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Abstract

Species distribution models (SDMs) have been frequently employed to forecast the response of

alpine plants to global changes. Efforts to model alpine plant distribution have thus far been

primarily based on a correlative approach, in which ecological processes are implicitly addressed

through a statistical relationship between observed species occurrences and environmental

predictors. Recent evidence, however, highlights the shortcomings of correlative SDMs, especially

in alpine landscapes where plant species tend to be decoupled from atmospheric conditions in

micro-topographic habitats and are particularly exposed to geomorphic disturbances. While alpine

plants respond to the same limiting factors as plants found at lower elevations, alpine

environments impose a particular set of scale-dependent and hierarchical drivers that shape the

realized niche of species and that require explicit consideration in a modelling context. Several

recent studies in the European Alps have successfully integrated both correlative and process-

based elements into distribution models of alpine plants, but for the time being a single integrative

modelling framework that includes all key drivers remains elusive. As a first step in working

toward a comprehensive integrated model applicable to alpine plant communities, we propose a
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conceptual framework that structures the primary mechanisms affecting alpine plant distributions.

We group processes into four categories, including multi-scalar abiotic drivers, gradient dependent

species interactions, dispersal and spatial–temporal plant responses to disturbance. Finally, we

propose a methodological framework aimed at developing an integrated model to better predict

alpine plant distribution.
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Introduction

Solid knowledge of the key processes driving alpine plant distributions and community

structure is especially important in the context of global change, as steep environmental

gradients render alpine landscapes susceptible to abrupt shifts in plant distribution and

abundance over short time scales (Frei et al. 2010; Gottfried et al. 2012). A further research

challenge consists of forecasting shifts in alpine community structure resulting from the dual

threat of colonization by upward-migrating thermophilic species and by conventional alien

invasive species (Guisan and Theurillat 2000; Pauchard et al. 2009).

Modelling the spatial distribution of alpine plants over time requires the integration of a

wide range of processes unique to this complex system (Gottfried et al. 1999). While the

limitations of correlative species distribution models (SDMs, sensu Guisan and Thuiller

2005) have been reviewed in detail (Thuiller et al. 2008; Dormann 2007; Elith and

Leathwick 2009), alpine landscapes pose additional challenges that have only begun to be

addressed in the SDM literature (Guisan et al. 2009; Engler et al. 2011). These challenges

include accounting for micro-scale variation in plant-level abiotic conditions (e.g. Scherrer

and Körner 2011), snow cover duration and its effect on plant communities (Hejcman et al.

2006; Wipf et al. 2009), shift in the strength and direction of biotic interactions along stress

gradients (Choler et al. 2001; Michalet et al. 2006), geomorphic disturbance in periglacial

environments (Randin et al. 2009a; le Roux and Luoto 2013), spatial–temporal shifts in

alpine and sub-alpine land-use practices (Dirnböck et al. 2003; Vittoz et al. 2008; Gehrig-

Fasel et al. 2007) and near- to mid-term changes in land cover (i.e. treeline elevation and

glacier extent, see Engler et al. (2011) for a discussion of this problem). Scale-dependent

and hierarchical mechanisms acting upon the distribution of alpine plants require a renewed

approach, where mechanisms driving species distribution and community structure are

explicitly integrated into a single framework (Thuiller et al. 2013). Recent studies aimed at

disentangling the primary drivers affecting alpine plant distribution have rendered an

integrated modelling approach feasible, where both correlative and process-based elements

can be combined in a single modelling framework (Boulangeat et al. 2012a; see Dormann et

al. (2011) for definitions of hybrid vs. integrated models).

The purpose of this review was to assemble the most pertinent drivers of alpine vegetation

distribution into an integrative and conceptual framework that could later be applied to

improve the predictive power and transferability of alpine flora distribution models
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(hereafter referred to as alpine biodiversity models). We group processes affecting alpine

plant distribution into four categories: hierarchical abiotic drivers, gradient-dependent

species interactions, dispersal and spatial–temporal plant responses to disturbance in alpine

landscapes. Although methodological details will not be addressed here, we will discuss

specific tools and approaches for both (1) enhancing the fit of projections of alpine plant

distribution relative to observed distributions and (2) improving the accuracy of future

predictions by incorporating the most pertinent explanatory variables affecting the

biogeography of alpine plants. We conclude by proposing a methodological approach aimed

at integrating key drivers into an applied modelling context.

