0.165
Total 0.125 0.527 0.348 1 0.724 0.135 0.141 1
UNDERSTORY HP 0.001 0.003 0.004 0.014%**(+) 0.000 0.003 0.018*(+)
HpP? 0.001 0.000 0.000 0.053***(—)  0.005 0.058***(—)
Cushion-plant species 0.212***(0A) 0.419 0.000 —0.014 0.749***(0A)
Cushion canopy height  0.017*(+) 0.004*(+) 0.018 0.001 0.013 0.079%**(+)
HP : Cushion 0.005 0.000 0.002 . 0.002 0.005 0.012*(0A)
HP? : Cushion 0.005 0.002 —0.007 0.001 0.000 —0.001 0.001
Residuals 0.106 0.037 —0.038 0.105 0.025 —-0.014 0.083
Total 0.348 0.254 0.398 1 0.041 —0.002 1
B. FORBS GRAMINOIDS
GWM of LDMC GWM of LDMC
Explanatory variables Between-species  Intraspecific Covariation  Total Between-species  Intraspecific Covariation  Total
EMERGENT HP 0.014 0.044*(+) 0.050 0.108**(+) 0.044**(+) 0.043**(+) 0.087 0.174%**(+)
HP? 0.017 0.059**(—=)  0.064 0.140%*(—) 0.007 —0.042 0.029%(-)
Cushion-plant species 0.166***(0A) 0.092**(DM) —0.247 0.011 0.002 —0.035
GWMy 0.029 0.001 0.010 0.040 0.001 0.034
Cushion canopy height ~ 0.063*(+) 0.012 —0.055 0.020 0.024%*(-) 0.008 0.027 0.060%*(—)
HP : Cushion 0.020 0.047*(0A) 0.061 0.127**(0A) 0.000 0.006 —0.003 0.003
HP? : Cushion 0.034 0.001 —0.012 0.023 0.006 0.018 —0.021 0.003
Residuals 0.430 0.315 —-0.213 0.531 0.149 0.170 —0.084 0.235
Total 0.773 0.570 —0.343 1 0.783 0.254 —0.037 1
UNDERSTORY HP 0.037*(+) 0.005 —0.027 0.015 0.036***(—) 0.097*(+) —0.118 0.015
HP 2 0.031*(-) 0.001 —0.012 0.021 0.000 0.018 —0.005 0.013
Cushion-plant species 0.025*(DM) 0.034*(DM)  0.058 0.116**(DM)  0.000 0.171**(DM)  0.011 0.182**(DM)
GWMy 0.004 0.007 0.011 0.022 0.012*(+) 0.004 -0.014 0.002
Cushion canopy height  0.093***(—) 0.010 0.062 0.165%*(—) 0.002 0.012 —0.010 0.004
HP: Cushion 0.002 0.060*(0A) 0.020 0.081*(0A) 0.001 0.007 0.004 0.012
HP?% Cushion 0.008 0.001 0.004 0.013 0.001 0.055 0.016 0.072
Residuals 0.223 0.436 —0.093 0.567 0.055 0.613 0.034 0.701
Total 0.423 0.554 0.023 1 0.108 0.975 —0.083 1

large fraction of the total variation of GWM values, and was stronger for
plant height and LW (Table 1A and A2) than for LDMC (< 20%,
Table 1B). GWMy was higher in OA than in DM cushion-plants for the
four ecological groups (Fig. 5C). Leaf elongation (LW) was also greater
in OA cushion-plants, except for emergent forbs (Fig. 5B). LDMC was
higher in DM than in OA for understory species and higher in OA than
DM for emergent graminoids (Fig. 5A).

We also found influence of cushion-plant canopy height on sub-
ordinate plant traits, apart from the influence of cushion-plant species
(type 1 ANOVA). Taller cushion-plants sheltered taller subordinate
plants. However the height of cushion-plant canopy did not influence
the GWMy of emergent graminoids (Table 1A). Lower GWM;pyc was
observed in taller cushion-plants for emergent graminoids and un-
derstory forbs (Table 1B). Cushion-plant canopy height only influenced
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GWM; of understory graminoids.
3.3. Influence of herbivore pressure

Herbivore pressure affected trait variation of the two guilds but
mainly the emergent stratum. GWMy of understory graminoids and
emergent forbs decreased slowly with herbivore pressure. GWM; pyic of
emergent graminoids basically increased with herbivore pressure
(predominant linear effect, Table 1B and Fig. 6B). GWMy of emergent
graminoids and GWMpyc of emergent forbs first increased and then
decreased neatly at high herbivore pressure (negative quadratic effect,
Fig. 6). Herbivore pressure affected more strongly the variation of
GWM; prc (between 20.3-46.9%; Table 1B) than the variation of plant
height (less than 10%; Table 1A). Herbivore pressure did not affect the
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Fig. 6. Influence of herbivore pressure on Group Weighted Mean (GWM) values of
emergent forbs (A & C) and graminoids (B & D), for leaf dry matter content (LDMC, top)
and height (bottom). The figures represent the cases where the quadratic term of herbi-
vore pressure has a significant effect on GWM variation, for LDMC (A, B) and height (C,
D). Grey triangles and black dots represent GWM values in DM and OA, respectively. The
fitted quadratic relationship of group-level trait with herbivore pressure is represented by
two lines, plain for DM and dotted for OA (Table 1).

total variation of GWM;pmc of understory species. GWMw of grami-
noids decreased linearly, while GWM_y, of forbs did not vary with in-
creasing herbivore pressure (Table A2). We found significant interac-
tion of cushion-plant and herbivore pressure only for GWM] pyc of forbs
and GWMpy of graminoids (Table 1B).

3.4. Influence of subordinate plant height on LDMC and LW

GWMy was also used as a predictor of GWM;pyc and GWMw
models, as we expected that taller emergent plants should be more
exposed to abiotic stress and expected that taller plants would elongate
more their leaves. GWMy affected strongly and positively GWM;pnc
(37.2%) and GWM_y (28.4%) of emergent graminoids.

3.5. Contribution of between species (BTV) and intraspecific (ITV) trait
variation

Both between-species (BTV) and intraspecific (ITV) trait variation
contributed to GWM variation (Tables 1 and A2). Variation of GWM
ofgraminoids was more often due to BTV for emergent plants and to ITV
for understory plants. For emergent graminoids, [TV also contributed to
variation of GWM between cushion-plant species for H and LW, and to
the response to herbivore pressure for LDMC and LW. For understory
graminoids, BTV contributed to GWM variation with herbivore pres-
sure, especially for H and LW (Tables 1A and A2). Contribution of BTV
and ITV to the variation of GWM] pyc with herbivore pressure cancelled
each other out and led to no variation of GWM of understory grami-
noids (Table 1B).

For both emergent and understory forbs, significant effects of pre-
dictors on GWM variation were more often due to ITV. However, for
understory forbs, BTV contributed to the variation of GWM;pyc
(Table 1B) and GWMy (Table 1A) between cushion-plant species and
with cushion-plants canopy height. For emergent forbs, BTV con-
tributed to GWMy between cushion-plant species and to the quadratic
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effect of herbivore pressure. As for understory graminoids, opposite
contribution of BTV and ITV to the variation of GWM;pyc of emergent
forbs between cushion-plant species cancelled each other out
(Table 1B).

4. Discussion

We determined whether and how two dominant cushion-plant
species of the bofedal ecosystem, Distichia muscoides (DM) and Oxychloe
andina (OA), protect and influence the assembly of their subordinate
plants. First, we found distinctive functional attributes of subordinate
plants according to their position below or above the cushion-plant
canopy, supporting a protective influence of cushion-plants against
external stress (Tables 1 and A2). Understory plants invested into less
dense and less conservative leaf tissues than emergent plants (Fig. 5).
Second, two basic morphological guilds with distinct developmental
capacities, forbs and graminoids, showed dissimilar functional re-
sponses to cushion-plant species and herbivore pressure, supporting the
role of developmental strategies in stress resistance (Table 1, Hodgson
et al., 1999; Mclntyre et al., 1999). Varying influence of cushion-plant
protection according to morphological guild and vertical stratum calls
for investigating the functional composition of ecologically coherent
groups within communities. Third, we found contributions of both
between- and within-species functional trait variations to the changing
composition of these groups between cushion-plant species and with
herbivore pressure, although their relative influence depended on
morphological guild and functional trait. An overall trade-off of phy-
siological and morphological variability was found in response in the
functional responses of guilds, namely, forbs had greater physiological
and lower morphological variability, while graminoids had lower
physiological but greater morphological variability. Our results un-
derline a hierarchy in the response of subordinate plant communities to
stress and cushion-plant protection, with significant variation of func-
tional attributes among ecological groups, among species within eco-
logical groups, and with phenotypic variability within species.

4.1. Broad variation of functional traits related to environmental drivers

We considered key functional traits related to resource acquisition
and conservation on one hand (physiological LDMC), and plant devel-
opment and spatial exploration on the other hand (morphological
height and LW; Westoby, 1998). In general, higher LDMC is expected to
reflect investment into denser and more durable leaf tissues. Con-
versely, less conservative strategies and faster growth rate are asso-
ciated to lower LDMC (Garnier et al., 2016). We found remarkably
broad variation of LDMC values among subordinate species, covering
more than 50% of the worldwide range of this trait in global databases
(Pérez-Harguindeguy et al., 2013), and exceeding the range of almost
all existing studies at a local scale (Jung et al., 2010; Sides et al., 2014).
This large range could indicate contrasted environmental filters in bo-
fedal ecosystem (Schaob et al., 2012). However, the physiological LDMC
trait was sensibly less variable within species (21%) than the morpho-
logical height and LW traits (46 and 38%; Albert et al., 2010b).

Cushion-plants characteristics, namely here species and height, and
herbivore pressure explained more than 83.5% of the variation of
subordinate plant height for each ecological group (Table 1A), while
they explained with subordinate plant height on average 52.8% of the
variation of LDMC (Table 1B) and LW (Table A2). These high percen-
tages underline strong filtering of subordinate plants under the influ-
ence of key biotic and abiotic environmental factors and over a broad
range of plant functional trait values.

4.2. Cushion-plant protection below and above the canopy

We hypothesized that cushion-plant protection entailed different
functional composition of emergent and understory plants, as these
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plants undergo distinct abiotic and biotic conditions (Fig. 1). We indeed
evidenced contrasted functional composition of subordinate plants de-
pending on their relative position to cushion-plant canopy (Fig. 5 and
Table 1). Lower LDMC in understory than in emergent plants implied
less investment into durable and resistant leaf structure (Cornelissen
et al., 2003) in this compartment due to reduced exposure to external
stress. Furthermore, GWM;pyc of understory plants was globally not
affected by variations of external stress like herbivore pressure, while
herbivore pressure influenced GWM; pyic of emergent plants (Table 1B).
These results support an overall protective influence of cushion-plants
on understory plants. LDMC of understory plants was higher in DM than
in OA, indicating that DM could offer less protection against external
stress than OA cushion-plants. OA cushion-plants sheltered taller plants
with more elongate and less durable leaves (lower LDMC) than DM
(Tables 1 and A2). Because of its spiny leaves and taller canopy, OA
could better protect against environmental stress and especially herbi-
vore pressure while allowing plant development under the canopy. DM
was clearly smaller than OA, grew basically more laterally than in
height and had dense and intricate ramets, which could entail less
protection to external stress and also limit subordinate plant develop-
ment under canopy.

