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Abstract
Arctic-alpine regions are facing notable changes in climatic conditions. The impacts of climate change on the environment and biota have
been tackled in a range of earlier studies, but improved understanding is needed to assess how
these changes cascade into the distributions of
species in space and time, and ultimately, what
they might mean for the Arctic-alpine realm as
we know it. Such information is crucial as these
high-latitude environments are expected to be
among those most susceptible to ongoing global change. This vulnerability highlights the importance of identifying the key drivers of Arctic-alpine plant richness patterns as well as the
landscape features that support the persistence
of species populations and richness.
This thesis will address the aforementioned
k nowledge gaps by 1) examining the determinants and spatial nature of present-day refugia;
2) investigating drivers of plant richness features
and how projected richness hotspots coincide
with conservation areas; 3) forecasting refugia
for species persistence and how they are related to topo-geological features; and 4) predicting
forthcoming changes in species distributions and
sensitivity, and whether these are affected by biogeographic history. To accomplish these objectives, multiple statistical modelling approaches
were combined with extensive data on species
occurrences and ecologically relevant environmental drivers. Models were built for refugia,
individual vascular plant species, and various aspects of species richness. Changes in species responses were projected across different climate

scenarios and landscapes in an environmentally
variable, large geographic area in Fennoscandia.
Results revealed a pronounced climate-dependency of high-latitude species and refugia,
suggesting that climate change will have a substantial impact on the region’s flora. However,
the incorporation of topo-geological drivers consistently and significantly improved models and
forecasts of refugia. Given this, refugia may be
especially important for species persistence under more severe climate scenarios and could be
particularly critical for threatened and range-restricted species. Diversity hotspots exhibited low
congruence due to variance in key drivers: for
example, total species richness prospers in warmer conditions, while hotspots of range-restricted
species occur near the cooler Northern Scandes.
Protected areas in northern Fennoscandia offer
limited coverage – on average, 50% – for these
important culminations of biodiversity.
The sensitivity of high-latitude flora to climate
change depends not only on predicted levels of
warming, but on regional geography and species biogeographic history. As such – and contrary to global estimates – the findings herein do
not predict poleward range center shifts. Northern Arctic species are more likely to experience
southward contractions and become endangered
through range loss. The Northern Scandes are
projected to be particularly susceptible to change.
The forecast southbound and upslope migrations
draw attention to high elevations in the Southern Scandes for the persistence of cold-adapted
flora, though suitable habitat may not persist for
3
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all threatened species.
This thesis demonstrates the potential significance – and some unexpected effects – of
climate change in the Arctic-alpine realm. Findings of substantial, non-poleward range contractions and a decrease in species richness may be
counterbalanced by results highlighting the relevance of refugia in safeguarding Arctic-alpine
vegetation. Importantly, forecasts of species distributions are affected by landscape-scale factors and biogeographical history, opening interesting avenues for future research. In general,
this study demonstrates the critical role of highquality data, sampled at resolutions reflecting significant environmental gradients, for developing
useful models of species distributions and richness patterns. The methods used allowed refugia
and diversity to be successfully modelled. This
provides further insight into current and future
conditions for high-latitude flora, and highlights
the importance of underlying ecological knowledge. From an applied point of view, the results
of this thesis highlight the significance of recognizing topo-geologically defined areas in future
forecasts of diversity patterns. These findings of
the potential locations and environmental parameters of refugia and ecosystem changes can be
used to inform conservation strategies within the
Arctic-alpine realm and beyond.
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1 Introduction
Arctic-alpine regions are highly vulnerable to
climatic modifications such as changes in temperature and precipitation regimes (Grabherr et
al. 1994, Parmesan and Yohe 2003). As these
regions will face uncertain climatic conditions
in the future (Sturm et al. 2001, Hinzman et al.
2005, Post et al. 2009), we need ways to detect how species will respond to these changes
(Thuiller 2004). Furthermore, it is imperative to
identify where in the landscape we might find
valuable features such as refugia or hotspots, and
study what drives these manifestations of species
persistence (Dobrowski 2011, Moritz and Agudo
2013) and high biodiversity (Orme et al. 2005,
Magurran 2013). This thesis will shed light into these questions by focusing on three aspects
of the distribution and diversity of Arctic-alpine
vegetation from a macroecological spatial modelling perspective. Firstly, I explore the potential of these landscapes for species persistence
in refugia (papers I & II). Secondly, I investigate species richness patterns in the form of
diversity hotspots (paper III). Finally, I quantify prospective changes in species distributions
due to climate change impacts (paper IV). The
combined use of spatially explicit climatic, topographic, and geologic data – supported by ecological knowledge (Pickett and Cadenasso 1995,
Willis and Bhagwat 2009, Bellard et al. 2012)
– enables the unravelling of the potential future
of cold-adapted plant species.
This study incorporates extensive regional
information on remotely sensed environmental
attributes at different hierarchical levels and datasets of vascular plant observations with a spatial
modelling approach to investigate plant distribution patterns in an environmentally variable area.
By determining the effects of the environment on
species occurrences along broad gradients span-

ning from forested taiga to treeless tundra, this
thesis will develop understanding of the roles of
climate and topo-geological setting in driving
species’ geographic distributions and, ultimately, of what the future may hold for Arctic-alpine
flora. Spatially quantifying and increasing the
general knowledge of Arctic-alpine plant diversity have exciting potential for applied purposes.
Identifying refugia (Keppel et al. 2012, Reside
et al. 2013), diversity hotspots (Prendergast et al.
1993, Myers et al. 2000), differences between
diversity metrics (Brooks et al. 2006, Cañadas
et al. 2014), or the impacts of species’ responses
to climatic change on future biodiversity (Huntley et al. 2008) can help assess potential threats
to biodiversity. This could be helpful for focusing field surveys, conservation efforts, or adaptation strategies. Comparing the distributions of
hotspots with existing protected areas can help
in determining conservation shortfalls, such as a
lack of protected area coverage for different aspects of diversity (Scott et al. 1993, Flather et al.
1997, Virkkala et al. 2013, Huang et al. 2016).
On the whole, the results of this thesis provide
useful insights for conservation planning aiming
to preserve valuable Arctic-alpine landscapes.

1.1 High-latitude environments and
plant species in a changing climate
Moving northwards from the Equator towards
high-latitude environments such as Fennoscandia
(see Fig 1), temperatures decrease and the snowfree period is significantly shortened, particularly
at the highest elevations (Körner 2016). Arcticalpine plant species are particularly characteristic of these cold, mountainous habitats above or
beyond the tree line (Birks 2008) (Fig 1). Furthermore, the low angle of incoming solar radiation means that topography, along with strong
seasonality, can influence light and temperature
conditions (Wielgolaski and Inouye 2003).
11

High-latitude regions provide an ideal setting for the spatial modelling of species distributions. Being fairly remote, they have endured
relatively little anthropogenic disturbance (Hannah et al. 1994) and are less complex systems
than more southern ecosystems in terms of interacting species (Wisz et al. 2013), vegetation

layers, and trophic levels. This being said, they
nevertheless provide an array of environmental gradients (Billings and Mooney 1968) to be
utilized by various Arctic-alpine plant species
(Bliss 1971). The high-latitude mountain flora of
Europe is a mix of species from the true Arctic
and mid-latitude alpine regions (Fig 1). Plants

Figure 1. Some features of high-latitude areas (such as Fennoscandia, the study area
for this thesis) and their heterogeneous environments (inset photos). These regions ¬and
many of the plant species found there are predicted to be sensitive to climate warming.
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of many growth forms (Fig 1) have adapted to
the prevailing heat- and nutrient-deficient conditions (Bliss 1971, Press et al. 1998, Callaghan
et al. 2004). Furthermore, topographically heterogenous mountainous areas can act as regional hotspots of biodiversity, as multiple different
habitats can be found within relatively short elevational distances (compared to latitudinal gradients; Körner 2004, 2007).
Importantly, high-latitude regions are considered to be extremely vulnerable to global warming (Sala et al. 2000, Parmesan and Yohe 2003,
Nogués-Bravo et al. 2007). Cold-adapted alpine
(Gottfried et al. 2012) and northern (Epstein et
al. 2013) vegetation has already been affected
by physical, hydrological, and biogeochemical changes. The plant species characteristic of
these regions are likely to experience range loss
(Lenoir et al. 2008) and/or range shifts to track
suitable climates (Thuiller et al. 2005, Engler
et al. 2011). Furthermore, species with different
biogeographic histories have overlapping macroclimatic niches but different recolonization histories since the last glacial period (Wasof 2015) and
may be expected to showcase disparate responses
to change (Pellissier et al. 2016). For example,
species of Arctic origin may be less adapted to
warming climate at their southern range margins
than alpine species are at their northern margins.