Hierarchy and scale of influence of abiotic drivers

The alpine zone is defined at its lower boundary by the limit of the tree life (hereafter

referred to as treeline, Körner and Paulsen 2004; Körner et al. 2011) as well as the upper

limit of sub-alpine shrubs (Körner 2003), and at its upper boundary by the presence of

permanent snowfields, glaciers and steep rock formations characteristic of the alpine-nival

ecotone (Gottfried et al. 1998). Sub-alpine and nival boundaries are best defined at the

meso-scale [10–100 m, see Billings (1973) for a definition of scales], given that ecotones in

high mountain landscapes are often defined by transitional zones rather than spatially

precise shifts (Körner 2007). During recent decades, both the upper treeline (Harsch et al.

2009) and the shrub upper margin (Kullman 2002), as well as the lower limit of permanent

snowfields and glaciers (Paul et al. 2007) have moved upward in elevation in response to

climate change. Given that trends of treeline rise and glacier retreat are expected to continue

in the near future, we propose applying dynamic models of sub-alpine and nival ecotone

position to better delineate the upper and lower limits of potential habitat for alpine plants

over time.

Within the alpine zone, the prevailing importance of climate and micro/meso topography in

determining plant distribution is well established (Billings and Bliss 1959; Billings 1973;

Bowman et al. 1993). Abiotic conditions are considered to be especially strong drivers of

alpine plant distribution due to the tight coupling between plant physiology and the harsh

climatic conditions found in alpine environments (Bliss 1971). In alpine landscapes where

human disturbance is minimal, physiological responses to abiotic stress gradients primarily

shape the fundamental limits of species’ niches and determine the upper elevational limit of

plant distributions (Normand et al. 2009). Complex mountain topography leads to micro-

scale (1–10 m) heterogeneity in plant-level abiotic conditions as well as the presence of

micro-refugia known to buffer plant species from long-term changes in regional climate

(Dobrowski 2010).

Although their overall importance is unquestioned, debate and uncertainty arise in a

modelling context concerning which abiotic drivers limit alpine plant distribution the most

directly, how to measure them and how such factors might affect plant distribution when

considered at multiple scales (Randin et al. 2009b; Scherrer and Körner 2011). Commonly

used explanatory variables in correlative SDMs such as air temperature, soil texture, solar

radiation and moisture indices represent proxies of direct physiological or resource gradients

controlling patterns of plant distribution (sensu Austin and Smith 1989). A number of alpine
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plant modelling studies have used micro-topographic input variables (slope and aspect) to

approximate variation in environmental conditions and resources such as heat sum, soil

water availability and snow cover duration (e.g. Gottfried et al. 1999; Lassueur et al. 2006;

Randin et al. 2009a). In this section, we discuss (1) the meso-scale distribution of sub-alpine

and nival ecotones and give a brief overview of existing modelling approaches; (2) micro-

scale abiotic drivers of plant distribution within the alpine zone and (3) the effects of

seasonal snow cover on plant distribution in addition to potential methods for modelling

snow cover dynamics in alpine environments.

Sub-alpine ecotone distribution

The position of the sub-alpine ecotone is known to be affected by both temperature and

land-use drivers (Dullinger et al. 2003). On a global scale, treeline has been shown to

correspond with mean annual growing season temperatures of 6.7 ± 0.8 °C (Körner and

Paulsen 2004). This definition was later refined to include a minimum growing season

length of 94 days (constrained by the first and last transition of a weekly average of daily

mean air temperature of 0.9 °C) and a mean air temperature during that period of at least 6.4

°C (Körner et al. 2011). Although it has not been described systematically, the upper limit of

shrub distribution is also known to be sensitive to temperature (Kullman 2002) in addition to

the presence of herbivores (Olofsson et al. 2009). In the case of both treeline and the upper

limit of shrubs, non-elevation specific drivers such as alpine land-use (especially grazing),

geomorphic disturbance and substrate can locally modify ecotone location and physiognomy

(Körner 2007; Marcias-Fauria and Johnson 2013).

Ideally, a dynamic sub-alpine ecotone model aimed at defining the lower limit of the alpine

zone would incorporate meso-scale climate variables in addition to the aforementioned non-

elevation specific drivers affecting treeline and shrub location. Biotic interactions between

pioneer trees and shrubs should also be taken into account (e.g. Dullinger et al. 2003),

considering that shrubs are known to facilitate tree installation by providing ‘safe-sites’ for

seed germination (Batllori et al. 2009). While the TreeMig model (Lishcke et al. 2006) is

applicable only to trees and does take into account geomorphology, it does provide an

example of a process-based ecotone model that combines the abiotic environment,

competition for light and soil water and dispersal. Very recently, high-resolution light

detection and ranging (LIDAR) imagery was used to map treeline location in the Swiss Alps

and to validate a process-based model of tree growth based on climate variables (Coops et

al. 2013). The combination of advanced remote-sensing technology with physiology-based

ecotone modelling represents a promising approach for continuing to improve models of the

lower limit of the alpine zone.