Apart from the influence of cushion-plant species, a taller cushion-
plant could enhance protection, allowing plants to grow taller and to
have less durable leaves for both strata (effect of cushion-plant canopy
height in addition to cushion-plant species, Tables 1 and A2). The
protective influence of cushion-plants did not only concern plants living
under the canopy, as cushion-plant species could also influence the
traits of emergent plants. Part of emergent plants was located below the
canopy and thus the protective influence of cushion-plant could im-
prove establishment and survival of individuals until adult stage
(Cavieres et al., 2007; Korner, 2003). We thus evidenced a protective
influence of cushion-plants depending on their characteristics (Schob
et al., 2013) for both strata. The contrasted patterns between the two
strata, as demonstrated by the influence of herbivore pressure on
emergent plants, reflected different exposure to external stress.

4.3. Guild-dependent responses to herbivore pressure

We also hypothesized that the two morphological guilds of per-
ennial graminoids and forbs responded differently to stress and
cushion-plant protection due to their distinct developmental capacities
(Wilson and Roxburgh, 1994). Previous works showed different re-
sponses of the guilds in terms of relative abundance (McIntyre and
Lavorel, 2001) and functional traits (McIntyre et al., 1999) along
grazing gradients. Graminoids display long leaves with parallel ribs,
which can more easily elongate and contribute to plant morphological
variability. Graminoids are adapted to grazed ecosystems (Coughenour,
1985), and Adler et al. (2004) showed that graminoids of arid ecosys-
tems in South America display avoidant strategies against herbivore
pressure, with fibrous, less palatable and less digestible tissues. Con-
sistent with this hypothesis, graminoids in bofedal ecosystem had
higher LW and LDMC than forbs (Fig. 5). The main driver of the Group
Weighted Mean variation of LDMC (GWM] pyc) in emergent graminoids
was their height (Table 1B). Taller emergent graminoids thus displayed
higher LDMC, supporting stress avoidant strategy (Fig. 5). The taller
was the species the stronger was the stress it could stand, and more
avoidant species could grow taller. In addition, increasing GWM pyc of
emerging graminoids with greater herbivore pressure was in line with
the hypothesis of increasing avoidance (Figs. 1 and 6 B). Tallest Festuca
graminoids in bofedal ecosystems also occur in surrounding arid and
overgrazed environments and are typical stress avoiders with low pa-
latability and high tissue density and durability (Mufnoz et al., 2015).
Conversely, forbs invested less in durable tissues (lower GWMpymc
values) and showed less morphological variability through leaf elon-
gation than graminoids (Fig. 5). Forbs emerged little from the canopy,
and GWMpyc of emergent forbs first increased with herbivore
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pressure, as for emergent graminoids, but ultimately decreased at
highest herbivore pressure, resulting in a hump-shaped curve (negative
quadratic effect, Table 1B and Fig. 6A). This tendency could represent a
shift from stress-avoidant to stress-tolerant strategy in forbs at highest
herbivore pressure. Previous studies reported shifts from slower-
growing, less palatable plants (grazing avoidant) in case of extensive
and selective grazing, to faster-growing, more palatable plants (grazing
tolerance) in case of intense and non-selective grazing (Laliberté et al.,
2012; Westoby et al., 1999).

The Group Weighted Mean of height (GWMy) also varied with
herbivore pressure. Decreasing plant height under more intense grazing
was reported at species and functional group levels in sub-humid
mountain ecosystems (McIntyre and Lavorel, 2001; Whitworth-Hulse
et al., 2016), and in other environmental contexts (Golodets et al.,
2009; Gross et al., 2007). At group level, emergent and understory
graminoids, and emergent forbs were smaller under higher herbivore
pressure. However the height of emergent forbs globally decreased,
while the height of emergent and understory graminoids first increased
and then decreased with herbivore pressure, indicating again a guild-
dependent response. Hump-shaped curve of some traits (e.g., LDMC,
height; Fig. 6) along environmental gradients has already been reported
in literature (Albert et al., 2010b; Garnier et al., 2016). For emergent
graminoids, increasing GWM;pyc with herbivore pressure suggested
greater stress avoidance, but morphological traits, height (negative
quadratic effect, Table 1A & Fig. 6) and LW (negative effect, Table A2)
decreased at high pressure and indicated lesser development.

We also found interaction of herbivore pressure and cushion-plant
species. For graminoids, plant height increased more in OA than in DM
when herbivore pressure increased (Fig. 6D). Likewise, GWMpmc of
forbs increased slightly more in OA then in DM with herbivore pressure
(Table 1B). Subordinate plants thus tended to become more stress
avoidant in OA than in DM cushion-plants when the herbivore pressure
increased. Although the most active herbivores, camelids, can graze
both cushion-plant species, the guilds responded differently to herbi-
vore pressure depending on cushion-plant species (Fig. 6). Therefore,
different cushion-plant characteristics can modulate the influence of
herbivore pressure on subordinate plants.

4.4. Trade-off in leaf physiological and morphological variability

The variation of functional composition at group level could be due
to changing trait values within species (ITV) or to changing trait values
between species (BTV) (Kichenin et al., 2013; Leps et al., 2011). While
much emphasis was initially put on the role of BTV in functional
ecology (Garnier et al., 2004), recent studies have underlined the im-
portance of ITV to explain community assembly and species coexistence
(Albert et al., 2011; Leps et al., 2011; Violle et al., 2012). We found
contrasted contributions of BTV and/or ITV depending on the func-
tional trait, the position to the canopy, and the morphological guild.
Our results underline a basic trade-off of leaf physiological and mor-
phological variability among guilds (McIntyre et al., 1999) in emergent
plants. Emergent forb species could adjust their leaf density in response
to herbivore pressure and cushion-plant characteristics (greater ITV
contribution), while the response of emergent graminoids was primarily
related to between-species variations (greater BTV contribution;
Table 1B). Conversely, graminoid species could adjust their leaf mor-
phology through the LW ratio in response to external stress (greater ITV
contribution), while forb species could less (Table A2). Morphological
variability in graminoids species has been shown to represent an im-
portant avoidance strategy against grazing (Adler et al., 2004).

For emergent graminoids and for all traits, there was a turnover of
species with different values, between cushion-plant species and with
varying herbivore pressure. For understory graminoids, there was
greater contribution of ITV to the influence of cushion-plant species and
herbivore pressure, but it could basically reflect the variability of two
widespread species, Zameioscirpus muticus Dhooge & Goetgh. and
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Phylloscirpus deserticola (Phil.) Dhooge & Goetgh. These species could
stay present in different environmental conditions but accommodate
the varying constraints through phenotypic variability. Stronger en-
vironmental filtering for graminoids emerging from the cushion-plants
could generate greater species turnover and BTV contribution, while
protection within the cushion-plants could mitigate environmental
heterogeneity and allow species persistence in different contexts with
greater contribution of ITV (Albert et al., 2011). Despite a greater
contribution of ITV, changes in species composition also contributed to
the functional changes of understory graminoids, meaning that species
filtering occurred even under the canopy. We also found noticeable
opposite contributions of ITV and BTV to the variation of GWM; pyic of
understory graminoids with herbivore pressure, leading to unchanged
functional composition of this group (Table 1B). Evidence for opposing
responses of between-species and intraspecific trait variation in plant
communities along environmental gradient have been also reported in
previous works (Kichenin et al., 2013; Leps et al., 2011). It underlines
that between-species and intraspecific variation, as well as possible
(negative or positive) covariation, can simultaneously control commu-
nity-average trait values (Violle et al., 2012).

By contrast to emergent graminoids, ITV mostly contributed to the
variation of GWM] pyic of emergent forbs with herbivore pressure alone
and in interaction with the cushion-plant species. Significant con-
tribution of ITV to functional trait response under grazing was also
reported by Howison et al. (2015). BTV still contributed to the variation
of height of emergent forbs, indicating varying species composition of
forbs between the two cushion-plant species and with herbivore pres-
sure. We again found opposite contributions of ITV and BTV to the
effect of cushion-plant species on the variation of LDMC for emergent
forbs, leading to unchanged functional composition of this group
(Table 1B). For understory forbs, both ITV and BTV could contribute to
the influence of cushion-plant species depending on the trait, sup-
porting both turnover of species and phenotypic variability of some
species between cushion-plant species.

4.5. Limits and perspectives

We found non-monotonic variations of LDMC and height for some
groups with herbivore pressure, but this trend would require further
investigation, as there were only four distinct values of herbivore
pressure, one per bofedal site. The response of groups to finer variation
of herbivore pressure should thus be investigated to confirm the con-
clusions. We also lacked replication of bofedales for a given level of
herbivore pressure, and the effect of herbivore pressure could then be
confounded with other environmental variation among bofedales.
However, we did not find a variation of the structure of the residuals
depending on bofedales, so that there was no hidden influence of en-
vironmental variation across bofedales in our models of GWM varia-
tions (Zuur et al., 2010). The variation of selected functional traits
across bofedales could thus be primarily related to herbivore pressure.
Another limitation concerns the reliability of using dung cluster density
as an index of herbivore pressure in cushion-plants. Even though pre-
vious studies showed that it could be related to actual herbivore activity
(Von Miiller et al., 2012), dung density can still remain inaccurate, so
that alternative and direct measurements of herbivore activity could be
considered to address the influence of herbivore pressure in greater
details. In addition, an ongoing exclosure experiment should comple-
ment our study by providing a case of subordinate community assembly
without herbivore pressure. Greater replication and additional mea-
surements of varying environmental conditions across bofedales, such
as soil characteristics or diurnal amplitude of soil temperature, should
also be conducted in the future to address in further details the influ-
ence of abiotic vs. biotic conditions on subordinate plants assembly.

Although the selected traits showed rich and contrasted patterns of
variation among groups and cushion-plants, they could not represent all
the components of subordinate plant ecology. Reproduction is also
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likely to be greatly constrained by little pollinator availability and
harsh conditions (Garcia et al., 2016), so that mating systems, flowering
and fruiting phenology of cushion and subordinate plants would de-
serve a specific survey. It is noteworthy that graminoid plants (in-
cluding cushion-plants) were all wind-pollinated (Cyperaceae, Junca-
ceae and Poaceae), while forbs were more often entomophilous. Other
functional traits like specific leaf area (SLA), seed mass, and leaf che-
mical traits (carbon, nitrogen and phosphorus) are known to respond to
herbivore pressure (Golodets et al., 2009; McIntyre and Lavorel, 2001)
and should also be analyzed in the bofedal ecosystem. In addition,
bofedal ecosystems are highly fragmented and isolated in a matrix of
hostile arid environment. In this context, dispersal and establishment
success is likely to be greatly constrained, and analyzing dispersal
strategies and gene flow would be needed to characterize possible
metacommunity dynamics in bofedal ecosystems (see Bertin et al., 2015
in comparable ecosystems in Chile).