1.2 Species range change
Environmental changes pose pressure on species
to shift their ranges in order to follow the spatial
changes in their climatic niche (e.g. range; Fig 2)
(Bellard et al. 2012) as well as to alter the timing
of key seasonal phenomena (e.g. phenology; Cleland et al. 2007). Of these, range changes – taking
place along latitudinal, longitudinal, and elevational gradients over time (Lenoir and Svenning
2015) – are more likely for Arctic plant species
(Callaghan et al. 2004). Many studies show that

species are shifting their ranges poleward (e.g.
Parmesan and Yohe 2003, Hickling et al. 2006)
and to higher elevations (e.g. Lenoir et al. 2008,
Chen et al. 2011). However, such assumptions
of one-directional range shifts may not tell the
whole story (VanDerWal et al. 2013).
The role that temperature has on species’
ranges largely determines the volume of range
shift, referred to as their climate change “sensitivity” (Sunday et al. 2015). Species with different biogeographic histories have overlapping
macroclimatic niches but different recolonization
histories since the last glacial (Wasof et al. 2015)
and thus may showcase dissimilar responses to
changing climate (Pellissier et al. 2016). For example, species of Arctic origin may be less adapted to warming at their southern range margin
than alpine species at their northern margin, and
species with narrower climate envelopes may be
more sensitive to changes in climate (Thuiller
et al. 2005).
Recent reviews highlight the importance of
predicting how range changes may proceed under climate change (Urban 2015, Bonebrake et al.
2017), for example, for assessments of extinction
risk (Lenoir and Svenning 2015), climate change
adaptation (Hickler et al. 2012), and conservation measures (Huntley et al. 2008).

1.3 Refugia
Refugia is a concept originally used to refer to
locations where species survived past climatic
fluctuations (Bennett and Provan 2008). Following its conception, numerous studies have sought
to define the concept of refugia based on biological or climatic evidence. The term has increasingly been used to refer to areas that could
limit the adverse impacts of climate change on
biota (Barnosky 2008, Rull 2009, Ashcroft 2010,
Vegas-Vilarrúbia et al. 2012) by providing suitable habitats deviant from the average regional

13

climate where species can persist during unfavourable periods (Dobrowski 2011, Keppel et al.
2012). Taken together, these can be applied to
formulate a holistic point of view where a refugia is an area that buffers species from adverse
climate and allows them to persist (Fig 2; see
Table S1 for a list of refugia definitions).
A number of studies call for increased attention to be paid to the identification of potential refugia (Noss 2001, Ashcroft 2010, Game et
al. 2011, Keppel et al. 2015). Due to the importance of refugia for species survival in the past
(Taberlet 1998, Svenning et al. 2008), their importance for current species distributions (Birks

Figure 2. Diagrammatic representation of some of
the spatial responses of species to climatic change
discussed in this thesis. Such responses include species
persistence in different types of refugia, or different kinds
of range shifts (such as contractions across latitudinal or
elevational gradients), in order to track spatial changes in
their suitable climatic niche. In situ refugia exist within a
species currently suitable niche, whereas ex situ refugia
require range shift. Refugia have also been categorized
according to their size or distribution across landscapes
(see also e.g. Bennett & Provan 2008; Rull 2009).

14

and Willis 2008), and how current distributions
play an imperative role in deriving estimates of
past refugia (Stewart and Lister 2001), presentday refugia can be expected to be important for
species distributions in the future.

1.4 Biodiversity and
diversity hotspots
Biological diversity, or biodiversity, encompasses biotic variation from the gene to the ecosystem level (Noss 1990) and is forecast to be significantly affected by global change (Pereira et
al. 2010). The successful conservation of nature
depends on our understanding of the key drivers
of biodiversity and how well we can predict spatial and temporal patterns (Gould 2000, Smith et
al. 2001, Zellweger et al. 2015). Though all the
complexities of biodiversity can never be fully captured by any single number, some facets
of biodiversity are easier to quantify than others (Purvis and Hector 2000). One such facet is
species diversity (Heywood and Watson 1995),
which is perhaps easiest to understand as the total
number of species living in a specific a region
i.e. species richness (Magurran 2013).
Species richness has a central, traditional role
in conservation (Myers et al. 2000, Stein et al.
2000) and threat detection (Cañadas et al. 2014).
Identifying the most species rich areas – diversity
hotspots – can be useful in recognizing priority
sites for conservation (Prendergast et al. 1993,
Myers et al. 2000). Diversity hotspots are commonly quantified as the richest 5% of cells as
measured by, for example, the total number of
species at a particular site or how many rare or
threatened species occur there (Prendergast et al.
1993, Williams et al. 1996, Reid 1998, Armsworth et al. 2004, Ceballos and Ehrlich 2006).
The degree to which different diversity hotspots
overlap (which could ease conservation efforts)
remains contradictory (Bonn et al. 2002, Orme

et al. 2005), and little is known of their drivers
alpine species are at their northern margins.

1.5 Modelling plant
species distributions
Forecasting the responses of species and biodivesity to climate change is important for informing researchers, conservationists, and policymakers of potential future impacts (Elith and
Leathwick 2009, Pereira et al. 2010, Parmesan
et al. 2011). Quantitative and spatially explicit
estimates of these responses and consequential
impacts on future biodiversity can be projected
using species distribution modelling (SDM) that
relate species distribution data to current and/or
future climate (Guisan and Zimmermann 2000).
SDMs assume that the best indicator of a species’ environmental requirements is its current
distribution (Pearson and Dawson 2003) and extrapolate conditions in the suitable environmental space onto geographical space (for example,
a grid of cells covering a region of interest) to
represent potential suitable habitats or distribution (Araújo and Guisan 2006). The realism of
SDMs thus depends on the careful selection of
the data in addition to careful consideration of
appropriate modelling methods and parameters
(Elith and Leathwick 2009, Franklin 2010).
Models of the distributional changes of species – or the areas deemed as environmentally suitable for them -– provide spatially explicit
functions of projected change which can be used
to assess the impacts of climate change on biota
(Guisan and Thuiller 2005, Botkin et al. 2007).
In general, previous efforts to model species’ climate change vulnerability in Europe have mainly
been conducted at broad spatial resolutions (50
– 75 km) and based largely on coarser scale climatic data (e.g. Bakkenes et al. 2002; Pearson &
Dawson 2003; Engler et al. 2011) (but see e.g.
Randin et al. 2009); or have been carried out at

smaller observational scales (e.g. Klanderud and
Birks 2003). Regarding range contraction into
refugia, SDM studies have mainly approached
this topic from the viewpoint of a single species
(Hugall et al. 2002, Austin and Van Niel 2011a)
and/or past distributions (Fløjgaard et al. 2009),
or at coarser spatial scales (Hodd et al. 2014).
It is increasingly recognized that SDMs
benefit from non-climatic variables capable of
describing more local environmental conditions (Franklin 1995, Beauregard and de Blois
2014). Alongside climate, landscape features
– such as those relating to topography and geology – can also strongly influence the growing conditions experienced by plants (Ackerly
et al. 2010) through numerous geomorphological (Wondzell et al. 1996, Scherrer and Körner
2011), hydrological (Austin and Van Niel 2011b,
Moeslund et al. 2013), biological (Moore et al.
1991, Guisan et al. 1998), and geological processes (Anderson and Ferree 2010). Topographical (Luoto and Heikkinen 2008) and geological
parameters (Dubuis et al. 2013) improve model
predictive ability as they aid in capturing the
buffering effect of environmental heterogeneity
against climate change (Randin et al. 2009, Austin and Van Niel 2011a). Environmentally heterogeneous cells may remain relatively unchanged
and support species persistence by providing a
wide range of habitats within the same cell (Jackson and Overpeck 2000). Thus, models that ignore landscape-scale processes may provide inaccurate forecasts of extinction risk and refugia.