Nival ecotone distribution

Perhaps due to its less striking appearance and the reduced amount of associated plant

biomass, the upper limit of the alpine zone has received a fraction of the attention dedicated

to the lower alpine treeline ecotone (but see Gottfried et al. 1998; Pauli et al. 2003). The

lower limit of alpine glaciers is a complex entity affected by climate (temperature and snow

fall), the extent and elevation of the upper accumulation zone, ice flow dynamics and

topography (Haeberli and Beniston 1998). Climate-induced glacier retreat causes the nival
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ecotone to shift upward and enables plant succession dynamics to occur in un-colonized

glacier forelands. In Coastal Alaska, Dryas shrubs are documented within 30 years of glacial

retreat, followed by alder shrubs within 50 years and spruce within 100 years (Chapin et al.

1994; Boggs et al. 2010). Although the timing and species composition of successional

changes undoubtedly vary by region, rates of post-glacial succession measured in Alaska

suggest that this process occurs within the prediction period considered by most modelling

studies (50–100 years).

The accelerating retreat of alpine glaciers necessitates the incorporation of dynamic models

of ice extent into alpine biodiversity models. Inclusion of a fixed binary mask of glacier

cover for the duration of a prediction period will lead to underestimates of potential habitat

for pioneer alpine species (Engler et al. 2011). Independently of SDM studies, multi-

temporal satellite imagery, climate data and three-dimensional modelling techniques have

been used to model the trajectory of glacier extent and mass-balance in the Swiss and French

Alps (Paul et al. 2007; Jouvet et al. 2008; Dumont et al. 2012). We recommend that these

studies should be viewed as the basis for incorporating glacier retreat dynamics into

predictions of alpine plant distribution.

Micro-scale abiotic drivers

Within the alpine zone, micro-topography constitutes a particularly important filter affecting

plant distribution and community structure (Billings 1973). Recent work suggests that

climate-induced extinction of alpine flora could be buffered by the presence of micro-

refugia, where locally favourable conditions are conserved by nuances in aspect and slope

angle (Dobrowski 2010). Indeed, the use of medium resolution (25–50 m) digital elevation

models (DEMs) leads to overly coarse estimates of abiotic conditions and fails to account

for micro-climates generated by complex mountain topography (Scherrer and Körner 2011).

Predictions of alpine plants based on meso-scale topographic variables and downscaled

climate data thus run the risk of over-estimating habitat loss as a result of climate change

(Randin et al. 2009b; Engler et al. 2011).

The use of remote-sensing derived very high-resolution digital elevation models (VHR

DEMs, <10 m resolution) to estimate topographic variables has been shown to improve the

predictive power of SDMs in an alpine setting (Lassueur et al. 2006). In this study, although

slope retained the same predictive power when considered at 1 and 25 m resolution, aspect

(indirectly reflecting energy inputs) became a more significant explanatory variable when

calculated at the micro-scale. In a more recent study, data-loggers buried at 3 cm soil depth

on a uniformly oriented slope in the Swiss alpine zone (>2,150 m a.s.l.) demonstrated

substantial variation in ground surface temperatures (Scherrer and Körner 2011). Their

results show that temperature variability and extremes are better predictors of alpine plant

presence than mean temperature trends. The significance of soil temperature as a predictor

of plant distribution also highlights the importance of distinguishing between meteorological

temperature (air temperatures > 2 m above ground) and experienced temperature from a

plant perspective (soil and air temperatures within 20 cm of the ground surface). Identifying

surface temperature at micro-scales is especially critical in an alpine setting where plants are
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decoupled from atmospheric conditions and a distance of 2 m can cause greater temperature

fluctuations than the most extreme IPCC climate scenario (Scherrer and Körner 2011).

In a predictive modelling context, downscaling climate variables using a VHR DEM may be

more effective than using micro-scale topographic variables that infer abiotic conditions

indirectly (e.g. Lassueur et al. 2006 using aspect as a proxy for solar radiation). The

incorporation of micro-scale estimates of temperature, moisture index and solar radiation

has the potential to capture micro-refugia in future, climate-based predictions of alpine plant

distribution. While downscaling climate variables is standard practice for extrapolating

isolated measures of meteorological temperature across complex mountain topography,

algorithms become increasingly complicated at finer resolutions and correlations between

measured temperatures in situ and modelled temperatures are known to decrease at higher

elevations (Fridley 2009). Accordingly, the extent of modelling areas may be limited due to

the computational demands of applying downscaling algorithms at micro-resolutions.