5. Conclusions

Our study provides original insights into the functional ecology of
one of the most stressful and sensitive peatland ecosystems of the world
(Salvador et al., 2014; Schittek, 2014) and underlines the key role of
giant cushion-plant species dominating these ecosystems. It should
allow better understanding the functioning of this ecosystem, crucial
for water regulation and cattle resources in the area. Considerable
functional trait variation of subordinate plants was found at both inter-
and intraspecific level, reflecting the combined influence of environ-
mental stress, cushion-plant protection, and guild-specific dynamics.
Strong ecological segregation of guilds underlines distinctive responses
to micro-environmental conditions. In this regard, the outcome of
cushion-plant protection, intrinsically related to cushion-plant char-
acteristics (Schob et al., 2013), appears to be highly guild-dependent
and can be altered in a context of highly grazed ecosystems (Smit et al.,
2009).

While functional ecology classically investigates the composition of
complete communities in delimited spatial units (McGill et al., 2006),
our study shows that ecological groups sharing specific biological at-
tributes and/or occurring in different micro-environmental conditions
can have distinct assembly dynamics and functional responses within
and among communities (Lavorel et al., 1997). Pooling these groups
together in communities can blur the signature of their distinct func-
tional responses (Albert et al., 2010a). Our results thus call for a de-
composition of assembly dynamics within communities, by analyzing
group-level statistics such as the GWM metric proposed here. Apart
from the context of guild-dependent dynamics in plant communities of
high-elevation peatlands, our approach can be valuable for addressing
plant community ecology in a broad range of ecosystems.
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For the first time, an isolated cushion-plant peat hillock was investigated, a so far neglected feature of high-
Andean spring ecosystems. These small hillocks typically cluster around springs within the upper catchment
areas of larger cushion-plant peatlands at altitudes ranging from 4000 m to 5000 m a.s.l.

The size of the investigated peat hillock, located within the Rio Viscas catchment area (Lucanas province,
District of Ayacucho) at 4250 m a.s.l., is relatively small (about 10 m in diameter). Due to its dome-shaped and
densely green habitus, it overlooks the surrounding vegetation by about 1-2m and stands out by its color.
Terrestrial laser scanning (TLS) techniques are used in order to provide insights into the spatial extension of the
Distichia muscoides-dominated vegetation stand.

For the reconstruction of environmental dynamics during the past millennium, plant micro-/macrofossil
analyses and total carbon/total nitrogen measurements were applied. Based on radiocarbon dating, the peat
archive provides a chronology for the past 1050 years. We interpret phases of relatively high abundances of
Poaceae pollen in our record as an expansion of Andean grasslands during humid phases. Drier conditions are
indicated by a decrease of Poaceae pollen and higher abundances of Asteraceae pollen. The results reflect sig-
nificant climate oscillations and provide evidence for a sustained dry phase between AD 900 and AD 1100. A
more humid and cooler phase prevailed from around AD 1300 to AD 1825, during the Little Ice Age.

Our data provide evidence that such a spatially defined peat-accumulating ecosystem, as represented by the
studied peat hillock, is capable to survive pronounced climatic oscillations as long as it does not lose its pro-
tective cushion-plant surface. As peat hillocks are heavily affected by grazing, multitemporal studies should be
carried out to document changes and to provide new insights into adaption strategies of vegetation to changing
environmental conditions.

1. Introduction

The central Andes are characterized by a great variety of land-
scapes, which is expressed in a diverse flora and fauna. The high-
mountain landscape between the Eastern and Western Cordilleras,
which commonly is referred to as the “Altiplano” or “Puna”, includes
broad continuous, 3500-4100 m a.s.l. high plains. In these high-
mountainous areas, the Andean flora is exposed to exceptionally harsh
environmental conditions, including high solar radiation, pronounced
diurnal temperature variation with frequent frosts, a prolonged dry

season and low oxygen concentration (Schittek et al., 2012). Some
plants show specific morphological adaptions, which facilitate the
survival under these conditions. Impressive representatives of the ty-
pical, highly adapted plant growth-forms in high-altitude ecosystems of
South America are the cushion plants. Their closely packed shoots with
very short internodes grow so densely that they can form extensive,
stable mats, ranging in shape from almost flat to hemispherical. The
compact architecture protects them from strong winds and reduces the
risk of water shortage (Sklenar, 2009).

Nevertheless, the occurrence of cushion plants is not necessarily

Abbreviations: TLS, terrestrial laser scanning; SASM, South American Summer Monsoon; TC, total carbon; TN, total nitrogen; MCA, medieval climate anomaly; LIA, little ice age; LIP,

late intermediate period
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restricted to desert-like ecosystems. The high-altitude cushion-plant
peatlands of the Central Andes are a typical element of the high-Andean
vegetational belt at altitudes of 4000-5000 m a.s.l. The main peat-ac-
cumulating species of these soligenous peatlands are the Juncaceae
Distichia muscoides and Oxychloe andina (Ruthsatz, 2012, 2000; Squeo
et al.,, 2006). The shoots of Distichia- and Oxychloe-cushion plants
continue to grow at their tops, but die off from the bottom (Rauh,
1988). On the cushion surface, they form dense mats with a strong
apical dominance (Balslev, 1996). The cushions probably started to
grow as a single individual producing numerous shoots and rhizomes,
which over time transformed into smaller groups as the underground
parts died off. The rhizomes continuously produce short aerial branches
with small terminal rosettes. Due to anaerobic conditions and cold
temperatures, the dead remains do not decay immediately. The older
tissue is overgrown and deposited in the form of peat (Schittek, 2014;
Benavides et al., 2013). High-Andean cushion peatlands can accumu-
late several meters of peat sediment (Schittek et al., 2012; Squeo et al.,
2006; Earle et al., 2003). The palaeoenvironments, which facilitated
peat deposition in the past, can be reconstructed using the peat struc-
ture retrieved from the peat column. The few studies available on high-
altitude cushion peatlands in the Central Andes have shown that they
can indeed be very suitable archives to retrieve palaeoecological and
palaeoclimatic time series (Schittek et al., 2016, 2015; Schittek, 2014;
Engel et al., 2014; Kuentz et al., 2011; Earle et al., 2003). Up to now,
little is known about the establishment and growth habits of the char-
acteristic, cushion-forming and peat-accumulating Juncaceae.

In this study, we investigate a single cushion-plant peat hillock,
which is situated on a spring at an altitude of 4250 m a.s.l. So far,
cushion-plant peat hillocks have only been reported by Schittek (2014),
who observed similar structures in the spring areas within an extensive
high-altitude peatland in the Eastern Cordillera of NW Argentina. In
contrast, the here-described peat hillock is a markedly isolated feature,
being surrounded by a sparse vegetation of low stature woody shrubs
and tussock grasses.The approach of this study combines a plant in-
ventory and a terrestrial laser scan of the hillock to investigate the
current vegetation. We further aimed to conduct an analysis of pa-
laeobotanical and geochemical patterns of peat sections retrieved from
the peat hillock to check if the peat accumulation represents a con-
tinuous archive for palaeoenvironmental research. This was of special
interest to possibly supplement the current knowledge about climatic
and environmental changes in the western Andes of southern Peru,
especially concerning the past centuries. A previously investigated peat
record from the nearby Cerro Llamoca peatland (Schittek et al., 2015)
lacked palaeoecological information about the past 500 years. There-
fore, a special objective of our research was to gather more palaeoe-
cological details about those missing centuries.The current state of
knowledge on the climate history of the youngest period of the Holo-
cene is still very limited, although indispensable for archaeological
research. Especially in the Palpa/Nasca area and the valleys of the Rio
Grande drainage in southern Peru, further information on past climate
variabilities concentrating on the time span from AD 1000-1550 is
necessary for a better understanding of what happened during that
cultural period (Sossna, 2016; Unkel et al., 2012; Reindel, 2009). Only
few information is available about the environmental changes in the
central Andes during the Little Ice Age (ca. AD 1500-1880) (Liu et al.,
2005).

2. Study area
2.1. Geographical setting

The studied peat hillock is situated in the western cordillera of the
Andes of southern Peru (14° 10’ S, 74° 44’ W) at an altitude of 4250 m
a.s.l., within the water catchment area of Cerro Llamoca peatland
(Schittek et al., 2015; Schittek et al., 2012) (Fig. 1). It is located west of
the continental watershed in the Rio Viscas drainage. Cerro Llamoca
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(4450 m a.s.l.), the overlooking and name-giving peak, is the highest
point of the whole Rio Grande drainage system.

The study site is characterized by a tropical climate (Lauer, 1993),
shaped by distinct temperature and precipitation fluctuations on daily
and yearly patterns. The ERA-Interim model (ECMWF, 2014) renders a
mean annual precipitation of 349 mm per year for the location of Cerro
Llamoca peatland, with about 90% of the annual precipitation falling
during the austral summer (December to March). Rain tends to cluster
in “rainy episodes” lasting about a week, interrupted by dry episodes of
the same length (Garreaud, 2000). The duration and intensity of wetter
and drier episodes in the summertime is highly sensitive to large-scale
circulation anomalies (Garreaud and Aceituno, 2001). This concentra-
tion of precipitation during distinct periods of the year could be termed
as a “monsoon-like” precipitation pattern (Zhou and Lau, 1998).

In total, 17 vascular plants were identified from the studied peat
hillock (Table 1). Because our collections took place within the dry
season, it is possible that some herbaceous species were not registered.
The floristic composition is dominated by species, which, according to
Ruthsatz (2012, 2000), typically occur in the high-altitude cushion-
plant peatlands (bofedales) of the more humid, tropical central Andes,
within the range of the humid Puna (sensu Troll, 1968), like Distichia
muscoides and Plantago tubulosa. In contrast, the occurring Phylloscirpus
deserticola is a typical representative of the drier western central An-
dean peatlands (Ruthsatz, 2012). Distichia muscoides is the most char-
acteristic cushion-forming and peat-accumulating species of the hillock.
Nowadays, superficial drying and the impact by the trampling of the
hoofed animals (mainly cows) limit the growth of its cushions sig-
nificantly. Dense mats of Phylloscirpus deserticola dominate degraded
sections and drier cushion tops. Plantago tubulosa prevails where the
surface is characterized by well-saturated conditions, but repeatedly
trampled. Sections that are less frequented by the grazing animals are
still grown with sporadic tussocks of Deyeuxia rigida, bordering well-
saturated swards of Werneria pygmaea.

Especially the steep sides of the peat hillock originating to the west
are highly degraded. This degradation is caused by cattle climbing on
top of the hillock in order to reach fresh plants to feed on. Through this
severe damage, the cushion-forming vegetation dies off. The loss of the
protective vegetation accelerates water loss (Schittek et al., 2012). If
the vegetation cover once is lost, the brown peat surface warms and
dries quickly during daytime. Once if the peat dries out, the peat sub-
strate is easily eroded by wind.

2.2. Geomorphometric mapping

Terrestrial laser scanning (TLS) techniques were applied for the first
time on a single cushion-plant peat hillock in order to provide new
insights into its spatial characteristics. Data acquisition was performed
by using a time-of-flight scanner (Riegl VZ-400) with online waveform
processing technology according to the methods described in Hofle
et al. (2013). Four scan positions were necessary for capturing the
whole peat hillock.