1.6 Aims of the study
Understanding what drives species patterns
and their responses to climate change would
enable a more comprehensive view of how
biodiversity manifests across changing highlatitude landscapes (Thuiller 2004). This
thesis combines fine-grain occurrence and
15

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A61

environmental data on a sub-continental scale
to assess patterns of Arctic-alpine flora in highlatitude regions. Despite the importance and
vulnerability of these regions (Parmesan and
Yohe 2003) few studies have focused on their
climate change sensitivity (see Urban [2015] for
a review). This work provides new knowledge
– from detailed forecasts of local persistence to
range changes – to help further project potential
future changes in these systems (VanDerWal et
al. 2013). Multiple statistical modelling methods
were combined with species occurrence and
environmental data from Fennoscandia (Finland,
Sweden, and Norway) and from a subset study
region in northern Fennoscandia. The aims are
outlined as follows:
Aim I: Develop models for current refugia and
refugial species richness and examine the importance of topo-geological factors in their identification (paper I).
Aim II: Define the drivers and distributions of
sites with resilient climatic suitability harbouring future refugia (paper II).
Aim III: Investigate patterns of high-latitude
plant diversity, the congruence of their hotspots,
and the spatial overlap of hotspots with protected
areas (paper III).
Aim IV: Determine potential patterns of species range changes and how species vulnerability manifests in terms of range contraction under
climate change, and whether the biogeographic
history of species influences their responses to
climate change (paper IV)

16

2 Materials and Methods
2.1 Study areas
Two overlapping study areas were used in this
thesis (Fig 3). The broader study region (paper
IV) encompasses Fennoscandia in Northern Europe (55 – 72°N) and the smaller subset study
area (papers I-III) is located in northern Finland
and Norway (67°N – 69°N). This latitudinal gradient, from the northern limits of the temperate
biome (Southern Sweden) to the tundra and the
southern limits of the Arctic biome (subset study
region in Lapland), encompasses a large range of
climatic conditions from -9.2 °C to 9.3 °C in annual mean temperatures and an eight-fold spatial
variance in annual precipitation (366 mm to 3
058 mm). The climate is influenced by the Eurasian continent, the Polar Front, the warm North
Atlantic current, and westerly winds that transfer heat from the south. Along with noticeable
climatic gradients, the area is characterized by
strong topographic and geologic gradients (Oksanen and Virtanen 1995).
The Scandes run along the western side of
the Scandinavian Peninsula. This region – intensely shaped by glacial and fluvial processes –
hosts some of the most rugged terrain in Europe.
The Scandes also have a significant effect on
the growing conditions of the region (Tikkanen
2005, Aalto et al. 2014) as, for example, the western and eastern regions experience extreme differences in rainfall (Tikkanen 2005). Elevation
ranges from sea-level coastlines to the highest
peaks of the Scandes Mountains. Besides broad
elevational gradients, the study region is characterised by significant topographical variation
between different landscapes, ranging from flatlands (Southern Finland) to steep terrain (Scandes Mountains) (Fig 3) associated with a wide
range of microclimatic conditions.

Figure 3. The study region of Fennoscandia including Norway, Sweden, and Finland (paper IV) with
the subset study region in northern Finland outlined in white (papers I-III). The framing photos (taken
before, during, and after the growing season between May and September in the years 2013 – 2016)
show a wide range of environmental gradients and growing conditions present throughout the region..

Most of the high-latitude mountain flora of
Europe reach their distributional limits in the
northern parts of Fennoscandia (see e.g. Corner 2005). The subset study area encompasses
a boundary area between northern boreal and
Arctic-alpine habitats. Here, the vegetation varies from spruce (Picea abies) and Scots pine
(Pinus sylvestris) forests in the South to mountain birch (Betula pubescens subsp. czerepanovii) and shrub-dominated tundra-like vegetation
above the tree-line in the North (Sormunen et
al. 2011, le Roux et al. 2012). The mainly continuous ice sheet cover during the last glacial
(Svendsen et al. 2004) and East¬–West orientation of other European mountain ranges limited
the postglacial recolonization of Fennoscandia
(Wasof et al. 2015). Long-distance recolonization by repeated founder events from both southern and eastern refugia (Eidesen et al. 2013) may
have reduced population adaptability and genet-

ic variation, shrinking the fundamental climatic
niche towards cooler growing conditions (Giesecke 2005).

2.2 Species occurrence
and environmental data
In short, in papers I-III, an extensive environmental data set of climatic, topographic, and geologic variables was resampled to a 1 km resolution grid matching the species data and covering
the subset study region (n = 25 766) to model
specific response variables (Table 1). For paper IV, a similar protocol was followed but for
the larger, sub-continental study region (n = 195
211 grid cells).
The response variables are based on two
1 km × 1 km vascular plant species distribution data sets (Table 2; Fig 3). Different subsets of a plant species data set in North Western
Finland served as the basis for papers I to III
17
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Table 1. The concepts or metrics of interest based on the vascular plant species distribution data used in this thesis
(see Table 2). The variables listed here for papers I and III were modelled explicitly. *In papers II and IV, species
occurrences were used as the response variable; future refugia and species range changes were derived from
predictions of current (1981 – 2010) and future distributions (2070 – 2099; Representative Concentration Pathways
2.6 (paper IV), 4.5, and 8.5 (papers II & IV).
Metrics

Abbreviation and/or
calculation

Details and descriptions

Current
refugia

Sites with ≥5 refugial
species

Enables determination of current refugial
environmental conditions

I

Novel
approach

Number
of
refugial
species in current refugia

Sites rich in refugial species potentially
more valuable for conservation

I

Novel
approach

Future
refugia*

Sites where current and
future distributions of ≥5
species overlap

In situ refugia, robust as reaching them
requires only local or no range-shifts

II

Austin, &
Van Niel
2011a;
Reside et al.
2014

Total species
richness

TSR = number of vascular
plant species within a grid
cell

Diversity metric. TSR is the number of
vascular plant species within a grid cell; a
direct proxy for local diversity

III

Whittaker
1972

Threatened/
nearthreatened
species
richness

THR = number of
threatened or nearthreatened vascular plant
species within a grid cell

Diversity metric. Combines threat risk of
Red Listed species

III

Gjerde et al.
2004

Refugial
species
richness

Paper

References

Local
contribution
to β-diversity

LCBD =

𝑆𝑆𝑆𝑆𝑖𝑖
𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

Diversity metric. SSi is the sum of squares of
the ith sampling unit, SStotal is the sum of
squares of the species data. Gives the
relative contribution of a site to β-diversity

III

Legendre et
al. 2013

Relative
range-rarity
richness

RRR =

∑𝑛𝑛𝑖𝑖=1 𝑊𝑊𝑊𝑊
𝑇𝑇𝑇𝑇𝑇𝑇

Diversity metric, where n is the number of
species in a grid cell, Wi is the weighting of
species i, here the inverse of its range, TSR
as below. RRR combines richness with
range size, accounts for total species
richness

III

Williams et
al. 1996

Change
between
predicted current and
future distribution

Enables determination of potential changes
in species ranges and richness. Proportion
of range contraction can be used to assess
climate change sensitivity

IV

Thuiller et al.
2005

Species range
change*

(593 species in 2 081 1 km × 1 km grid cells).
These species data were collected for each cell
by professional botanists and complemented using species records from scientific literature and
herbaria. The floristic material is maintained in
the Kastikka-database, property of the Botanical
Museum (University of Helsinki, Finnish Museum of Natural History). The sampling covered
all important biomes present in the study region
(ranging from taiga to treeless tundra). The northern parts of the study region were subjected to
a higher sampling intensity. This was accounted
18

for in paper III by spatially thinning the occurrence data (Aiello‐Lammens et al. 2015). However, it is important to acknowledge that this did
not significantly alter model results.
In paper IV, the species occurrence data
(195 211 occurrences) were collected and combined from the national species data banks of
Finland, Sweden and Norway (http://www.laji.
fi/en/; https://www.artportalen.se/; http://www.
artsdatabanken.no/, respectively), the Global
Biodiversity Information Facility (GBIF; http://
www.gbif.org/), and observational data collected

Table 2. Descriptions of the plant occurrence datasets used. Papers I-III are all based on different subsets of a dataset
covering the smaller study area (67°N – 69°N) in northern Fennoscandia. Paper IV is based on a larger dataset for
the broader study region encompassing Fennoscandia (55 – 72°N). All the plant species data were modelled at a
spatial resolution of 1 km × 1 km.
Paper

Number of cells

Number of
species

Details and descriptions

I

2 081

73

Refugial species = vascular plant species with ≥66% of their
regional distribution occurring in the Scandes

II

1 341 (non-analogue
regions excluded)

111

Arctic-alpine vascular plant species, occurrence in
minimum of eight cells

III

812 (thinned data due to
sampling bias)

593

All vascular plant species found in the study region

IV

31 659

165

High-latitude montane vascular plant species, occurrence
in minimum of eight cells

in the field (see Data Accessibility in paper IV for
further information). The online search, undertaken in November-December 2016, was filtered
to include georeferenced occurrences since 1990
with a location accuracy of 100 meters. Analyses were conducted for 165 Arctic-alpine plant
species (defined according to expert opinion and
their biogeographic distribution from observation maps [Hultén and Fries 1986]) with a minimum occurrence of eight cells within the study
area for which projections could be made (Fig
3). To account for differences related to biogeographical history, four different categories were
distinguished in paper IV: Arctic (n = 66), alpine
(n = 10), Arctic-alpine (n = 81), and endemic (n
= 8) species, based on current distributions and
expert opinion.
The environmental predictors (see descriptions in Table 3) represent important ecophysiological conditions relating to temperature, water,
light, and nutrients that are generally considered
to be important for high-latitude vascular plant
species (Guisan and Zimmermann 2000, Austin
and Van Niel 2011b, Mod et al. 2016).
In papers I to III, climate data from the
normal period of 1981 – 2010 were acquired
from the national observation networks of Finland (Finnish Meteorological Institute), Norway
(Norwegian Meteorological Institute), and Sweden (Swedish Meteorological and Hydrological
Institute). For paper IV, climate data (1981 –