Although methodological hurdles exist, in our view downscaled climate variables at a

resolution finer than 10 m have important potential to improve predictions of alpine plant

distribution.

Snow cover dynamics

Patterns of seasonal snowmelt in alpine landscapes are found to occur with surprising

consistency from one year to the next (Walsh et al. 1994) and are known to have a direct

effect on the abiotic constraints acting upon plant distribution (Billings and Bliss 1959;

Choler 2005; Keller et al. 2005). Accounting for snow cover dynamics and their future

evolution is of particular importance because snow cover impacts yearly regimes of

temperature, soil water content and light (Baptist and Choler 2008). These induced changes

can also indirectly affect the outcome of biotic interactions, considering that early snow

melting sites represent stressful conditions where facilitation among species has been shown

to predominate (Choler et al. 2001; Wipf et al. 2006).

As a first approach, several studies have incorporated static maps of snow cover into SDMs

in alpine environments (e.g. Dirnböck et al. 2003; Hirzel et al. 2006), although this method

over-simplifies the dynamic nature of snowmelt processes. At least one study has

incorporated a simulation of snow accumulation, transport and melting into an alpine plant

modelling study (Randin et al. 2009a). Inclusion of snow cover improved the fit of spatial

projections within the study area but did not enhance the transferability of the model when it

was applied to other mountain systems. The authors attribute this lack of predictive power to

the fact that the mechanistic snow model used (see Tappeiner et al. 2001) did not take snow

distribution by avalanches into account, which is known to be a major factor in determining

the location of persistent snowfields (Butler et al. 2007).

In the Swiss Alps, a snow cover simulation model (Zappa 2008) was developed to predict

snow cover duration based on abiotic variables (temperature, precipitation, solar radiation

and moisture). A recent pilot study validated the output of this model relative to observed

snowmelt patterns obtained from multi-temporal SPOT imagery and found the model to be

an excellent predictor of snow cover duration in high mountain areas over a 3-year period
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(Dedieu et al. 2012). In our view, future studies should consider estimated snow cover

duration as a predictive variable of alpine plant distribution.

Dynamic species interactions along environmental gradients

Although correlative SDMs implicitly address competition and facilitation dynamics by

projecting the realized niche of species (Guisan and Thuiller 2005), this desirable property is

nonetheless unable to account for altered biotic interactions from range shifts resulting from

environmental change (Meier et al. 2010). Examining sub-alpine and montane species (up to

2,600 m) in Western Europe, Lenoir et al. (2008) documented an average upward shift in

species range optimum of 29 m per decade during the twentieth century. Upward shifts in

European alpine plant distribution have been detected both over the past century (Frei et al.

2010) and also more recently between 2001 and 2008 (Gottfried et al. 2012; Pauli et al.

2012). Varying responses among species will lead to novel sets of biotic interactions that

pose a critical challenge for building reliable biodiversity models (Meier et al. 2010;

Kissling et al. 2011; Thuiller et al. 2013).

While emphasis has been placed on the need to explicitly incorporate competition into

SDMs (Guisan and Zimmermann 2000), a rich literature in community ecology points out

the equal importance or even predominance of facilitation in stressful environments

(Callaway et al. 2002; Michalet et al. 2006). Through localized nutrient concentration,

sheltering from wind and enhanced thermal regulation, intra and inter-specific facilitation

enables alpine plants to expand their realized niche in the face of increasingly severe

environmental conditions. It has been demonstrated that within the same species or among

consistent species pairs, the direction of biotic interactions shifts along abiotic stress

gradients (Choler et al. 2001; Callaway et al. 2002).

Kissling et al. (2011) propose a strategy for quantitatively modelling multi-directional biotic

interactions at the community level using interaction currencies. In this approach, biotic

interactions are defined indirectly through species’ relationships with a mediating currency,

which can be designated as either a resource or an abiotic condition known to drive species

distribution. Ground surface temperature, for example, could act as an interaction currency

mediating biotic interactions in alpine landscapes. For a particular range of temperatures,

interaction coefficients could be assigned to each species (or functional group) to quantify

the effect of soil temperature on species’ relative competitive ability. Certain species would

thus be favoured by high competition and low abiotic stress, while others would benefit

from low competition due to their ability to cope with high abiotic stress. The use of

interaction currencies could, therefore, account for shifting species interactions (e.g. from

competition to facilitation) in a climate change context.