TLS allows to determine and to quantify exactly the extent of the
investigated peat hillock. Fig. 2 shows the captured point cloud of the
peat hillock. Different grey scales represent reflectance properties of the
peat surface. The black color (i.e. no data values) results from either
shading effects or open water areas. Assuming an underlying inclined
plane, the total calculated volume of the hillock is ~24.5 m® (Forbriger
et al., 2011).

The use of the laser reflection values was tested for derivation of
plant segmentation, but due to distorting effects of partly dried plant
material, backscatter values resulting from different species and re-
flection properties give only sparse information on vegetation units.
Water content, with its high reflection variation, overlays the radio-
metric information of single plants (Fig. 3).
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Fig. 1. A. The study area (red circle), located in the western cordillera of the Peruvian Andes. B. Studied peat hillock surrounded by high-Andean steppe and overlooked by Cerro Llamoca
mountain (4450 m a.s.l.). Cattle in the background cause heavy degradation of steppe and cushion vegetation. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

3. Material and methods
3.1. Sampling techniques

The field work was carried out in August 2010 and October 2011.
During both campaigns, plant species lists of the peat hillock and the
surrounding vegetation were created and specimens of characteristic
plants were herbarized. The nomenclature of plant species follows

Zuloaga et al. (2008).

Two parallel cores of 4 cm diameter were extracted from the top of
the peat hillock by using a newly designed sampler suitable for ex-
tremely dense and fibrous Andean peat types (Schittek, 2014). In this
study, palaeoecological analyses focus on the deepest core (P103B),
which reached a depth of 66 cm. In the Palaeoecology Laboratory of the
Institute for Geography Education (University of Cologne), the core was
split into two core halves, photographed and described
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Table 1
List of plant species inhabiting the peat hillock.

Species Family
Aciachne pulvinata Bentham Poaceae
Arenaria spec. Caryophyllaceae
Castilleja pumila (Benth.) Wedd. ex Herrera Orobanchaceae
Deyeuxia brevifolia J.Presl Poaceae
Deyeuxia curvula Wedd. Poaceae
Deyeuxia rigescens (J.Presl) Tiirpe Poaceae
Distichia muscoides Nees & Meyen Juncaceae
Gentiana prostrata Haenke Gentianaceae
Gentianella spec. Gentianaceae
Hypochoeris taraxacoides (Walp.) Benth. & Hook.f. Asteraceae
Lachemilla diplophylla (Diels) Rothm. Rosaceae
Lachemilla pinnata (Ruiz & Pav.) Rothm. Rosaceae
Phylloscirpus deserticola (Phil.) Dhooge & Goetgh. Cyperaceae
Plantago rigida H.B.K. Plantaginaceae
Plantago tubulosa Decne. Plantaginaceae
Werneria pygmaea Gillies ex Hook. & Arn. Asteraceae
Zameioscirpus muticus Dhooge & Goetgh. Cyperaceae
Total 17 9

sedimentologically. Both core halves were subsampled at 1 cm intervals
for micro-/macrofossil analyses and for geochemical analyses.

3.2. Chronology

For age control, seven sediment samples were dated by Bernd
Kromer and Susanne Lindauer (Klaus Tschira Centre for Archaeometry,
Heidelberg University) (Table 2). All radiocarbon dates were calibrated
using CALIB 7.0.4. The IntCall3 data set for Northern Hemisphere ca-
libration (Reimer et al., 2013) was applied due to the south shift of the
intertropical convergence zone during the austral spring and summer
seasons. This brings atmospheric CO, from the Northern Hemisphere to
the Andes, which is primarily taken up by the vegetation. The age-depth
model (Fig. 4) is based on a Monte Carlo approach to generate con-
fidence intervals that incorporate the probabilistic nature of radio-
carbon dates by using the MCAgeDepth software (Higuera et al., 2009).
The software generates a cubic smoothing spline through all the dates.
A total of 1000 Monte Carlo simulations were used to generate con-
fidence intervals. The final probability model is based on the median of
all the simulations.

Perspectives in Plant Ecology, Evolution and Systematics 30 (2018) 115-124

3.3. Total carbon and total nitrogen content

For the measurement of total carbon (TC) and total nitrogen (TN)
contents, samples were dried at 105 °C, milled with a high speed mill
grinder and dried again at 105 °C for at least 24 h. The Elementar Vario
EL CHNOS elemental analyzer (Elementar Analysensysteme GmbH) at
the Institute of Geography (University of Cologne) was used to measure
the TC and TN contents according to the amounts of CO, and N, re-
leased after sample combustion (peak integration) and calibrated
against elemental standards. As stated in Schittek et al. (2016) and
Ruthsatz (1993), the amounts of inorganic carbon and nitrogen in peats
from high-Andean peat-accumulating ecosystems usually are very low.
Therefore, the TC content is treated as an equivalent of the apparent
total organic carbon content and is used for the calculation of the C/N
ratio.

3.4. Analysis of micro-/macrofossils and charred particles

For macrofossil and microfossil sample preparation, we applied the
extended protocol according to Schittek et al. (2015). Subsamples were
taken at 4 cm intervals. After KOH treatment for deflocculation, the
samples were sieved in order to separate three size fractions (> 2 mm, 2
mm-250 pm, 250-125pum) for the study of macrofossils. The further
microfossil preparation followed standard techniques described in
Faegri et al. (1989). Microfossil samples (< 112 pm) were mounted in
glycerine for the counting of pollen and non-pollen palynomorphs
under x400 and x1000 magnification. For identification, we used our
own reference collection and published atlases (Torres et al., 2012;
Kuhry, 1988; Hooghiemstra, 1984; Markgraf and D'Antoni, 1978;
Heusser, 1971). Regional pollen types were counted to sums of at least
300 in each sample. For macroscopic analyses, the samples > 125 pum
were disaggregated in deionized water. Plant tissues were determined
in the 2mm fraction under a dissecting microscope. Macroscopical
charcoal analysis was performed at 1cm intervals and followed the
methods described in Schittek (2014).

4. Results

The investigated cushion-plant peat hillock represents a so-far un-
described spring ecosystem feature of the central Andes. The hillock
seems to consist of only a single cushion covering a punctiform spring.
However, in fact, the relatively homogenous giant cushion is the pro-
duct of the accumulation of multiple cushion-forming plants over

Fig. 2. Point cloud (appr. 3.5%10° points) with re-
flectance values. Holes (black areas) result either
from shading effects or from absorption within water
areas.
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Fig. 3. Derivation of plant segmentation computed
with GigaMesh and contour of the peat hillock. We
used a hypsometric color ramp ranging from dark
blue (minimum) to white (maximum). To maximize
the contrast of the visualization, we chose a non-
linear mapping of reflectance to color. (For inter-

pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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centuries. With an extension of about 10 m in diameter and a height of
1,60 m, the nearly circular peat hillock (Fig. 3) represents a distinctly
small type of a soligenous peat-accumulating ecosystem.

4.1. Stratigraphy and chronology

The stratigraphical and palaeoecological approaches derived from
the peat cores help to reconstruct the growth history of the peat hillock
through time, in dependence on the environmental conditions influ-

enced by larger-scale climatic variabilities. The sedimentary deposit

Table 2

represents a continuous, homogenous and high-resolute peat record.
The peat matrix, with variable contents of embedded silt, mainly con-
sists of fibrous Distichia rhizome remains.

In contrast to the heavily degraded cushion-plant vegetation of
nearby Cerro Llamoca peatland at the valley bottom (Schittek et al.,
2015), which lacked palaeoenvironmental information about the past
500 years, the isolated peat hillock appeared markedly less degraded
than other Distichia muscoides-dominated peat areas within the Cerro
Llamoca valley. It therefore represented a unique opportunity to deliver
further information on the landscape's environmental history.

Radiocarbon ages of core P103B, retrieved from the peat hillock. The calibrated age ranges were calculated using CALIB 7.0.4 and the IntCall3 data set (Reimer et al., 2013). The
modelled ages are the result of a probabilistic age-depth model using MCAgeDepth (Higuera et al., 2009). The range represents the 20 values, and the median ages are in parentheses.

Lab # core depth (cm) measured 1C

MAMS-11625 23,5 90 25
MAMS —11622" 38,5 554 24
MAMS-11626 38,5 627 23
MAMS-14773 44,5 971 26
MAMS — 11623 57,5 729 25
MAMS-11627 61,5 1124 25
MAMS-14774 65,5 1142 25

measured error ( * ) MCAgeDepth modelled age (cal yr BP)

31-(106)-257
527-(554)-632
557-(597)-657
801-(860)-932
658-(675)-704
970-(1020)-1129
979-(1036)-1167

* Ages not used for the age-depth model.
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Fig. 4. Age-depth model for core P103 B retrieved from the peat hillock based on seven '*C dates. The grey band represents the modelled range of dates and the black line the 50th

percentile of all runs.

The retrieved 66 cm long peat core gives an insight to the past 1050
years of the peat hillock's growth. The age-depth model is based on
seven radiocarbon dates. Due to possible contamination and/or re-
deposition effects from the surrounding steppe, two dates were omitted
from the model. The remaining dates allow a high-resolute pa-
laeoenvironmental reconstruction with a sample resolution ranging
between 10 and 35 years per cm.

4.2. Geochemical analyses

The core sequence shows variable percentual total carbon (TC) and
total nitrogen (TN) contents (Fig. 5). The mean TC percentages range
between 40 and 50%, with maximum values of 55% at around AD
1550. Here, TN percentages also peak with the highest measured value
of 2.7%. Mean values range between 1.5-2%, but after AD 1850 until
the present, they decline to mean values ranging between 1 and 1.5%.

TC/TN ratios constantly decline from values of 30-35 at AD
930-1000 towards values below 25 from AD 1300-1600. At AD
1600-1650, TC/TN ratios rise to values of 27, but constantly retreat to
values of around 23 starting from AD 1650. After AD 1830, TC/TN
ratios rise and fluctuate between values of 30-40.

4.3. Analyses of microfossils and charred particles

The pollen record (Fig. 6) is mainly dominated by Senecio-type As-
teraceae (mostly shrubs and herbs) and Poaceae (grasses), which re-
flects the dominating vegetation surrounding the peat hillock. The re-
maining pollen flora is composed of typical regional taxa of the
Altoandean and Puna altitudinal belts (Reese and Liu, 2005; Kuentz
et al., 2007). Cyperaceae (including Zameioscirpus) and Plantago re-
present local peatland and semi-aquatic vegetation (Ruthsatz, 2000)
and were excluded from the pollen sum. Other pollen types comprise
extra-regional tree species (Alnus, Polylepis) from the eastern Andean
forests below 3500 m a.s.l., which occurred only sporadically in low
abundances. In addition to pollen, green algae (Spirogyra spec.) and
coprophilous fungal spores represent further microfossils other than
pollen. Charred particles were counted separately in the 250-125 pm
size fraction of the sieved samples.

Senecio-type Asteraceae show highest abundances at AD 950-1150.
This period is further characterized by a high abundance of Plantago
pollen and high amounts of fungal spores. The accumulation rates of
charred particles reach the highest values in the whole record and tend
to fluctuate significantly during that period. After AD 1150 until about
AD 1550, the pollen spectrum is marked by a steady decline in Senecio-

type Asteraceae and a coinciding rise in Poaceae percentages. Charred
particles remain at low levels between AD 1050 and 1300, but are
highly abundant afterwards until about AD 1500. The period between
AD 1450 and 1550 shows a distinct change, when Poaceae begin to
dominate and remain highly abundant until AD 1700. Higher abun-
dances of Cyperaceae after around AD 1600, and very low values of
charred particles characterize the younger part of the record. Beginning
at around AD 1700, Poaceae decline and Senecio-type Asteraceae begin
to increase again. The period between AD 1880 and 1980 proved to be
palynologically barren. Only in the most recent samples,
Chenopodiaceae, Cyperaceae, trees and most fungal spores occurred in
higher abundances.