2010) was acquired from a high resolution 1 km
× 1 km data set from the European Climate Assessment & Dataset (ECA&D; Klok and Klein
Tank, 2009). Monthly mean temperature and
precipitation values were modelled across both
study domains using generalized additive models
incorporating geographical position, topography,
and water cover, and were spatially averaged to
a 1 km × 1 km resolution grid following Aalto
et al. (2017).
Growing season and overwintering temperatures were accounted for using growing degree
days (GDD); freezing degree days (FDD); and
temperature of coldest quarter (TCQ). Moisture
conditions were described using water balance
(WAB). Extreme climatic events, including increased frequency of days with temperature extremes are predicted to increase around the globe
(Meehl and Tebaldi 2004). Such effects are projected to be particularly strong at high latitudes
(Przybylak 2002, Marchand et al. 2006). To acknowledge such events two variables of extreme
temperatures, the lowest absolute minimum and
maximum temperatures, were included in paper I.
Refugia (paper II) and species distributions
(paper IV) were projected into scenarios of future
climates with different emission, greenhouse gas
(GHG) concentration, and land-use trajectories
(Van Vuuren et al. 2011) referred to as Representative Concentration Pathways (RCPs; Moss et
19
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Table 3. The environmental variables used in this thesis. Climate variables refer to the mean for the period 1981 –
2010. All predictors were resampled to a 1 km × 1 km grid matching the species data.

Geology

Connectivity

Climate

Variable group and
abbreviation

Variable calculation

Description

FDD

Freezing degree days (°C) = annual
accumulated daily temperature sum
<0°C

Overwintering conditions

I-III

GDD

Growing degree days (°C) = annual
accumulated daily temperature sum,
>3°C (papers I-III), >5°C (IV)

Growing conditions

I-IV

TCQ

Temperature of coldest quarter (°C) =
Mean temperature Dec-Feb

Overwintering conditions

IV

Tmax

Lowest absolute maximum temperatures
(°C)

Coolest
within-cell
temperatures

summer

I

Tmin

Lowest absolute minimum temperatures
(°C)

Lowest within-cell winter temperatures

I

WAB

Water balance (mm) = difference
between annual precipitation sum and
potential evaporation

Available moisture conditions

Arctic-alpine
habitat

Arctic-alpine habitat = heathland, sparse
vegetation, bare rock

A combination of three Corine land
cover classes for scrubs and open areas
with little/no vegetation (%)

I

Conn.

Current connectivity of cell i to Arcticalpine habitat j

α = scaling constant; djj = distance i to j;
Aj = size of j within radius. α = 1. Exp =
more weight to j if closer to i

I

Historical connectivity (km) = distance to
Andøya, Norway

Focal area for glacial survival of plants

I

Bedrock class

Categorical parameter of bedrock type

Substrate calcareousness

IV

Calcareousness

Cover of calcareous substrates (%)

Soil pH; proportion of nutrient-rich
bedrock

I-IV

Rock cover

Cover of cliffs, rocky outcrops, and scree
(%)

Significance in predicting species
distributions in harsh environments

I & III

Soil (diversity)

Number of substrate types

Variability of growing substrate: rock,
sand, peat, till

I

Soil (evenness)

Evenness of substrate type (Simpson’s E)
𝐷𝐷
= (𝐸𝐸 = )

D = one divided by proportion of
substrates relative to number of
substrates; S = number of substrates

III

Potential annual direct radiation.
Calculated in ArcView 3.2 Solar analyst
extension

Surface
temperature;
latitude,
elevation,
slope
angle,
aspect,
topographical shadows, solar angle

I-II

Slope

Mean/range of slope angle within cell

Slope
processes/
heterogeneity

I/ III

Topographic
heterogeneity

Maximum elevational difference within a
given grid cell

Slope range; widely used proxy for
microclimatic and habitat variation

IV

TWI

Topographic wetness index

Availability of soil moisture from
upslope contributing areas

I-III

𝑆𝑆

al. 2010). These climate projections were based
on an ensemble of 23 global climate models extracted from the Coupled Model Intercomparison
Project phase 5 (CMIP5) archive (Taylor et al.
2012). Here, I explored the implications of RCP
20

I-III

History

Radiation

Topography

= 𝛴𝛴 𝑒𝑒𝑥𝑥𝑝𝑝 −𝛼𝛼𝑑𝑑𝑖𝑖𝑗𝑗 𝐴𝐴𝑗𝑗 𝑗𝑗 ≠ 𝑖𝑖 (1)

Paper

topographic

2.6 (paper IV), 4.5, and 8.5 (papers II & IV; the
number refers to radiative forcing in watts/m²
by the year 2100). The data were processed to
represent the change in mean temperature and
precipitation (between 1981 – 2010 and 2070 –

2099) and the climate predictors (Table 3) were
recalculated for each scenario. RCP 2.6 assumes
drastic policy intervention and the lowest radiative forcing level of all the scenarios. RCP 4.5
is an intermediate mitigation scenario. RCP 8.5
represents the highest GHG emission profile with
no stabilization (Riahi et al. 2011, Van Vuuren
et al. 2011). A mitigation agreement has been
adopted by many countries and the European
Union to limit global warming to 2°C (relative
to pre-industrial levels; Meinshausen et al. 2009),
which is likely only in RCP 2.6 (Pachauri et al.
2014). A probabilistic analysis of future climate
change by Raftery et al. (2017) suggests that
out of these scenarios only RCP 4.5 is within
the 90% credibility interval.
The topographic variables used in papers
I-III were based on an Aster digital elevation
model (DEM: NASA Land Processes Distributed Active Archive Center (2013); spatial resolution 30 m × 30 m). Slope processes and topographical variability were accounted for with
slope mean and range; surface temperature conditions were represented by incoming potential
solar radiation (McCune and Keon 2002); and,
topographic wetness index (TWI) was used as
a surrogate for soil moisture (Beven and Kirkby
1979). These variables are commonly used proxies for the microclimatic (Guisan and Zimmermann 2000, Dobrowski 2011), soil hydrological
(Penna et al. 2009), and geomorphological processes (Randin et al. 2009) influencing high-latitude vegetation (le Roux et al. 2013a, le Roux
et al. 2013b). Paper IV included a topographic
predictor of topographical heterogeneity (Luoto and Heikkinen 2008) which was calculated
for each 1 km² grid cell using ArcGIS software
(zonal statistics –function) from a DEM (combined from national DEMs provided by the land
surveys of Finland, Sweden, and Norway) as the
difference between the highest and lowest elevation in a given cell.

Variations of three substrate variables were
used in papers I to III: calcareousness, representing the proportion of nutrient-rich bedrock
and thus soil pH (Dubuis et al. 2013); substrate
evenness to represent growing substrate heterogeneity; soil diversity; and cover of rocky substrate which may be critical for modelling species in severe environments (Guisan et al. 1998).
The substrate variables were reclassified from a
digital database (Geological Survey of Finland
2010) and transformed following Aalto and Luoto (2014). Paper IV included one geology variable of bedrock class, representing the calcareousness of geological substrates in a given 1 km²
grid cell that was reclassified from a collated 1:1
million geological dataset of the Fennoscandian
shield (obtained from the Geological Surveys of
Finland, Sweden, and Norway).
Furthermore, the importance of two different connectivity measures was tested in paper I:
historical connectivity (distance to glacial refugia on Andøya in north-western Norway [Alm
and Birks 1991, Parducci et al. 2012, Vorren et
al. 2013]), and current connectivity to grid cells
with Arctic-alpine habitat. The calculations and
sources for the variables are described in more
detail in Table 3 and in papers I-IV.