A second approach to modelling multi-directional biotic interactions was developed by

Boulangeat et al. (2012a). In their regional-scale biodiversity model, the authors indirectly

accounted for species interactions by assigning a biotic environment index to focal species

based on a dataset of 2170 co-occurring species documented within the study area. Index

values of repulsion and attraction were determined relative to observed co-distribution

patterns and environmental niche data (Boulangeat et al. 2012a). The method is limited in
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the sense that it uses phenomenological indices that do not allow for the isolation of biotic

interactions from other local environmental factors affecting co-distribution patterns.

Moreover, shifts in biotic interactions induced by climate change, as well as interactions

between newly cooccurring species, cannot be explicitly taken into account using such fixed

co-occurrence indices (Thuiller et al. 2013).

A third approach to modelling competition and facilitation dynamics among alpine plants

involves incorporating the presence of one or several dominant species as predictive

variables. Pellissier et al. (2010) used the probability of presence of Empetrum nigrum, a

dominant species in Norwegian tundra, to improve predictions of 29 co-occurring species.

Functional traits were measured for subordinate species and used to infer the direction of

interactions with E. nigrum, i.e. facilitation, competition or neutrality. Thus, in addition to

standard topo-climatic predictors, probability of presence of E. nigrum was used as a proxy

for community assemblage processes.

For all three approaches mentioned above (interaction currencies, co-occurrence indices and

dominant species predictors), the size of the interaction matrices (and thus model

complexity) could be reduced by consolidating species into functional groups (Kissling et al.

2011). In our view, an improved approach for predictive modelling of alpine plant

interactions would involve using a dynamic dominant vegetation model (e.g. FATE,

Midgley et al. 2010) to simulate plant succession processes based on abiotic drivers. In this

approach, species are grouped into dominant functional groups representative of both

functional and taxonomic diversity (Boulangeat et al. 2012b). After initial seed presence is

determined based on a habitat suitability model, competition among co-occurring functional

groups within the same pixel is then mechanistically modelled taking into account annual

growth and competition for light (Midgley et al. 2010). In order to address biotic

interactions among herbaceous alpine plants, four improvements would have to be made

upon the existing framework :(1) plant phenology should be taken into account to simulate

coexistence between early and late growing plants; (2) in addition to determining light

availability, plant stature could be used as a proxy for localized shifts in environmental

conditions such as protection from wind exposure and buffering of temperature, e.g. by

canopy, which would address facilitation dynamics in harsh alpine environments; (3)

competition for available soil nutrients (e.g. nitrogen) in addition to light should be included

and (4) interactions between plant succession and soil nutrient composition should be

incorporated. This last point is particularly relevant in periglacial zones, where positive

feedback mechanisms between plant installation and soil nutrients are known to affect

vegetation composition over time (Chapin et al. 1994). Modelling the biotic environment

using dominant functional groups is justifiable given that biotic interactions are known to be

of less importance in plant communities lacking dominant species (Meier et al. 2010).

Climate change would affect the predicted habitat distribution of dominant functional

groups, which would begin to address the problem of modelling shifts in biotic interactions

relative to abiotic drivers (Kikvidze et al. 2011).
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Dispersal and spatial configuration of habitats

A recent work emphasizes the importance of patch configuration, seed dispersal and site

availability as drivers of alpine plant distribution (Dullinger et al. 2011). An experimental

study manipulated alpine snow bed plants to investigate whether species were limited

primarily by abiotic conditions or by dispersal (Dullinger and Hülber 2011). Successful

establishment of transplanted individuals underpinned the importance of seed dispersal and

patch connectivity as drivers of distribution in a meta-population system of specialized

alpine species (Dullinger and Hülber 2011). Such findings suggest that post-Little Ice Age

re-colonization dynamics may be at the origin of the observed phenomenon of increasing

species richness within the alpine zone and that dispersal rather than abiotic conditions could

be the primary factor limiting species distribution (Kammer et al. 2007). Additionally,

detection of a lag time between climate warming and observed demographic response

suggests that dispersal limitation leads to the accumulation of extinction debt within alpine

plant populations (Dullinger et al. 2012). Incorporating sub-models of seed dispersal into

alpine biodiversity models is thus necessary to simulate alpine plant population dynamics

within areas of suitable habitat (e.g. Engler et al. 2009).