5. Discussion

In the light of the current global warming, we need past analogues
and comprehensive documentation of the present situation to be able to
interpret observed and modelled future changes. This might open the
door to a much more precise understanding of the reaction of sensitive
high-mountainous ecosystems towards climatic changes, and make it
possible to link observed ecology-based evidence with palaeoecology-
based reconstruction.

The investigated cushion-plant peat hillock fulfills all prerequisites
to serve as a climate archive. It is characterized by a continuous growth,
and a lot of palaeoecologic information can be retrieved from the ac-
cumulated peat. It further represents a very sensitive ecosystem, which
responds to climate-induced and human-induced changes.

5.1. Clues from the past

Based on the investigation of lake sediments from Laguna
Pumacocha in Peru, Bird et al. (2011) provided evidence for drier
conditions at AD 900-1100 and linked this event to the Northern
Hemisphere Medieval Climate Anomaly (MCA) and a considerable
weakening of the South American Summer Monsoon (SASM) at the
same time. Chepstow-Lusty et al. (2003) also observed markedly drier
conditions for that period for the Cuzco region, as well as ice core data
derived from Quelccaya ice cap by Thompson et al. (1986). A fully
established dry period at AD 900 is reported by Schittek et al. (2015),
based on evidence from Cerro Llamoca peatland, which is situated in
close vicinity to the peat hillock investigated in this study. After AD
900, humidity slowly increased. TC/TN ratio values remain high during
that period. In Fig. 7, selected proxies of this study are compared with
published records from Laguna Pumacocha (Bird et al., 2011) and
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Fig. 6. Pollen, palynomorphs and charred particles diagram for core P103 B retrieved from the peat hillock. Peatland vegetation was excluded from the pollen sum.
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Quelccaya ice core (Thompson et al., 1986). The Poaceae/Asteraceae
ratio gives evidence that the abundance of grasses was rather low at
that time. During drier periods, the predominance of grasses in the
high-Andean vegetation belt diminishes, and better-adapted high-
mountainous vegetation components like Asteraceae (mostly shrubs),
Brassicaceae, Malvaceae and Apiaceae (Azorella) become more evident
in the pollen spectrum (Schittek et al., 2015; Kuentz et al., 2011).

The high abundance of charred particles points to repeatedly oc-
curring fire events in the high-Andean steppe, which is promoted by
rather unstable conditions with frequent climate oscillations. The pro-
posed occurrence of unstable conditions is additionally supported by
strongly fluctuating 8'80 values derived from Laguna Pumacocha (Bird
et al., 2011), showing the largest amplitudes of the past 1000 years
during that period. This indicates that the overall weaker SASM was
frequently interrupted by spells of intensified monsoonal activity.

The period of drought lasts until about AD 1150-1200, when grass
pollen become more abundant in the peat. After a relatively stable
period, which prevails until about AD 1300, overall more humid, but
highly unstable conditions occur. The SASM significantly intensified
until about AD 1400 (Bird et al., 2011), and Rodbell et al. (2008) re-
ported heavy clastic influx into Andean lakes around AD 1450. Fur-
thermore, this period is outlined with evidence of glacial advance
starting at around AD 1350 (Stansell et al., 2013), which indicates a
significant lowering of temperatures. Ice accumulation at Quelccaya ice
cap also increased after AD 1350. A corresponding change in the iso-
topic composition of Laguna Pumacocha record (Bird et al., 2011)
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suggests the onset of the Little Ice Age (LIA).

This colder period is characterized by a significant dominance of
grass pollen in the peat hillock's peat samples. TC/TN ratios lowered,
which is due to less favorable conditions for plant growth. SASM ac-
tivity, according to Bird et al. (2011), was most intense during that
period. This heavy monsoonal forcing seems to be linked to the desta-
bilization of slopes within the Cerro Llamoca peatland catchment area
as observed by Schittek et al. (2015). Here, more than 3 m of debris
were deposited upon the peatland's sediments between AD 1450 and
1700.

The transition towards the current warm period is marked as an
abrupt change in the peat hillock record. Around AD 1800/1850, TC/
TN ratios increased significantly and grass pollen abundance decreases
again. Bird et al. (2011) also mention an abrupt change from the LIA to
the prevailing warmer period and suggest a generally weaker SASM as
observed during the MCA. Several cold spells occurred during the 19th
century, which influenced plant growth, and therefore, TC/TN ratios
repeatedly lowered.

The peat hillock's palaeoecological information corresponds well to
other palaeoclimate records from the Peruvian Andes. This similarity
underlines the suggestion that climatic changes during the past mil-
lennium occurred synchronously across the central Andes (Liu et al.,
2005). It further supports the assumptions made by Bird et al. (2011),
who suggest that an intensification of the SASM, which results in a
stronger moisture transport towards the western range of the Andes, is
driven by a more southerly position of the Intertropical Convergence
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Zone (Haug et al., 2001).

The palaeoenvironmental record further evidences a remarkable
coincidence with changes in population density of local people in the
highlands and at the foothills of the whole Rio Viscas and Rio Grande
drainage area at the beginning of the Late Intermediate Period (LIP), at
around 1180 AD (Unkel et al., 2012). The previous dry period, which
was fully developed around 900 AD (Schittek et al., 2015), corresponds
to an archaeological silence, when the foothills may have been de-
populated almost completely (Reindel, 2009). A rapid shift to more
humid conditions at the beginning of the LIP triggered a massive re-
population of the lower valleys and river oases in the Palpa-Nasca area.
The extremely high population density in the area during the height of
the LIP required an optimum of agricultural production, which in turn
suggests abundant and reliable rainfall providing sufficient irrigation
water for the highland terraces and for the cultivation of the valley
floors (Sossna, 2016). Our findings therefore extend the knowledge
about pre-Columbian human-environment interactions in the Palpa-
Nasca area and show that an intensification of the SASM had a pivotal
influence on cultural development during the LIP.

5.2. The influence of climate changes on peat accumulation

Down-core analyses of carbon and nitrogen contents are a simple
proxy of the varying degree of peat decomposition (Chambers et al.,
2011). The investigated peat hillock represents a sink of carbon. Layers
with high carbon contents indicate periods that promoted a rapid ac-
cumulation of organic matter. Since climatic changes have a direct in-
fluence on temperature and soil moisture, climate-induced changes are
also reflected in the carbon and nitrogen mineralization and can be read
off well in the carbon/nitrogen ratio. Temperature and water level di-
rectly controls the amount of accumulated carbon. Climatic changes
can influence the labile carbon and nitrogen reserves in the peat in such
a way, that they trigger structural changes of the associated plant
communities and, in relation, changes in decomposition processes
(Keller et al., 2004).

Regarding the growth of the peat hillock, cooler temperatures are
most probably a limiting factor. Presumably, the peat hillock was al-
ways sufficiently water-saturated during the past 1000 years, and thus,
dry climate conditions (to a certain degree) would play a minor role as
long as the spring delivers enough water. However, cooler temperatures
could significantly decelerate the growth of the peat-accumulating ve-
getation. According to Scherrer and Korner (2011), plants with cushion
growth forms are able to modify their surrounding temperatures
creating pockets of more favorable microclimatic conditions. This fea-
ture suggests a tolerance of the plants to higher temperatures than those
that would naturally occur in such a high-elevation habitat (Benavides
et al., 2013).

The data presented here highlight that Distichia-dominated cushions
and their accumulated peat are indicators of the degree of environ-
mental changes that are induced by climate, on one hand. It further
provides evidence that such a spatially-defined peat-accumulating
ecosystem is capable to survive pronounced climatic oscillations as long
as it does not lose its protective cushion-plant surface. Presently, the
most conspicuous impact on the peat hillock's structure is overgrazing,
and hence, damage by the trampling of hoofed animals. Where Distichia
muscoides as main cushion-former is once destroyed, the peat rapidly
erodes (Schittek et al., 2012).

For the documentation of future changes, the methods of long-term
ecological research, mainly by installing permanent vegetation plots,
should be applied. As vegetation mapping by TLS proves particularly
effective in documenting the current situation of the vegetation stand, it
represents an important prerequisite for future studies concerning long-
term vegetation dynamics.

123

Perspectives in Plant Ecology, Evolution and Systematics 30 (2018) 115-124

6. Conclusions and perspectives

Cushion-plant peat hillocks represent a unique, so-far neglected
vegetation component of the Andean highlands. In the western Andes of
Peru, these spring ecosystems are dominated by Distichia muscoides, a
cushion-forming Juncaceae, which is capable to accumulate peat.

The investigated peat hillock, spatially-defined by the spring area,
revealed an astonishing age of about 1000 years. During that time, the
cushion plants constantly accumulated peat and survived pronounced
climatic oscillations. The past environmental changes could be tracked
and further analyzed by applying geochemical and palynological
methods to the retrieved peat sediments. Our data show that moisture
fluctuations can be correlated to shifts in the intensity of the SASM. The
cooling of the Little Ice Age at AD 1300-1825 decelerated peat accu-
mulation. A higher abundance of grass pollen provides evidence of
vegetational changes in the environment of the peat hillock during that
period.

Nowadays, the peat hillock is heavily affected by grazing. To
document future changes, permanent vegetation plots should be in-
stalled, accompanied by TLS technologies. As the high resolution of the
acquired data allows the precise measurement, it becomes possible to
detect minor changes over time by repeated measurements. Taken the
given dataset as a basis for future investigations, a recapture of the peat
hillock is planned for 2020-ten years after the first data acquisition.
Further ecological and palaeoecological approaches from peat cores
will help to achieve a better understanding of past climatic changes and
to decipher the mechanisms of cushion-plant succession.
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ARTICLE INFO ABSTRACT

Snow cover duration, which depends on winter precipitation and temperature, is decreasing along several alpine
areas around the world as a consequence of the global warming and further increases are expected in the future.
Thus, alpine species that requires cold stratification to initiate seed germination may be threatened in the future.
Here we report the results of an exploratory experimental survey to assess the importance of cold stratification
for the seed germination in alpine plant species from the High-Andes of central Chile. In addition, we assessed
how this requirement varies with elevation at the community level. Seeds of a total of fifty plant species were
collected along an altitudinal range from 2200 to 3600 m a.s.l. Eighteen species corresponded to the Low-
Andean vegetation belt, while thirteen and nineteen species corresponded to the Mid- and High-Andean vege-
tation belts, respectively. For each species, seeds that experienced cold-stratification at 4 °C for 3 months and
control seeds (stored at room temperature and dry conditions for 3 months) were placed on moist paper in 4
Petri dishes containing 50 seeds each, and arranged in a growth chamber set at 20 °C/10 °C and a photoperiod of
14/10 h. While 36% of the studied species were able to germinate without cold-stratification, after this pre-
treatment 74% of these species germinated, suggesting that in general cold-stratification promotes seed ger-
mination of these alpine plant species. This positive effect was particularly evident on the species from the lower
elevations. At highest elevation both the number of species that showed seed germination and the percentage
and velocity of seed germination were low. Nonetheless, non-germinated seeds remained viable, suggesting a
deeper dormancy. Our results suggest that cold stratification could be an important requirement for successful
seed germination in species from lower elevations, while species from higher elevations could require other
factors than cold-stratification to break seed dormancy. Nonetheless, as we did not use temperatures as those
experienced in the field, further studies are needed to gain insights into the importance of the duration of cold
stratification and the underlying mechanisms involved in the seed germination in the field of high-Andean plant
species.
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1. Introduction Monsen, 1991; Meyer et al., 1989, 1990, 1995).
Alpine environments are characterized by low temperatures, strong
winds, unstable substrates, and short growing seasons (Korner, 2003).

