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A B S T R A C T

In the face of climate change, populations have two survival options − they can remain in situ and tolerate the
new climatic conditions (“stay”), or they can move to track their climatic niches (“go”). For sessile and small-
stature organisms like alpine plants, staying requires broad climatic tolerances, realized niche shifts due to
changing biotic interactions, acclimation through plasticity, or rapid genetic adaptation. Going, in contrast,
requires good dispersal and colonization capacities. Neither the magnitude of climate change experienced locally
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 (Körner, 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; Körner, 2003), and flat vs. microtopographically complex

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 Körner, 2010; Scherrer and Körner, 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 (Körner, 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 Körner
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

Box 1
The thermal niche of alpine plants.

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 2m height (Graae et al., 2012; Lenoir et al., 2013; Körner, 2003; Scherrer and Körner, 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. Körner (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. Körner 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 (Körner 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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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 Körner, 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., 1 km2), 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

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-km2

landscape and the impact of climate change on the “stay” or “go” processes.
Our first example landscape, L0, 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 L0 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 L0.

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

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
instance respiration and dormancy break.
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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

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 L0 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-

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.
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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 L0 if distances are so small that in-
dividuals can easily move between patches so that populations are no
longer fragmented. However, in contrast to L0, 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 L0 (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
Peñuelas, 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

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 L0, 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 L0, 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 (L0) 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

Box 2
The meta-community paradigm.

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
recognized:

• 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).

• 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).

• Mass effectsmodels 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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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 L0, 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

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

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.

B.J. Graae et al. Perspectives in Plant Ecology, Evolution and Systematics xxx (xxxx) xxx–xxx

6



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 Stöcklin, 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, L4 and L6. As we move from L0 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

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 (L0) 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 bymore 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,

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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