Reconstructing colonization patterns and distinguishing between short-term (adjacent

colonization over the span of a century) vs. long-term (evolutionary scale patterns linked to

long-term climate change and species migration) dispersal constitutes an on-going challenge

in the field of alpine biogeography (Schönswetter et al. 2005; Winkworth et al. 2005; Puscas

et al. 2008). Considering that long-term dispersal begins to play a significant role at broad

spatial and temporal scales, it is probably sufficient to only consider short-term dispersal

mechanisms when forecasting alpine plant distribution at the regional scale within a 100-

year prediction period. Although we have focused on dispersal here, other species traits are

understood to affect the long-term distribution of alpine plants. For example, a recent study

identified that clonal reproduction can allow the persistence of plant populations in alpine

habitats for up to several hundred thousand years (De Witte et al. 2012). Thus, accounting

for reproductive strategies may be an important predictor of long-term plant persistence in

the face of dramatic climate fluctuations.

Spatial–temporal responses of alpine plants to geomorphic disturbance

and land-use change

Alpine environments are subject to a number of disturbance processes that are particular to

this system and which affect vegetation distribution at varying spatial and temporal scales

(Nichols et al. 1998). First, human land-use and associated agro-pastoral practices constitute

an important form of disturbance in many alpine environments, especially in densely

populated mountain ranges such as the European Alps (Gellrich and Zimmermann 2006;

Vittoz et al. 2008). Second, slope and freezing temperatures engender a host of mechanical

disturbance processes in periglacial environments that affect vegetation distribution,

including solifluction, cryoturbation, avalanches and rockslides (Johnson and Billings 1962;

Butler et al. 2007). The goal of this section is to review the findings of studies that have

considered alpine-specific forms of disturbance in a modelling context.
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Alpine land-use

Disturbance processes linked to human land-use and mountain agriculture represent an

important non-elevation specific driver of alpine vegetation distribution. In Europe,

mountain areas have been inhabited and subject to anthropogenic deforestation and agro-

pastoral practices for multiple centuries (Kaplan et al. 2009), and the long-term presence of

traditional mountain agricultural in sub-alpine and alpine valleys has typically led to the

persistence of diverse and stable plant communities (Tappeiner et al. 2008). Since the mid-

twentieth century, land abandonment in mountain areas has become a widespread

phenomenon throughout Europe and much of the world, as large-scale agriculture has

oriented cultivation toward less steep and more productive slopes (Gelrich and Zimmermann

2006). Recent studies in the Pyrenees and Swiss Alps have made direct links between

declining human agricultural activity and rapid forest densification and encroachment into

grassland communities over the past 50 years (Gehrig-Fasel et al. 2007; Améztegui et al.

2010). In densely populated mountain ranges, shifts in land-use have been found to be a

more direct driver of vegetation change than climate change (Gehrig-Fasel et al. 2007).

Despite its unquestioned effect on sub-alpine and alpine plant distribution, surprisingly few

studies have considered land-use scenarios in an alpine vegetation modelling context (but

see Dirnböck et al. 2003; Lischke et al. 2006 for treeline). In the North Eastern Calcareous

Alps of Austria, Dirnböck et al. (2003) obtained approximate dates of abandonment for land

parcels throughout a 150-km2 study area and developed two scenarios based on either the

continuation of current practices or total land abandonment. SDMs applied to 85 plant

species showed that land abandonment, when coupled with climate change, leads to

accelerated habitat reduction for alpine species. Recently, Midgley et al. (2010) introduced a

framework for integrating disturbance processes (e.g. mowing and grazing) with habitat

suitability and dispersal at the level of plant functional groups. By explicitly taking into

account the influence of agro-pastoral practices on vegetation dynamics, plant succession

models that incorporate both grazing intensity and frequency seem to have strong potential

to improve alpine biodiversity models.

Geomorphic disturbance

Patterns of sub-alpine and alpine vegetation distribution are structured by geomorphic

processes. For example, the location of treeline can be limited by underlying lithology,

locally suppressed by avalanche and rock fall couloirs and constrained by mass-wasting

events (Körner 2003; Butler et al. 2007). Opportunist, non-dominant species are able to

persist in sub-alpine and alpine communities by means of disturbance events that remove

competitors and create temporarily favourable conditions (Chesson 2000). For example,

shade-intolerant Larix decidua is able to endure in sub-alpine landscapes dominated by

shade-tolerant Abies alba due to frequent disturbance events in the form of snow avalanches

and landslides that create gaps (Bebi et al. 2009). Geomorphic disturbance thus affects

species distribution by precluding plant growth in certain areas and by enabling resilient

species to persist in disturbed sites that would otherwise be occupied by more competitive

species.