The short growing season of alpine habitats is a major barrier for plants

The germination of seeds, that is the transition from seed to seed-
ling, is a high-risk period in the life cycle of many plant species (Baskin

and Baskin, 2014); hence, the mechanisms regulating the timing of this
transition are expected to be under strong selective pressure (Angevine
and Chabot, 1979; Willis et al., 2014). If seeds germination timing is an
adaptive process, then natural selection should favor seed germination
requirements that reduce the probability of facing environmental con-
ditions that are not appropriate for seedlings establishment
(Vleeshouwers et al., 1995; Willis et al.,, 2014; Baskin and Baskin,
2014). Thus, seed germination requirements should vary depending on
the environmental risks associated to seedlings mortality (Meyer and

recruitment as it constrains seedlings growth and the period favorable
for their establishment (Chambers et al., 1990; Forbis, 2003) because
seedlings have to attain a critical biomass by the end of growing season
to withstand the harsh and long-lasting winter conditions (Schiitz,
2002).

It has been suggested that seeds from plant populations that nor-
mally experience long snow cover periods and adverse winter condi-
tions, as occur in alpine habitats, would require an amount of time
experiencing the moderately low and constant temperatures that occur
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under the snow cover to allow or promote their germination (Meyer
and Monsen, 1991; Meyer et al., 1989; Meyer et al., 1990; Schiitz and
Rave, 1999). In the seed germination literature the process of seeds
experiencing low and constant temperatures to simulate natural winter
conditions as if they were under snow is called cold stratification
(Bewley et al., 2013; Baskin and Baskin, 2014). The requirement of a
cold stratification period would allow seeds to sense the presence of
snow, thereby timing the germination to a period appropriate for
seedling survival and establishment. This way, cold stratification re-
quirements would prevent precocious germination under autumn con-
ditions where appropriate soil moisture and temperatures to complete
seed germination and seedling establishment are not likely to persist for
more than a few days (Meyer and Monsen, 1991). In addition, cold
stratification requirements allow germination to occur only in spring
after the snow melt, preventing young seedlings from being damaged
by freezing temperatures (Billings and Mooney, 1968). Thus, it may be
expected that a cold stratification period would be a common re-
quirement for seed germination in alpine plant species. In an early re-
view, Amen (1966) concluded that cold stratification is not a common
requirement for the seed germination of several alpine plant species
from different mountains in the USA (see also Sayers and Ward, 1966;
Marchand and Roach, 1980; Kaye 1997). In contrast, Soyrinki (1938,
cited in Korner, 2003) experimenting with 91 alpine species from the
Alps, found that storage at winter temperatures (cold stratification)
increased seed germination in the great majority of species. More re-
cently, Sommerville et al. (2013) and Hoyle et al. (2015) showed that in
19 and 54 Australian alpine plant species, respectively, a cold stratifi-
cation period significantly increased seed germination only in half of
the species tested. Shimono and Kudo (2005) reported that cold stra-
tification increased the seed germination over a range of temperatures
in most of the 27 plant species studied in the alpine zone of Japan.
Baskin and Baskin (2014) showed that seeds of most tundra species are
dormant, and only those with physiological dormancy require cold
stratification to release dormancy. Therefore, how important is cold
stratification for seed germination in alpine plant species remains elu-
sive. Further, although studies conducted in species with broad altitu-
dinal distribution (e.g., Cavieres and Arroyo, 2000; Garcia-Fernandez
et al., 2015) and in species living in habitats with contrasting snow
cover duration (Meyer et al., 1989, 1995), have found a positive re-
lationship between the duration of snow cover and duration of cold
stratification for maximum seed germination (but see Schiitz and
Milberg, 1997; Schiitz,2002), few studies have analyzed seed germi-
nation patterns in high elevation species at the community level, and as
far as we are aware, none has evaluated the altitudinal variation of cold
stratification requirements for seed germination at this scale.

Snow cover duration, which depends on winter precipitation and
temperature, is decreasing on several alpine areas around the world as a
consequence of the recent climate change (Beniston, 1997, 2012), and
further decreases are expected to occur in the future due to global
warming (op. cit.). Thus, alpine species that require to experience a
time of low and constant temperatures as occur under snow (a cold
stratification) to initiate their seed germination may be threatened in
the future, whilst species with no such requirements may be indirectly
favored, generating important changes in the composition and dy-
namics of alpine plant communities (Bricefo et al., 2015; Walder and
Erschbamer, 2015). In this study we evaluated the importance of a cold
stratification period for seed germination in 50 high elevation plant
species from the Andes of central Chile, and whether the requirement of
cold stratification varies with elevation at the community level. We
expected that a cold stratification period is an important factor for seed
germination in these species, and that this importance increases with
the altitude (i.e., higher duration of snow cover) at which a community
develops.

126

Perspectives in Plant Ecology, Evolution and Systematics 30 (2018) 125-131

2. Materials and methods
2.1. Seeds sources

Seeds of the studied alpine plant species were collected in the
central Chilean Andes, in the surroundings of La Parva (33°21’S,
70°19’W) and Valle Nevado (33°19’S, 70°15’W) SKki resorts, distanced at
50 and 80 km east of Santiago, respectively. This area is characterized
by an alpine climate with strong influence of the Mediterranean-type
climate that prevails in the lowlands (di Castri and Hajek, 1976). Pre-
cipitation mainly occurs as snow during winter, with summer months
usually receiving very few or no rain (Santibanez and Uribe, 1990).
Snow cover remains for 3-5 months depending on the altitude and
slope aspect (Rozzi et al., 1989).

The alpine vegetation of the central Chile Andes can be found from
immediately above the Kageneckia angustifolia’s tree line at 2200 m up
to 3600 m a.s.l. (Cavieres et al., 2000). Based on the altitudinal dis-
tribution of plant life-forms, this vegetation has been divided in three
altitudinal vegetation belts (Cavieres et al., 2000). The Low-Andean
belt span from 2200 to 2500 m a.s.l.,, and is dominated by prostrate
shrubs species such as Chuquiraga oppositifolia D. Don (Asteraceae), and
Anarthrophyllum cumingii Hook. et Arn. J.F. Phil. (Fabaceae), with sev-
eral annual species growing in open spaces between shrubs (Cavieres
et al., 2000). The Mid-Andean belt extends from 2600 to 3200 m a.s.l.,
and is characterized by the dominance of cushion plants (e.g., Laretia
acaulis Gillies & Hook. (Apiaceae), Anarthrophyllum gayanum (A. Gray)
B.D. Jacks (Fabaceae)), and perennials herbs such as Phacelia secunda
J.F. Gmel (Boraginaceae), Nassauvia aculeata (Less.) Poepp. et Endl.
(Asteraceae), and Melosperma andicola Benth. (Plantaginaceae)
(Cavieres et al., 2000). The High-Andean belt can be found from 3200
to 3600 m elevation, and is characterized by a low plant cover, where
the dominant species are small rosette-forming herbs such as Pozoa
coriacea Lag. (Apiaceae), Chaetanthera sp. (Asteraceae) and Montiopsis
potentilloides (Barneoud) Ford (Montiaceae) (Cavieres et al., 2000).

The studied species were selected on basis of their seeds availability,
to represent different growth-forms and families, and for to be im-
portant component of the plant communities in the study area
(Table 1). Seeds of fifty plant species were collected along an altitudinal
range from 2200 to 3600 m a.s.l.; eighteen species corresponded to the
Low-Andean belt, while thirteen and nineteen species corresponded to
the Mid- and High-Andean belts, respectively.

All seeds were collected during the natural period of seed dispersal
(January-March), stored in paper bags, and transported to the labora-
tory at the University of Concepcién. To assure high intra-specific re-
presentation for each species seeds were collected from at least 50
different individuals sparsely distributed within the corresponding ve-
getation belt. Depending on the species, some fruits (e.g., caryopses,
achenes) were treated as seeds. In the laboratory, seeds were im-
mediately cleaned, removing non-seed material by hand and blow
away. Then visually-healthy seeds were selected, discarding those
aborted and/or predated. The selected seeds of each species were al-
located to treatments of cold stratification and control as follow.

2.2. Cold stratification

A widely used standard protocol for the stratification of seeds was
used (Baskin and Baskin 2014). For each species, 200 seeds were placed
in plastic boxes (20 x 15 X 6 cm) between two layers of paper pre-
viously wet. For this, we added distilled water until the papers were
saturated and the excess of water was drain out from the plastic boxes.
The boxes were completely wrapped with aluminum foil to avoid the
passage of light, and were arranged into a growth chamber (Pitec,
Bioref-19L) at 4 °C in darkness during three months. We monthly
checked that papers remained moist during the cold stratification
treatment, and we added distilled water when it was necessary. This
procedure was done in dark conditions to avoid light effects on seed
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Table 1
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Effect of cold stratification on the seed germination of plant species from the Andes of central Chile. Germination parameters: FPSG, Final percentage of seed germination (%); CVG,
coefficient of velocity of germination. Seeds of studied species were collected along three altitudinal vegetation belts: Low-Andean (2100-2500 m), Mid-Andean (2600-3200 m) and
High-Andean belt (3200-3600 m). Growth forms: S, Shrub; C, Cushion plant; PH, Perennial herb; A, Annual. Statistical differences are shown as: (*) P < 0.05; (**) P < 0.01; (***)

P < 0.001; (ns) not significant. Plant species nomenclature follows Teillier et al. (2011):.