2.3 Species distribution modelling
The spatial modelling of species’ distributions
is an important topic in contemporary environmental and climate change impact studies
(Pearson and Dawson 2003, Franklin 2010).
The methodology implemented in this thesis is
based on a correlative spatial modelling framework (Guisan and Zimmermann 2000, Elith and
Leathwick 2009, Franklin 2010) which provides
possibilities for the statistical characterization of
complex species responses to different processes
along environmental gradients (Barry and Elith
2006). The geographical distribution of the re21
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sponse variables (Table 1) were linked to multiple explanatory variables (Table 3) within an
SDM framework (Fig 4). The results from the
SDMs were used to explain current refugia and
refugial species richness (paper I) and diversity patterns (paper III), and employed to derive
information on the potential for refugial persistence (paper II), locations of diversity hotspots
(paper III), and measures of species distribution

changes (paper IV; Fig 4).
Boosted regression trees (BRT) were applied
to model environmental drivers and distributions
of refugia (paper I) and diversity metrics (paper
III). BRT modelling combines the strengths of
boosting and multiple regression trees (Elith et
al. 2008) and comparative analyses have rated
their performance highly (Anderson et al. 2006,
Heikkinen et al. 2012). BRT models can fit com-

Figure 4. An overview of the modelling framework. The ecological model is based on the theory used to build a
conceptual model linking the controlling factors to spatiotemporal species distributions. The data model includes
the location data and the environmental variables determining distribution or suitable habitat. The statistical model
includes the modelling framework to create the predicted occurrence maps and derivations thereof. Modified from
Fig 10.1 in Franklin (2010).
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plex nonlinear relationships, do not require prior
data transformation or outlier elimination, and
consider interactions between predictors. They
have a high predictive performance and can be
summarized to provide deep ecological insight
(Elith et al. 2008).
In papers II and IV, observed species distributions were related to the environmental predictors using multiple statistical modelling techniques implemented in the BIOMOD2 platform
(Thuiller et al. 2013). These included generalized
linear modelling (GLM; McCullagh and Nelder
1989), generalized additive modelling (GAM;
Hastie and Tibshirani 1990), multivariate adaptive regression splines (MARS; Friedman 1991),
boosted regression trees (BRT; Elith et al. 2008),
random forest (RF; Breiman 2001), classification tree analysis (CTA; Breiman et al. 1984),
and maximum entropy (MAXENT; Phillips et
al. 2004). For the larger study area in paper IV,
the species presence data were combined with
pseudo-absence data to increase model predictive ability (Barbet‐Massin et al. 2012). The modelling techniques are described in more detail in
papers I-IV.
In the first phase of the modelling process,
models are calibrated using the available 1 km × 1
km species data (papers II & IV; Table 1) or the
data of the chosen response variable information
(refugial parameters in paper I; diversity metrics
in paper III; Table 2). In papers I and II, climateonly SDM are compared with more complicated SDM to investigate whether the inclusion of
landscape-scale variables improves refugia prediction. In paper I, a baseline climate-only model
was built, model complexity was increased with
additions of topographic, geologic, or connectivity variables, and the final climate-plus-landscape
model incorporated all variable groups simultaneously. Two additional models were used to further explore the application potential of SDM for
refugia detection: the most-influential-variables

model, and the uncorrelated-variables model. A
similar but simplified comparison was undertaken in paper II between a climate-only and
a climate-plus-landscape model. All models in
papers III and IV were climate-plus-landscape
models (see Table 1 and 3 for a comprehensive
view of the variables used). Additionally, two
statistical techniques were used to calculate the
relative importance of environmental variables:
1) variable influence in BRTs (papers I & III),
a combination of the frequency the variable was
selected as a model predictor and the improvement resulting from the inclusion of the variable
(Elith et al. 2008); and 2) variable importance
from multiple models (paper II) by randomizing
each variable individually and then projecting the
model with the randomized variable while keeping the other variables unchanged, thus identifying the relative importance of individual predictors (Thuiller et al. 2013).
In papers II and IV, species-specific presence/absence predictions for each raster cell
were also projected into future climate scenarios. Models were calibrated with current climatic data and projected with global CMIP5 data
(averages from a 23 model ensemble; see Materials section for the climate change scenarios).
Probabilities of occurrence were transformed into binary presence/absence predictions using a
TSS cutoff that maximizes model accuracy. The
consensus approach was used to construct an ensemble of forecasts combining the binary predictions from all models to create the final maps of
predicted species distributions. This accounts for
uncertainty related to different modelling techniques (Araújo and New 2007) and underlying
assumptions (Guisan and Zimmermann 2000)
and is particularly useful when predictions are
made into future climate scenarios (Thuiller et
al. 2008, Franklin 2010). A majority’s vote of a
minimum of three out of five (paper II) or six
(paper IV) modelling techniques was used to de23
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note a presence value for a given species inside
a given 1 km × 1 km grid cell.
Multiple determinations of model accuracy are necessary to validate result interpretation
(Fielding and Bell 1997). Model fit, or explanatory power, expresses how well a model can predict data points already used to estimate its parameters. Model prediction accuracy – or transferability i.e. how well a model can predict to
“unknown” data points – must also be assessed
for predictive purposes.
Model transferability was assessed using
four-fold cross-validation (CV) throughout the
thesis, which combines measures of fit to derive
a more robust estimate of the predictive accuracy
of the model. Models were cross-validated based
on multiple separate runs which account for sampling variability and yields the distribution – rather than a single value – of a given evaluation
metric (see below for metrics). In each CV run,
a different random data sample is selected while
verifying model accuracy against the remainder
(e.g. 70/30%). The accuracy of predicted binary
occurrences (papers I, II & IV) were evaluated
with commonly used metrics such as the area
under the curve of a receiver operating characteristic (AUC) plot (Fielding and Bell 1997), true
skill statistics (TSS; Allouche et al. 2006), and
Cohen’s kappa (Cohen 1960) based on the evaluation runs. These metrics were calculated based
on the portion of the data that was set aside in
the withheld portion. Pairwise diversity hotspot
congruence (paper III) was also measured with
TSS and Cohen’s kappa. The accuracy of the
predicted occurrences of the continuous response
variables (papers I & III) were examined with
the same CV procedure, but by comparing the
observed and predicted values of the evaluation
data with a Spearman’s rank correlation analysis (refugial species richness in paper I) and R2
analysis (diversity metrics in paper III).
In papers I and II, a non-parametric Wilcox24

on’s test was employed to examine whether explanatory power and predictive accuracy differed
significantly between the climate-only and climate-plus-landscape models. Furthermore, spatial autocorrelation (SAC) of the species richness
data was tested for by calculating Moran’s I with
no signiﬁcant (p < 0.01) SAC found within raw
data or model residuals (paper I). All statistical
analyses in the thesis were executed in the statistical software R (R Foundation for Statistical
Computing, Vienna, AT).
The second major phase in the modelling,
model application, enables prediction for the
whole area of interest based on all training data. In papers I to III, I produced predictive maps
for refugia and the four diversity metrics by fitting the models to cover all 1 km × 1 km grid
cells in the study region (number of cells = 25
766). In paper IV, predictive maps were made
to cover the larger

2.4 Defining refugia
There are a multitude of refugia definitions (Table S1). Technically, each of them can be combined to formulate a holistic description of a refugia as a site exhibiting environmental characteristics that buffer species from adverse climates
thus facilitating their persistence. Here, I explore
a novel method for locating and describing current refugia with a combination of a biotic (refugia based on the current distributions of multiple plant species) and climatic view (species
survival potential in regionally adverse climates),
previously used separately to identify past refugia (Svenning et al. 2008, Hampe et al. 2013, respectively). The agglomerations of cold-adapted
plant species occurrence (see Table 1) in the study
area outside of the Scandes were delineated as
proxies for current refugia (see paper I). Refugia are often species specific (Bennett and Provan 2008, Stewart et al. 2010b), but the favour-

able environmental conditions supporting refugia may overlap for several species (Keppel et al.
2012). Here, I employed a prerequisite for a refugia that it should provide suitable conditions for
the occurrence of multiple (≥5) refugial species.
This summing-by-the-species determination of
a given cell as a refugia improves confidence in
refugia detection, as well as in determining the
most influential environmental drivers. Current
refugia were thus defined a priori to modelling
as isolated satellite sites (here, occurrence outside the Scandes) of multiple Arctic-alpine plant
species. SDMs were applied to two refugia derivatives: current refugia distribution, and current
refugial species richness (paper I).
The quantification of current refugia in paper I relied on the identification method used
and did not take refugia temporality or the effects of climate change into account. This was
done in paper II, in which the species were modelled separately to predict species-specific suitable habitat for both present-day conditions and
future climate. Future in situ refugia (see Fig
2) were thus defined based on the outputs from
the SDMs as sites where suitable habitat conditions prevail both currently and in the future
(Thomas et al. 2004, Pearson 2006, Temunović
et al. 2013) for at least five species. Estimates
of such in situ persistence are robust as they require only local or no range-shifts (Shoo et al.
2013, Reside et al. 2014).