Carlson et al. Page 10

Alp Bot. Author manuscript; available in PMC 2014 April 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



We are aware of a handful of studies that have incorporated geomorphic disturbance

variables directly into SDMs of alpine plant distribution (Brown 1994; Randin et al. 2009a;

le Roux and Luoto 2013). Randin et al. (2009a) developed a disturbance index, ranging from

areas of developed, stable soil with high vegetation cover to areas of bare rock covered by

patchy vegetation and subject to continuous erosion and seasonal cycles of avalanche and

rock fall. On average, the inclusion of a geomorphic disturbance variable only slightly

improved the fit and predictive power of SDMs, although contributions were highly species-

specific. The authors pointed out that use of a semi-quantitative index imposed artificial

boundaries on the landscape and that a continuous geomorphic index based on a VHR DEM

might have had better explanatory power (Randin et al. 2009a). Le Roux and Luoto (2013)

showed that the use of variables representing solifluction, fluvial activity and nivation in

addition to standard climate predictors significantly improved the spatial predictions of

alpine plant distribution and community composition.

VHR DEMs derived from advanced remote-sensing products (e.g. LIDAR) have been used

to improve spatial estimates of geomorphic disturbance in high mountain environments

(Kasai et al. 2009). Avalanche couloirs, proportion of bare ground, scree fields and evidence

of cryoturbation can all be detected using high-resolution satellite imagery (e.g. Walsh et al.

1998), and the integration of this information could be used to develop spatially continuous

indices of geomorphic disturbance. Considering that geomorphic disturbance in high

mountain environments is a by-product of broader topographic factors (Körner et al. 2011)

that are unlikely to fluctuate systematically in response to climate change, the priority

should be on developing models of periglacial disturbance for current mountain landscapes

(e.g. Marmion et al. 2008). In our view, static, spatially continuous estimates of geomorphic

disturbance ought to be sufficient to improve the predictive power of alpine biodiversity

models when integrated with other dynamic drivers.

A proposed integrated framework for modelling alpine plant distribution

We now present a potential methodological framework aimed at developing an integrated

alpine biodiversity model. Our approach is based on three steps: (1) dynamic modelling of

sub-alpine and nival ecotone position as a means of delineating alpine zone boundaries over

time (Fig. 2); (2) modelling of species habitat within the alpine zone, taking into account

micro- and meso-topography, snow cover duration, geomorphic disturbance, climate and the

biotic environment and (3) integrating habitat models with spatially explicit meta-population

models of demography (Fig. 3).

As a first step, we propose combining dynamic models of the sub-alpine (upper limit of

treeline and shrubs) and the nival (lower-limit of glaciers) ecotones to account for shifts in

alpine zone boundaries over time (Fig. 2). The model TreeMig (Lischke et al. 2006)

provides an example of an already existing spatial and temporal gap model that takes into

account climate and land-use change, biotic interactions and dispersal (Rickebusch et al.

2007) and which can be used to reconstruct tree species successions when colonizing below

and migrating at the treeline ecotone. The use of a dynamic dominant vegetation model (e.g.

FATE, Midgley et al. 2010) represents an alternative solution that could be applied to model

both treeline and shrub extension over time. We propose the use of grazing intensity and
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frequency (land-use), climate mean and variability (as outlined by Körner et al. 2011),

substrate, biotic interactions and dispersal as input variables in this initial ecotone model.

Remote-sensing could also be used to validate predictions of treeline and shrub position for

the present (e.g. Coops et al. 2013). In order to model the nival ecotone using state of the art

techniques, collaboration with glaciologists would be necessary. Existing climate-based

algorithms of glacier volume (e.g. Jouvet et al. 2008) based on historical glacier dynamics in

the Swiss Alps (e.g. Kääb et al. 2002) could be applied to novel study areas, where historical

glacier inventories and data availability are becoming sufficient to model future trajectories

of glacier extent (e.g. Gardent et al. 2012). Generating a dynamic clip of an alpine study area

over time would increase the accuracy of predictions and improve the efficiency of model

calculations, given that only areas of potential alpine plant habitat would be taken into

account.

Within established alpine zone boundaries (Fig. 3), we propose developing a dynamic

habitat model that takes into account the most important drivers of alpine plant distribution.