FPSG CVG
Species Family Growth form Control Cold-stratified Control Cold-stratified
Low-Andean belt
Acaena alpina Rosaceae PH 0 2.2™ - 2.4
Acaena splendens Rosaceae PH 0 70" - 14.3
Acaena pinnatifida Rosaceae PH 0 5.6 - 5.5
Adesmia papposa Fabaceae S 13.3 100" 4.0 33.3"
Anarthrophyllum cumingii Fabaceae S 23.3 0 5.2 -
Chaetanthera microphylla Asteraceae A 100 100™ 33.3 33.3™
Diplolepis mucronata Asclepiadaceae S 0 o - -
Galium sp. Rubiaceae PH 0 100" - 33.3"
Lupinus microcarpus Fabaceae A 16.7 23.3™ 3.7 12.8"
Madia sativa Asteraceae A 2 100" 7.0 33.3""
Mutisia sinuata Asteraceae S 4 100" 2.6 33.3
Nicotiana corymbosa Solanaceae A 0 20" - 2.9
Rhodophiala rhodolirion Amaryllidaceae PH 1.3 100%** 2.2 33.3*
Sanicula graveolens Apiaceae PH 0 100%** - 333
Schizanthus hookeri Solanaceae PH 0 44.4%* - 333
Senecio eruciformis Asteraceae S 2 85.6%** 1.9 15.3*
Sisyrinchium arenarium Iridaceae PH 0 o™ - -
Stachys albicaulis Lamiaceae PH 0 23.3* - 28.1
Mid-Andean belt
Anarthrophyllum gayanum Fabaceae C 5.2 8.9™ 3.9 8.7"
Astragalus looseri Fabaceae PH 7.7 16.7% 5.7 6.6
Calceolaria biflora Calceolariaceae PH 0 23.3" - 2.5
Calceolaria purpurea Calceolariaceae PH 0 o - -
Chaetanthera euphrasioides Asteraceae A 0 24.4" - 333
Euphorbia collina Euphorbiaceae PH 0 o™ - -
Laretia acaulis Apiaceae C 0 6.7" - 3.6
Latace andina Amaryllidaceae PH 0 18.9" - 33.3
Microsteris gracilis Polemoniaceae A 92.7 100 3.2 33.3"
Schizanthus grahamii Solanaceae A 0 o™ - -
Taraxacum officinale Asteraceae PH 72 49.3™ 4.4 5.3
Tristagma bivalve Amaryllidaceae PH 0 13.3" - 333
Tristagma sp. Amaryllidaceae PH 0 5.6 - 13.9
High-Andean belt
Azorella madreporica Apiaceae C 0 2.27 - 2.5
Caiophora coronata Loasaceae PH 34.5 545" 4.8 5.1
Calandrinia caespitosa Montiacea PH 0 2.2™ - 1.6
Cerastium arvense* Caryophyllaceae PH 54.5 56.7"° 6.1 3.0°
Chaetanthera euphrasioides Asteraceae A 0 o™ - -
Cistanthe sp. Montiaceae PH 0 47.8" - 3.3
Draba gilliesii Brassicaceae PH 1.3 13.3™" 0.9 5.6"
Erigeron andicola Asteraceae PH 36.5 90" 5.8 6.2
Gamochaeta sp. Asteraceae PH 0 o™ - -
Loasa sigmoidea Loasaceae A 0 3.3™ - 2.9
Melosperma andicola Plantaginaceae S 0 o™
Montiopsis potentilloides Montiaceae PH 12.5 40.7"" 10.1 10.3"
Nassauvia pinnigera Asteraceae PH 0 16.7" - 8.8
Nastanthus ventosus Calyceraceae PH 0 o™ - -
Nicotiana corymbosa Solanaceae A 0 o™ - -
Noccaea magellanica Brassicaceae PH 0 2m - 5.6
Phacelia secunda Boraginaceae PH 0 o - -
Pozoa coriacea Apiaceae PH 0 o™ - -
Taraxacum officinale* Asteraceae PH 37 40.7™ 6.3 5.7

* non-native species

germination responses.

We selected three months for stratification because it is the
minimum amount of time that seeds experience snow cover in the field,
especially those from the low elevation vegetation belt. In addition,
other studies have proved that this period is enough to promote ger-
mination in alpine species with physiological dormancy requiring cold
stratification to initiate germination (e.g., Schwienbacher et al., 2011;
Sommerville et al., 2013; Hoyle et al., 2015; Fernidndez-Pascual et al.,
2017). Although 4 °C is a higher temperature than those recorded below
the snow cover (that usually fluctuate around 0 °C, Korner, 2003), we

chose this temperatures because it is an efficient and widely used
treatment to the break the seed dormancy in many species (Bewley
et al., 2013; Baskin and Baskin, 2014). In addition, several studies ad-
dressing the role of cold stratification in the seed germination of alpine
species have used temperatures between 3 and 5 °C for the cold stra-
tification allowing our results to be comparable with those studies (e.g.
Kaye, 1997; Liu et al., 2011; Schwienbacher et al., 2011; Sommerville
et al., 2013; Garcia-Fernandez et al., 2015; Fernidndez-Pascual et al.,
2017).

For controls, we also followed standard protocols where other group
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of 200 clean seeds per species was air-dried for 48 h. Then, they were
placed into paper bags (without substrate), and stored in plastic boxes
(20 x 15 x 6 cm) at room temperature (20 °C) for three months, al-
lowing the maintenance of low moisture content in the seeds as it oc-
curs when they are dispersed from the mother plants (Bewley et al.,
2013). We used these control conditions because we wanted to assess
the importance of to experience constant low temperature and not to
compare germination responses mimicking sites with and without snow
cover.

2.3. Germination assays

After three months, cold stratification and control boxes were open
to initiate seed germination assays. For each species and experimental
condition, 50 seeds were placed in a Petri dish between two layers of
wet filter paper Petri dishes (4 replicates per species and condition)
were arranged in a growth chamber set with a thermoperiod of 20°/
10 °C (day/night) and a photoperiod of 14/10 h (light/dark). We chose
these germination conditions because they had produced good results
in seed germination experiments with other alpine plant species from
many different mountains (Chabot and Billings, 1976; Cavieres and
Arroyo, 2000; Liu et al., 2013; Sommerville et al., 2013; Fernidndez-
Pascual et al., 2017). During the germination assay seeds were checked
every two days for germination, and germinated seeds were removed
from the Petri-dishes to reduce mistakes. Seeds were scored as germi-
nated if the radicle and at least 1 mm of the green epicotyls or cotyle-
dons were visible (Schiitz, 2002). Germination assays lasted 45 days.

After the end of the germination assay, non-germinated seeds were
placed on moist filter papers at room temperature and sliced along its
longitudinal axis with a scalpel. Both seed sections were incubated in a
0.1% aqueous solution of Tetrazolium chloride for 12 h in darkness to
assess their viability (Hendry and Grime, 1993). Seeds showing a strong
red-stained embryo were considered viable (Appendix A in Supple-
mentary material).

2.4. Seed germination parameters and statistical analyses

For each replicate per species we calculated the final percentage of
seed germination (FG) both for control and cold-stratified seeds. The FG
was arcsine transformed to improve normality and stabilize variances.
Statistical differences for FG between treatments were assessed for each
species with one-way analysis of variance (ANOVA).

In addition, for each replicate per species a coefficient of velocity of
germination (CVG) was calculated with and without cold stratification
as follow:

Where N; is the number of seeds germinated on day i and T; is the
number of days elapsed from the start of the experiment (Scott et al.,
1984). CVG increases as more seeds germinate in a shorter time, in-
dicating how fast germination occurs (Scott et al., 1984). Given that
assumptions for parametric tests were not met even after data trans-
formations, significant differences for CVG between treatments were
assessed with Mann-Whitney U tests.

To assess the altitudinal variation in the importance of cold strati-
fication for germination we conducted a two-way ANOVA using the FG
as the response variable, and vegetation belt (Low, Mid and High) and
treatment (with and without cold stratification) as fixed factors. In the
case of CVG, statistical differences were evaluated with a Kruskal-Wallis
ANOVA by ranks. Further, three indicators of germination at the
community level were calculated for each vegetation belt: 1) the per-
centage of species that did not require cold stratification for germina-
tion, 2) the percentage of species that germinated after a cold-stratifi-
cation period, and 3) the percentage of species where seed germination
was significantly increased (final percentage or speed of germination)
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after cold stratification. These three indicators were statistically com-
pared among altitudinal vegetation belts with multiple proportions tests
(Zar, 1999).

3. Results

In the Low-Andean belt, eight out of the eighteen tested species
showed some germination without cold stratification, with very low FG
(< 10%) in four of them (Table 1). After cold stratification however,
fifteen species germinated and only two showed FG < 10% (Table 1).
Two species (Diplolepis mucronata and Sisyrinchium arenarium) did not
germinate during the evaluated period neither with nor without cold
stratification, whereas Anarthrophyllum cumingii germinated only
without cold stratification. Eleven of the fifteen species that germinated
after cold stratification significantly increased their FG compared with
no-stratification (Table 1). Among the seven species that germinated
both with and without stratification, six significantly increased their
CVG after cold stratification (Table 1), indicating that in these species
germination was faster in cold-stratified seeds.

In the Mid-Andean belt, only four out of the thirteen studied species
showed seed germination without cold stratification, and only two of
them with FG > 10% (Table 1). Seeds of ten species germinated after
cold stratification, where seven of them showed a FG > 10% (Table 1).
Only Calceolaria purpurea, Schizanthus grahamii and Euphorbia collina,
did not germinate in any of the evaluated conditions. Viability tests
showed that only the seeds of E. collina were non-viable (see Appendix
A in Supplementary material). Cold stratification significantly increased
the FG of six species (Table 1). Only three out of the four species that
germinated both with and without stratification significantly increased
their CVG after cold stratification (Table 1).

In the High-Andean belt, only six out of the nineteen species tested
showed some seed germination without cold stratification (Table 1).
After cold stratification, seeds of twelve species germinated (Table 1),
although most of these species showed FG < 60% (Table 1). Seven
species did not germinate during the germination assays (Table 1),
viability test however revealed that all those seeds that did not ger-
minate were viable (Appendix A in Supplementary material). Cold
stratification significantly increased FPSG in seeds of six species,
whereas CVG slightly increased in Draba gilliesii seeds but it decreased
in Cerastium arvense seeds (Table 1).

When species were grouped by vegetation belt, there was not effect
of vegetation belt on the final seed germination (Fyi2; = 2.2,
P = 0.34), but cold stratification significantly affected seeds germina-
tion (Fy 127 = 18.1, P < 0.0001; Fig. 1). Whilst the mean FG of cold-
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Fig. 1. Final Percentage of seed germination of alpine plant species from the central
Chilean Andes. Values are shown as mean * 2 standard error (n = 13-19 species).
Vegetation belts correspond to Low-Andean, 2100-2500 m; Mid-Andean, 2600-3200 m;
and High-Andean, 3200-3600 m above sea level. Lowercase letters indicate significant
differences (P < 0.05).
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Fig. 2. Coefficient of velocity of seed germination of alpine plant species from the central
Chilean Andes. Values are shown as mean = 2 standard error (n = 13-19 species).
Vegetation belts correspond to Low-Andean, 2100-2500 m; Mid-Andean, 2600-3200 m;
and High-Andean, 3200-3600 m above sea level. Lowercase letters indicate significant
differences (P < 0.05).

stratified seeds did not differ between species from the Mid- and High-
Andean belts, those from the Low-Andean belt showed a significantly
greater FG (c. three-fold; Fig. 1). Likewise, while the CVG of non-cold
stratified seeds was similar among vegetation belts (Hyse = 2,
P = 0.44), after cold stratification the germination of seeds decreased
with elevation (Hy 56 = 6.8, P < 0.05; Fig. 2).

The percentage of species that germinated without cold stratifica-
tion was similar among the three altitudinal vegetation belts (35% on
average; Fig. 3a). In contrast, the percentage of species that germinated
after a cold-stratification period was 32% greater in the Low- compared
to the High-Andean belt, whereas the Mid-Andean belt showed no
difference with the two others vegetation belts (Fig. 3b). Likewise, the
percentage of species that increased their seeds germination after a
cold-stratification period was almost twice in the Low- compared to the
High-Andean belt, whilst the Mid-elevation belt showed no differences
with the two others (Fig. 3c).