2.5 Defining biodiversity
and diversity hotspots
Similarly to the multitude of ways to define refugia, biodiversity can be defined in a number of
ways (Heywood and Watson 1995). Here, biodiversity was defined through species diversity. In
paper III the focus was on the number of species within a site, i.e. species richness. Species
richness can also be tackled through numerous

metrics. Four richness metrics were calculated
from species occurrence data (Table 2) to capture
different aspects of contemporary biodiversity,
namely total species richness (TSR), threatened/
near-threatened species richness (THR), relative
range-rarity richness (RRR), and local contribution to β-diversity (LCBD). The metric equations
and corresponding details are listed in Table 1.
Predictions of the four diversity metrics
across the study landscape were subsequently
used to define the richest 5% of cells of each
prediction raster as diversity hotspots (see e.g.
Prendergast et al. 1993, Reid 1998, Myers et al.
2000), and their spatial congruence was measured. Furthermore, potential overlap between
predicted hotspots and currently protected area
(PA; from the World Database on Protected Areas [Chape et al. 2005, UNEP-WCMC 2016])
was also studied to evaluate PA effectiveness in
protecting the vascular plant diversity within the
study region (Virkkala et al. 2013, Hodd et al.
2014, Huang et al. 2016).

2.6 Defining the Arctic-alpine
realm and metrics of change
Paper IV investigated the changes in the Arcticalpine realm under climate change as predicted
by current and future projections of high-latitude
montane plant species distributions. Firstly, the
Arctic-alpine realm was defined as the region
of Fennoscandia predicted to be currently (1981
– 2010) occupied by at least ten high-latitude
montane plant species per 1 km × 1 km grid
cell. Changes in the species richness of the Arctic-alpine realm were calculated between predictions of current species richness and predictions
in three climate scenarios (2070 – 2099). The
climate change responses and sensitivity of individual species were quantified through predicted
changes in currently suitable habitat according to
the different climate scenarios. Range contrac25

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A61

tion predictions were used to quantify the species
expected to become threatened by the year 2100.
The mean distance and direction of potential range changes (altitudinal and elevational
differences between predicted current and future ranges) were estimated for individual species and species distribution types (see section
2.2). Altitudinal shifts were quantified using the
centroid of a species’ current range calculated
as the center of gravity (COG) of each prediction raster (VanDerWal et al. 2014). The effect
of biogeographic history on range changes was
studied by associating the biogeographic history
category of each species with its predicted range
change using non-parametric ANOVA (Kruskal–
Wallis test).
Vulnerability was quantified as the change in
predicted range size between current and future
projections (Bakkenes et al. 2002) for individual species. A simplistic Red Listing approach
was used (sensu Thuiller et al. 2005), based on
the amount of decline in range (number of cells)
by 2100 according to the IUCN Red List criterion A3(c) (Categories 2001). Species were assigned to one of four threat categories depending on projected range loss: critically endangered
(CR) after ≥80% range loss; endangered (EN)
after ≥50% range loss; and vulnerable (VU) after ≥30% range loss. Regional extinction (EX)
was expected for species predicted to lose 100%
of suitable habitat within the study area. Though
threat status is also driven by parameters other
than climate change, this method can provide insights on species vulnerability which is likely to
increase due to any reduction in range (Thomas
et al. 2004).
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3 Results
3.1 Drivers and distributions
of refugia
Papers I and II successfully identified Arctic-alpine refugia and showed that the landscape-scale
parameters are among the key drivers for the spatial patterns of refugia. Paper I identified 109 1
km × 1 km refugia mainly with a proximal distribution in respect to the continuous Arctic-alpine
region, with a few outliers situated diffusely in
the South. Thus, overall, the geographic distribution of refugia showed a gradual decrease with
distance to the Arctic-alpine species’ core area.
All refugia distribution models performed well
(mean AUC > 0.85), but statistically significant
differences were evident in that topography and
connectivity improved on climate-only models.
Refugia are found in sites which are neither too
hot in summer nor too cold during winter. Areas
of high WAB promote the occurrence of multiple refugial species.
Additions of topography – slope in particular
– and connectivity significantly improved model
predictive performance for the current refugia.
They are more likely to occur in steeper terrain
with a high connectivity to other Arctic-alpine
habitat. Though not important for current refugia (paper I), geological parameters mattered
for future refugia (paper II): the use of topogeological predictors significantly (p<0.001) improved model accuracy for future predictions,
with the mean AUC value improving from 0.77
(climate-only) to 0.86 (climate-plus-landscape)
based on the CV runs. Furthermore, the climateplus-landscape models predicted fewer species
range reductions and higher species persistence.
In RCP 4.5, the spatial congruence of refugia
from both the climate-only and climate-pluslandscape models was 79%. Most (>95%) of the

climate-plus-landscape refugia in RCP 4.5 supported higher species persistence than climateonly predictions. Considerably less refugia were
predicted into the more extreme RCP 8.5.
The potential locations for future refugia
were found mainly around cool and calcareous mountainous regions. However, inclusions
of topo-geological variables suggest that refugia may also persist in cells with a higher GDD
than what was indicated by climate-only models.
GDD and calcareousness were the most influential variables for most of the species (69 and
26 species, respectively). The most important
landscape conditions for species persistence in
the derived models were higher solar radiation,
a higher cover of calcareous substrates, and a
lower TWI (paper II).

3.2 Drivers of diversity
and their hotspots
The results in paper III showed a good model
fit, i.e. the models were good at explaining diversity metrics. However, they also showed a decidedly poorer model predictive ability, indicating
that the models performed poorly in extrapolating the diversity patterns into the unknown. The
more commonly used diversity metrics (TSR,
RRR, THR) were explained fairly well by climate, topography and geology, but prediction using these parameters was difficult for TSR and
THR. LCBD models performed poorly on both
accounts. TSR showed a particularly strong relationship with GDD. A significant portion of the
otherwise scattered TSR hotspot distribution was
found in the warmer growing conditions in the
South (Fig 5). The RRR hotspots were highly

Figure 5.The findings from paper III increase the conservational importance of congruent hotspot areas (yellow and
green), and knowledge of current conservation gaps (orange or red) in northern Fennoscandia. a) The congruence
of total species richness (TSR) and threatened/near-threatened species richness (THR) hotspots and protected
area (PA) shows how conserving overall species diversity could benefit at-risk species, though these have low
coverage from PA. The calcareous mires of the Leppävuoma-Murtovuoma-Saattoporanvuoma reserve (LMS)
appear important for TSR and THR hotspots. b) Relative range-rarity richness (RRR) and local contribution to
beta-diversity (LCBD) hotspots exhibit low congruence but are well covered by PA, mainly the Käsivarsi wilderness
area (KWA) which is, however, not a strict nature reserve. Numbers refer to the amount of congruent hotspots.
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clustered and concentrated in the northernmost
areas with cooler growing seasons and milder
winters (Fig 5), combined with a high TWI. THR
was strongly affected by GDD and topo-geological drivers, with hotspots predicted for calcareous, high TWI areas somewhat clustered in the

South. The spatially patchy distribution of LCBD
was mainly influenced by climate (GDD and
FDD) with predominantly northerly hotspots.
Diversity hotspots covered 17% and current terrestrial PAs 38% of the study region.
The hotspot analysis revealed a low spatial con-

Figure 6. Substantial changes are forecast for high-latitude flora. Total species richness (TSR) per 1 km ×
1km grid cell within the current Arctic-alpine realm (TSR ≥ ten high-latitude montane vascular plant species)
and its area as predicted for the current (1981 – 2010) and future climate (2070 – 2099) in the three different
Representative Concentration Pathway (RCP) scenarios (RCP 2.6, RCP 4, and RCP 8.5) in Fennoscandia.

28

gruence between the diversity metrics (Fig 5):
21% were congruent for two metrics, no hotspots
overlapped for more than two metrics. Half of
the predicted hotspots were found to be currently protected. Hotspot congruence with existing
conservation areas depended markedly on the
metric, with RRR and LCBD being the most
congruent (Fig 5; paper III).

3.3 Current and future patterns
of high-latitude flora
The results from paper IV displayed a currently
vast and continuous geographical range of highlatitude montane flora which is nevertheless subject to substantial future range loss. Following
warming, the Arctic-alpine realm is predicted to
diminish by 46 – 82% by 2100, depending on
climate scenario (Fig 6). The Arctic-alpine realm
is projected to become increasingly concentrated

to two centers of lower biodiversity. The mean
TSR is predicted to decrease by 55 – 90%, and
regions with ≥100 species will disappear from
the Northern Scandes in RCP 8.5.
Range contraction is predicted for over 96%
of the species (Fig 7). The mean range contraction averaged across all species ranges from 58%
to 89%, depending on climate scenario. More
than 88% of the studied species will be classified as at least VU and up to 7% of the species
are projected to lose all suitable habitat in Fennoscandia by 2100. Non-poleward COG range
shifts increase with the degree of climate change,
from 47 to 79% of species not predicted to go
extinct. Upslope range shifts are predicted for
≥98% of these species.
Differences in the impact of climate change
on projected range loss depend highly significantly on biogeographic history (Kruskal-Wallis
rank sum test; p < 0.005; Fig 7). The average

Figure 7. Predictions of range change and range contraction direction (paper IV) in Representative Concentration
Pathway (RCP) 4.5. Results in the top two panels are shown for different biogeographic histories. The
bottom panel shows how the range change (top left panel) affects species vulnerability by the year 2100.
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range sizes decrease by 80% for Arctic species
and 53% for alpine species. A significant difference between the COG shifts of Arctic species
(southerly shifts) and alpine species (northerly
shifts) was found in RCP 2.6 (Wilcoxon nonpaired rank sum test; p < 0.05). Only Arctic species with a COG in the Northern Scandes are
predicted to become EX in RCP 4.5 (Fig 7).