Throughout this phase, remote sensing would play a key role in both data acquisition and

model validation. Input variables would consist of micro- (VHR DEM) and meso-

topography (medium-resolution DEM), land cover, spatially explicit grazing intensity and

frequency data and climate variables representing both mean and extreme tendencies. Multi-

temporal remote-sensing could furthermore be used to calibrate a climate and topography-

based model of snow cover duration (e.g. Dedieu et al. 2012). Geomorphic disturbance and

periglacial landforms could be modelled using remote sensing and topographic data and

incorporated as an explanatory variable in the form of a continuous and spatially explicit

index (e.g. Randin et al. 2009a). Incorporation of alpine-specific abiotic drivers would thus

serve to refine areas of predicted favourable habitat. With predicted seed presence as a

starting point, biotic interactions (including competition for light and soil nutrients and

biotic interactions induced by of plant canopy) could be then simulated at the level of

dominant functional groups using a dynamic plant succession model (e.g. FATE, Midgley et

al. 2010).

The goal of the third step (Fig. 3) would be to model population dynamics within and

adjacent to zones of favourable habitat using established meta-population modelling

methods (Hanski 1999). Dominant functional groups could be split open to simulate

population dynamics at the species level. A spatially explicit version of the incidence

function based on metapopulation theory (Hanski 1999) would form the basis for simulating

species abundance and turnover (Thuiller et al. 2013). Initially this approach would need to

be tested for a small number of species before application at the community level. For a

species within a patch, the input parameters for one or multiple species would consist, in

principle, of the following geo-localized demographic data: probability of presence,

colonization rate, fecundity, dispersal capacity and distance to other patches, extinction rate

and carrying capacity (as determined by environmental conditions) (Thuiller et al. 2013). If

these parameters are unavailable for certain species, a Bayesian framework or Approximate

Bayesian Computing could be used to make robust inferences from available data (e.g.

repeated surveys, May et al. 2013; Pagel and Schurr 2012), but this strategy remains to be

evaluated in our context. This approach would enable simulation of source/sink dynamics

where unviable populations are maintained in non-favourable areas due to the proximity of
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source populations (Pagel and Schurr 2012). The output of a spatially explicit meta-

population model would consist of estimates of alpine plant abundance, ideally at 10 m

resolution or less to capture plant distribution in the form of micro-refugia.

Conclusion

We have assembled the key drivers of alpine plant distribution into a conceptual framework

aimed at developing an integrated model alpine plant distribution (Fig. 1). While the broad

methodology outlined here could take a multitude of forms in an applied context, we

advocate that an integrated model of alpine plant distribution (Figs. 2, 3) should ideally

include (1) dynamic ecotone modelling to account for shifts in alpine zone extent over time;

(2) climate variables reflecting variability and extremes in addition to mean meteorological

conditions; (3) a predictive model of snow cover duration driven by climate variables; (4)

proxies of the biotic environment that account for shifts in species interactions induced by

climate change; (5) realistic and spatially explicit proxies of geomorphic disturbance

mechanisms in periglacial environments and; and (6) process-based modelling of population

dynamics and community structure within shifting zones of favourable habitat. Our review

of the literature indicates that the tools and methods necessary to account for these drivers

already exist independently and that the main challenge now consists of efficiently

combining different drivers affecting alpine plant distribution. Initially, we recommend

approaching sections of Fig. 3 (i.e. snow cover duration, geomorphic disturbance, post-

glacial retreat succession dynamics) and developing heuristic modelling frameworks for

these separate processes before assembling multiple processes into a broader integrated

model.

Improved alpine biodiversity models will allow for more precise forecasting of plant

distributions and vulnerability in response to global changes, which is essential to regional-

scale conservation efforts in mountain areas. Developing a comprehensive integrated model

of alpine plant distribution will require inter-disciplinary collaboration among

biogeographers, biostatisticians, community ecologists, glaciologists and geologists, as well

as the continuation and enhancement of long-term alpine monitoring programmes.
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Fig. 1.
Key drivers and processes affecting alpine plant distribution and their locations in a high mountain landscape
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Fig. 2.
Meso-scale (~50 m) dynamic modelling of alpine zone boundaries. The lower limit is defined by a time series of treeline and

shrub position (sub-alpine ecotone), while the upper limit is defined by a time series of glacier/nival extent (nival ecotone).

Dashed lines indicate input variables and solid lines indicate sub-models
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Fig. 3.
Micro-scale (<10 m) modelling of suitable habitat (1) and spatial–temporal population dynamics (2) within alpine zone

boundaries (Fig. 2). Dashed lines indicate input variables and solid lines indicate sub-models
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