4. Discussion

Although one third of the studied species showed seed germination
without cold-stratification, after three months of cold stratification a
higher amount of species showed germination, and there were im-
portant increases in the final number of seeds germinated. Thus, our
results suggest that, in general, a cold and wet period is important for
promoting seed germination in alpine plant species from the central
Chilean Andes. This is in line with several other studies that have shown
that a cold-stratification period is important for seed germination of
different alpine plant species (Cavieres and Arroyo, 2000; Schiitz, 2002;
Shimono and Kudo, 2005; Giménez-Benavides et al., 2005; Sommerville
et al, 2013; Garcia-Fernandez et al., 2015; Hoyle et al., 2015;
Ferndndez-Pascual et al., 2017). In the field, the cold stratification of
the seeds naturally occurs when they are in the soil covered with snow
during the winter, experiencing constant temperatures around 0-1 °C.
Although we chose a higher temperature for our cold-stratification
(4 °C) compared to that the seeds may experience in field, stratification
temperatures of 3-5°C are widely used in seed germination studies
because they break the dormancy in many different species (Bewley
et al., 2013; Baskin and Baskin, 2014). Although temperatures close to
0 °C would have been more realistic and has been used for cold-strati-
fication of seeds in studies with alpine plant species (Schiitz, 2002;
Shimono and Kudo 2005; Milbau et al., 2009), the majority of studies
addressing the role of cold stratification in the seed germination of al-
pine species have used temperatures between 3 and 5 °C for the cold
stratification, (e.g. Kaye, 1997; Giménez-Benavides et al., 2005; Liu
et al.,, 2011; Schwienbacher et al., 2011; Sommerville et al., 2013;
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Fig. 3. Altitudinal variation of the importance of cold stratification for seed germination
in alpine plant species of the central Chilean Andes. Vegetation belts correspond to Low-
Andean, 2100-2500 m; Mid-Andean, 2600-3200 m; and High-Andean, 3200-3600 m
above sea level. a) Percentage of species whose seeds did not require cold-stratification
for germination; b) Percentage of species whose seeds germinated after cold-stratifica-
tion; and c¢) Percentage of species whose seeds significantly increased their germination
after cold-stratification. Different lowercase letters indicate significant differences
(P < 0.05).

Garcia-Ferndndez et al., 2015) allowing our results to be comparable
with all of them. Further, as the maximum density of pure water is
reached at 4 °C, stratification temperatures between 0 and 5 °C may
have similar effects on the germination of seeds. Thus, is seems likely
that a cold stratification period sensu lato is more important to trigger
germination than its temperature per se. Nevertheless, a note of caution
has to be considered as for both stratified and control seeds we did not
use temperatures as those that seeds experience in the field. Thus,
further studies are needed considering field temperatures from exposed
and snow protected areas to gain insights on the importance of different
duration of cold stratification and the mechanisms involved.

The importance of cold stratification for the seed germination of
alpine species of the central Chilean Andes varied across the altitudinal
vegetation belts, but in contrast to our expectations, the positive effect
of cold stratification on seeds germination did not increase with alti-
tude. The percentage of species showing seeds germination after the
cold stratification period decreased from 83% at the Low-Andean to
63% at the High-Andean vegetation belt. Moreover, the positive effect
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of the cold stratification in the final percentage of germination and the
coefficient of velocity were greater on seeds of species from the lower
Andean vegetation belt. Several not mutually exclusive explanations
can be suggested to account for this interesting altitudinal trend.

On one hand, it has been shown that a cold stratification period can
synchronize germination (Schiitz, 2002; Baskin and Baskin, 2014). One
of the main sources of seedlings mortality in alpine habitats is drought
(Bell and Bliss, 1980; Stocklin and Baumler, 1996; Forbis, 2003; Briceno
et al., 2015). The central Chilean Andes are located in a Mediterranean-
type climate zone where the lower elevations of the Andes experience
the long summer drought that characterizes this climate type zone, and
where this drought is an important factor of seedling mortality
(Cavieres et al., 2006, 2007). The frequent occurrence of summer
storms at high elevations implies that the summer drought is much less
severe at higher elevations (op. cit). Hence, faster and more abundant
seed germination immediately after snow melts might assure a longer
period with soil water availability enabling seedlings to develop deeper
roots and to attain a critical biomass to successfully cope with the dry
summer conditions (see also Giménez-Benavides et al., 2005). In our
study area, seedlings density decreased through the growing season, but
only at the lower elevations (see Appendix B in Supplementary mate-
rial), where this seedlings mortality coincides with a decrease of the soil
water potentials below —3 MPa towards the second half of the growing
season (Jan-Mar; Sierra-Almeida et al., 2009). Although seedlings
emergence in early spring could increase mortality risk due to the
freezing temperatures that are frequent in the first part of this period,
seedlings of the great majority of these species are able to resist very
low temperatures (Sierra-Almeida et al., 2010). Therefore, cold strati-
fication requirements would be crucial for species at low elevations
because it allows seed germination to occur immediately after the
snow-melts when soil moisture is high, increasing the chances of a
successful seedlings establishment despite the occurrence of freezing
temperatures.

On the other hand, the low positive effect of cold stratification on
seed germination found on species from high-Andean belt could be
related with additional requirements for seed germination. Although
cold stratification produced seed germination in 63% of the species at
the High-Andean belt, the average germination was lower than 20%,
and no changes in the coefficient of velocity were observed after cold
stratification. Interestingly, the seeds of these species that did not ger-
minate remained viable (Appendix A in Supplementary material),
suggesting a deeper dormancy that was not broke after three months of
cold stratification. Many of the studies that report increased seed ger-
mination of alpine species after cold stratification have used stratifi-
cation periods of 1-3 months (e.g., Shimono and Kudo, 2005; Giménez-
Benavides et al., 2005; Sommerville et al., 2013). Nonetheless, several
studies have found that species from sites where the snow cover lasts for
long periods need longer cold stratification periods for germination
than species from sites with shorter duration of snow cover (Meyer and
Monsen, 1991; Meyer et al., 1989, 1990, 1995; Schiitz and Rave, 1999;
Cavieres and Arroyo, 2000), although other studies have found no re-
lationship (Schiitz and Milberg, 1997; Schiitz,2002). The three months
of cold-stratification used in this study corresponded to the average
duration of snow cover in the Low- and Mid-Andean vegetation belt.
Snow duration in the High-Andean belt can span from 3 to 5 months,
suggesting that longer cold-stratification periods may enhance germi-
nation. However, Cavieres and Arroyo (2000) studied the seed germi-
nation of Phacelia secunda populations at 2900 and 3400 m a.s.l. in the
same study area, and found that there were no important differences in
the germination after 3 or 5 months of cold stratification in this species.
In addition, an assessment with six species from the High-Andean belt
that were exposed to three and five months of cold stratification and
then exposed to the same germination assay conditions reported here,
showed that only in two species a longer stratification period increased
germination (see Appendix C in Supplementary material). Hence, it
seems unlikely that longer stratification periods could enhance
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germination on seeds of the species from the high-Andean belt, sug-
gesting that seeds of these species need other factors to overcome
dormancy. Among the factors that overcome dormancy, physical scar-
ification has been found to increase germination in some alpine species
(Amen, 1966; Baskin and Baskin, 2014). For instance, Bell and Amen
(1970) reported the presence of germination inhibitors in the seed testa
of Lugula spicata and L. parviflora, which were liberated after mechan-
ical scarification through repeated freeze/thawing of water in the testa
(cryofracturation). Dorne (1981) found that seed dormancy in seeds of
the alpine Chenopodium bonus-henricus was imposed by phenols present
in the testa, which also required a combination of low temperature,
humidity and cryoturbation to disable its inhibitory action on germi-
nation. Cavieres and Arroyo (2001) also suggested that scarification via
cryoturbation could be involved in the dormancy release of Phacelia
secunda seeds from very high elevations in the Chilean Andes. Further
work is needed to unravel the dormancy mechanisms involved in spe-
cies from the highest elevations of the central Chilean Andes.

As the species of the High Andean belt showed low germination
compared to the Low Andean belt but the ungerminated seeds remained
viable, our results also suggest that deep seed dormancy becomes more
important towards higher elevations. Similar results have been reported
by Bu et al. (2007) who studied the seed germination of 570 alpine
plant species collected at different elevations in the Tsinghai-Tibet
plateau, China, reporting a negative correlation between germination
percentage (but still viable seeds) and elevation. It has been proposed
that seed dormancy would be advantageous in habitats spatially and
temporary unpredictable such as alpine habitats (Cavieres, 1999;
Schwienbacher et al., 2011; Jaganathan et al., 2015). In alpine habitats,
seed germination depends on the seeds produced in the previous
growing seasons (Korner, 2003). Unseasonably cold years and/or short
growing seasons can produce strong reductions in seed output, while
also decreasing seed germination and seedling establishment (Bliss,
1985; Galen and Stanton, 1999). If a long and favorable growing season
was preceded by a very short growing season where species did not
produce seeds, only species that remained dormant in the soil will have
the possibility to germinate and recruit (Cavieres, 1999; Jaganathan
et al., 2015). Thus, the deep dormancy found here in the higher ele-
vations species as well as in other alpine species (e.g., Schwienbacher
et al., 2011; Baskin and Baskin, 2014) suggests that this strategy is very
important to cope with the interannual fluctuation of the growing
season length in high-elevation environments.

In conclusion, our exploratory study suggest that cold stratification
is important to release seed dormancy in alpine plant species from the
high-Andes of central Chile, and it seems to be particularly important in
most of the species from lower elevations, increasing their final seed
germination and the velocity of this process. This strategy seems to be
related with a synchronization of seed germination with a period when
soil moisture is not limiting for seedling growth. Moreover, the lower
percentage of species that germinate after cold stratification, the small
positive effect of cold stratification on the seed germination, and the
high viability of the seeds that no germinated in these species suggest
that break dormancy mechanisms other than cold stratification are re-
quired. However, further research is needed to unravel the dormancy
mechanisms of these high elevation species and their importance in
assuring a successful establishment in the high-Andes of central Chile.
In addition, germination trials that properly simulate the environmental
conditions that seeds experience in the field (e.g. duration of snow
cover, temperature to which seeds are exposed post-dispersal, etc.) are
needed to increase our understanding of the mechanisms involved in
this important process (see Briceno et al., 2015 for further suggestions).
Global climate change is causing important changes in the snow cover
duration in several alpine areas around the world (Beniston, 1997,
2012; Gobiet et al., 2014), threatening those alpine species that re-
quires cold stratification to initiate their seed germination, and in-
directly favoring those with no such requirement (Sommerville et al.,
2013). The species inhabiting the lower elevations of alpine areas are
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those that naturally experience shorter snow cover periods, and those
where the major changes in snow cover duration have been observed
during the last decades, and also those where the major changes are
expected (Beniston, 1997, 2012; Gobiet et al., 2014). Thus, major im-
pacts on the natural regeneration process of the species in the Low-
Andean vegetation belt may be expected with the current trends in
climate change.
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