4 Discussion
4.1 Drivers and distributions
of refugia
The distributions of both current and future refugia appear highly dependent on climate (Fig
9). Firstly, current refugia can be explained fairly well with climatic predictors (paper I). Secondly, patterns of species persistence are similar regardless of the variables used with lesser
warming (paper II). However, this persistence
may be greatly reduced by more extreme warming but, importantly, also significantly increased
by landscape-scale variables (Birks 2008, Sormunen et al. 2011). Concordant with previous
studies (Noss 2001, Shoo et al. 2010, Ashcroft
and Gollan 2013), potential refugia are characterized by cooler conditions when temperatures
reach their maximum (paper II). This, along with
the importance of temperature extremes for current refugia (paper I), show that refugia may
be more susceptible to changes in climatic extremes than to seasonal temperature fluctuation.
The increased temperature gradients potentially
afforded to the landscape by cooler refugia in
a warmer matrix can also significantly increase
habitat diversity (Fridley 2009, Ashcroft 2010).
As climate is certainly controlling where refugia occur, climate change will inevitably cause
a spatially dispersed pattern of species persistence. This pattern is, however, also affected by
30

meso-scale topo-geological landscape properties
(papers I & II), echoing the conclusions of Luoto
and Heikkinen (2008) and Austin and Van Niel
(2011b). The finer resolution spatiotemporal aspects of species distributions (i.e. the extent and
persistence of suitable habitat; Franklin 2010)
can be accounted for with even fairly simple
topo-geological parameters that indicate suitable
refugia for plants with limited dispersal capacity.
Suitable topographic conditions also support the
occurrence (steeper terrain in paper I) and persistence (higher radiation, lower TWI in paper
II) of the most species-rich refugia. The importance of topography could result from the wider
range of growing conditions (Luoto and Heikkinen 2008) on steep slopes providing open terrain
(Pigott and Walters 1954, Birks 2008) and nutrient-rich water (Heikkinen 1998). Importantly,
the climatic decoupling by topographically induced thermal variability can also buffer areas
from climate change (Lenoir et al. 2013), thus
enabling species persistence (Ackerly et al. 2010,
Austin and Van Niel 2011a, Dobrowski 2011).
This was supported in paper II as the climateplus-landscape models predicted suitable future
conditions into a number of cells with warmer
growing conditions compared to predictions by
climate-only models.
Topographically controlled moisture conditions are important as current refugia were characterized by higher WAB (theoretically indicating moister growing conditions) (Fickert et al.
2007, Ackerly et al. 2010), and future refugia by
lower TWI (indicative of low topographicallyinduced soil moisture). This could be a signal
that current refugial species favour higher moisture capable of reducing plant exposure to temperature extremes (the relevance of which was
shown in paper I). If so, this would further boost
the refugial capacity of moist sites (Ashcroft and
Gollan 2013). However, the lower average water retention capacity of steep slopes (Beven &

Figure 8. A synthesis of the results of this thesis showing the climatic and landscape-scale drivers of
refugia and diversity patterns and their key effects on high-latitude plant species patterns. Climate and
landscape-scale factors are instrumental for predictions of refugia (papers I & II, respectively) and diversity
patterns (papers III & IV, respectively). Spatiotemporal distribution models can provide considerable
insight into how plant species patterns manifest across landscapes both now and under climate change.

Kirkby 1979) appeared to benefit some future
refugial species. This suggests that refugia may
be increasingly relevant in more mountainous areas. This could also be a signal of how predicted
increases in precipitation lead to future refugia
offering relatively drier conditions than the sur-

rounding matrix (paper II).
The effects of geologic predictors such as
substrate properties were minor for current refugia (paper I) although the cover of calcareous
rock is known to be important for species dependent on high-pH soils (Parviainen et al. 2008).
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The importance of calcareous substrate for persistence through time, however, was more pronounced (paper II). Using only climate models,
or adjusting climate models with only topographical variables may thus lead to misrepresentative
conclusions regarding future projections (Fig 9).
Regardless of improvements from topo-geological parameters, the probabilities of current
refugia distribution across the study region are
low (paper I). Their spatial patterns become increasingly diffuse and distal (see (Brochmann et
al. 2003, Rull 2009) with distance to the main
distribution area. These spatial patterns are mirrored temporally (paper II), as refugial species in
a warmer future may rely on increasingly isolated
favourable sites, reinforcing caution in whether
re-dispersal from increasingly isolated refugia
is probable (Hannah et al. 2014). Considerably
more refugia were predicted under a more moderate climate scenario (paper II), indicating areas
of least environmental change are more likely to
act as refugia (Reside et al. 2013).
In situ refugia (paper II) are robust predictions as they require no range shifts. Whether the
greater connectivity of current refugia (paper I)
closer to the main distribution area was due to
dispersal and/or environmental limitations is difficult to judge. Here, connectivity increased contemporary refugial species richness, possibly due
to an effect of connectivity on colonization (Lindborg and Eriksson 2004) and reduced extinction
(Brown and Kodric-Brown 1977). Results suggest that refugia should be considered as both
isolated suitable habitats as well as inter-connected habitat networks for vulnerable species.

4.2 Drivers of diversity
and their hotspots
Large variations in vascular plant diversity characterize high-latitude landscapes (paper III; Fig
9). Parallel to how climate and energy availabil32

ity generate global diversity gradients (e.g. Jetz
and Rahbek 2002, Hawkins et al. 2003), energy availability during the growing season was
particularly pertinent for more local patterns of
high-latitude plant diversity. The methods used
in this thesis proved successful for recognizing diversity hotspots from patterns of species
richness across landscapes. However, they also
showed how ascertaining the locations of these
hotspots is complex due to the various environmental factors influencing species richness
(Wohlgemuth 1998, Lobo et al. 2001, Loidi et
al. 2015). The diversity metrics showed widely
different responses to climate: contrary to TSR
and THR that peaked towards the warmer end
of the growing season temperature gradient, the
highest occurrences of species with the smallest
ranges (RRR) showed a preference for cooler
growing conditions. Though patterns of diversity
and TSR in particular were strongly influenced
by climatic conditions, RRR and THR – more
restricted by their environmental requirements
(Morán‐Ordóñez et al. 2017) – appeared reliant
on further fulfilment of habitat requirements such
as substrate conditions.
Similar to topo-geological control on refugia (papers I & II), these variables also help
determine diversity patterns. This was particularly so in the case of species of high conservation concern or with a limited range size. As
calcareous areas are not common in this region,
it follows that many of the species favoring a
high soil pH are rare or threatened (Kauhanen
2013). This could be seen in how calcareous bedrock supported a higher THR (see also Heikkinen and Neuvonen 1997, Anderson and Ferree 2010). The importance of topographically
controlled hydrological processes was shown by
how higher TWI hosts THR hotspots. Moister
soils may reduce exposure to extremes in temperature (Ashcroft and Gollan 2013) (analogous
to the direct importance for current refugia, see

paper I) and enable the decoupling of local climates from broad-scale conditions (le Roux et
al. 2013a, Lenoir et al. 2016).
The discordant spatial patterns and low
hotspot congruence (Figs 5 and 8) mirror different drivers – or the contrasting responses to
shared drivers – of various aspects of diversity
(see also Orme et al. 2005). In some cases the
low congruence was to be expected, for example
TSR hotspots are more likely to share species
with other sites and thus have lower LCBD (see
e.g. Maloufi et al. 2016).
The RRR hotspots were driven mainly by
the cooler growing conditions available in the
more mountainous northern areas (paper III). If
the narrow-range species exemplified by RRR
hotspots – such as Antennaria nordhageniana
and Draba nivalis – become restricted to these
mountains with even less available area, they
may be amongst the most threatened by climate
change (Dirnböck et al. 2011). The hotspot approach is useful for covering aspects of diversity, but it is not necessarily a solve-all solution
(see e.g. Jepson and Canney 2001) for individual
species. For example, A. nordhageniana is predicted to become regionally extinct in paper IV.
The broader environmental gradients and topographic heterogeneity present in the more mountainous region of the study area (see papers II &
IV) may facilitate persistence for some of these
species, as for example D. nivalis is predicted
to remain – albeit increasingly restricted to the
Southern Scandes – even in the most pessimistic climate scenario (paper IV).

4.3 Current and future patterns
of high-latitude flora
The climate-change sensitivity of the Arctic-alpine realm of Northern Europe is exemplified
by the substantial richness and range reductions
forecast for the region’s montane flora (Figs 6

and 9). The magnitude of the range contractions
of individual species does, however, seem to be
affected by their biogeographic histories (Fig
7). Arctic species are predicted to suffer from
prominent range loss and non-poleward range
contractions, while alpine species ranges will increasingly center their ranges towards the North.
The risk of regional extinction was, alarmingly,
most pronounced for Arctic and endemic species.
Projected changes in the extent of the Arcticalpine realm reveal a spatially uneven sensitivity
to climatic change. Firstly, the currently rather
uniform Arctic-alpine realm may diminish into
two core areas for high-latitude montane flora:
the Northern Scandes and the Southern Scandes
(Fig 6). Secondly, though high-latitude montane
species have been suggested to potentially diminish more at southern range margins (e.g. Lesica
et al. 2004), here deterioration is predicted particularly for the northern range margins (see also
Gottfried et al. 2012). Predictions of a warmer
growing season for the northern extent of the
Arctic-alpine realm (> 65°N) may trigger such
an uneven decline.
Previous studies mainly highlight responses
of poleward range shifts (see meta-analyses and
reviews: Parmesan and Yohe 2003, Chen et al.
2011; but see also Lenoir & Svenning, 2015).
In contrast, the results in this thesis indicate an
unexpected, generally non-poleward contraction
in species ranges. Realm depletion in the Northern Scandes and the non-poleward contractions
show how the Arctic elements of the flora are
more sensitive to climatic change than alpine
species. This may be partly due to differences
in evolutionary and migration history (Billings
1973, Väre et al. 2003), as Arctic species ranges are more centralized in the Northern Scandes
and alpine species ranges towards the Southern
Scandes. These non-intuitive shifts predicted for
Arctic species would isolate populations from
main distribution areas with potential conse33
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quences for genetics and conservation (Young
et al. 1996, Kadmon and Allouche 2007). This
is in contrast with the slighter changes predicted for alpine species that have broader climate
niches and adaptive abilities (see Wasof 2015).
As the influence of biogeographic history is less
evident in more pessimistic scenarios, stronger
climate change appears to have an overriding
effect on species ranges.
Most of the studied species ranges are projected move upslope, in concordance with previous findings (Klanderud and Birks 2003, Lenoir
et al. 2008, Chen et al. 2011). If mainly mountains remain as suitable habitat, the reduction in
available land area at higher elevations (Patsiou
et al. 2014) and warming conditions (along with
related phenomena such as encroachment from
lowland species) could lead to further habitat
loss or regional extinction. This is of particular
importance in this study region, as the mountaintop extinction scenario is associated with low-altitude mountains with oceanic climates and relatively warm winters (Crawford 2008). Indeed,
the combination of Red List criteria and range
projections suggest that many high-latitude montane species will be threatened under new climatic conditions by 2100 (see also Dullinger et al.
2012). Although predictions of complete range
loss are relatively modest, the risk of regional
extinction from range contraction (Thomas et al.
2004) can be amplified due to local stochastic
events (such as disturbance or drought) effecting a larger proportion of remaining populations
(Thuiller et al. 2005).

4.4 Prospects for conservation
SDMs can be used in multiple ways to guide
management decisions, such as the identification of critical habitats or reserve selection (see
review by Guisan et al. 2013). However, the results from SDMs are not yet fully utilized as sur34

rogates for biodiversity (see review by Tulloch et
al. 2016). Protecting hotspots (Prendergast et al.
1993, Myers et al. 2000) and refugia have been
deemed important for climate change adaptation
(Mawdsley et al. 2009). Furthermore, improving the in situ management of existing habitat
patches (such as in situ refugia) is a high priority among conservation planners (Oliver et al.
2012). The spatial information provided herein could, with some ‘translating’ help between
these results and decision makers (Guisan et al.
2013), thus be highly valuable for conservation
purposes.
A majority of the plant species studied here
are projected to contract their ranges following
increases in temperature, with most of the study
region becoming unsuitable (papers II & IV).
However, in situ refugia (paper II) and persisting regions of high species richness (paper IV)
– representative of diversity both now and in the
future – are likely to be among the major mechanisms aiding species persistence (Birks and Willis 2008, Keppel et al. 2012, Reside et al. 2013).
The importance of considering refugia in terms of
biodiversity conservation is further emphasized
by greater accuracy of refugial species richness
models (compared to the distribution models;
paper I) and by how areas with higher species
diversity maximize the probability of persistence
(Taberlet and Cheddadi 2002).
Though predictions of in situ refugia display
optimism (paper II), refugia might not be available for certain species. As such, the importance
of connectivity (paper I) further highlights how
the connectivity of future refugia – both elevationally and across species ranges – may need
to be maintained for species migration and gene
flow. The North–South orientation of the Scandes could be helpful by providing a migration
route northward across the mountain chain to
suitable refugia. The opposite of this, however,
appears more important here (paper IV). Reach-

ing regions with larger elevation gradients that
provide species with the opportunity for upslope
migration may entail significant non-poleward –
i.e. not northward – range shifts. The potential
of connectivity (paper I) in assisting predicted
range shifts (paper IV) is worthy of future study.
However, some Arctic-alpine species are not
predicted to find any suitable habitat in future
climate (even with the assumption of universal
migration: paper IV). This further underlines the
difficulty in locating refugia for individual species and a possible need to prioritise species at
greatest risk (Skov and Svenning 2004), such as
A. nordhageniana and Dryopteris fragrans (endemic to the study region; rare in Europe; paper
IV). Furthermore, the substantial and often nonpoleward range contractions (paper IV) predicted for Arctic and endemic species in particular
would have significant impacts on their evolution and our efforts to conserve them.
The results of this thesis consistently highlight how environmentally heterogeneous highelevation regions are expected to become exceedingly important for refugia and diversity
(see also Loarie et al. 2008, Luoto and Heikkinen 2008, Scherrer and Körner 2011). However,
the significance of potential mountain refugia is
likely to be affected by species’ biogeographic
history. This could be especially true for true
Arctic species at risk from range reduction and
restriction to higher elevations (paper IV). It follows that research efforts and conservation attention should be given to steep, rugged landforms
and mountainous habitats, such as the Southern Scandes (paper IV) and the in situ refugial
expanse near the Northern Scandes (paper II).
The refugial potential of the diminishing realm
of the Northern Scandes and what this means
for individual species certainly deserves further
investigation. As mountain refugia are disputed
to be of little avail to small, scattered populations (Birks 2008), further insights into the per-

sistence of hotspots for range-restricted species
(paper III) could also be valuable. As these RRR
hotspots are characterized by cooler temperatures, they may be more adversely affected than
those with a positive response to temperature
(TSR and THR). Alternatively, they may also
be buffered from climate change via topo-geological attributes.
Recognizing current – and overlapping
(Brooks et al. 2006) – areas of diversity in order to protect them is preferable to be able to
limit uncertainties in projections (Thuiller et al.
2008). The results of this thesis, however, demonstrate the difficulties in simultaneously sustaining multi-faceted biodiversity (paper III), obstructing the usability of the hotspot approach
(e.g. Feng et al. 2011, Daru et al. 2015). Different hotspots may thus have contrasting value for
conservation efforts (see Possingham and Wilson
2005, Feng et al. 2011, Daru et al. 2015). Take,
for example, how prioritizing TSR hotspots, a
commonly used conservation target (May 1988),
would exclude hotspots of range-restricted species that are potentially more sensitive to environmental change (Thuiller et al. 2005). However, the partial congruence of TSR and THR
hotspots would mean that conserving areas of
high overall species diversity might be inadvertently beneficial for at-risk species (Fig 5; paper
III). Furthermore, the more topo-geologically
defined THR hotspots may have a higher chance
of being buffered from climate change than more
climatically influenced hotspots.
These results also highlight how areas outside of PAs can hold crucial elements of biodiversity. Although the study region has an extensive PA network, only a fifth of the predicted
hotspots are currently protected (mainly in the
North by the Käsivarsi wilderness area which is
not a strict nature reserve; paper III). This illustrates how evaluating protective capacity based
on PA spatial extent alone may not be a good
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indicator of PA effectiveness. A particularly low
congruence between PAs with TSR and THR
hotspots (Fig 5) suggests that the present reserve
network may not be sufficient in protecting the
regions’ overall plant diversity or species of elevated conservation concern. However, RRR and
LCBD hotspots exhibit a higher rate of congruence with each other and with PAs suggesting
potential complementary utility for conservation.
Furthermore, linkages have been found between
past refugia and diversity hotspots in regards to
endemism (Harrison and Noss 2017) and phylogeography (Médail and Diadema 2009), drawing attention to the potential of present-day species rich refugia to be future diversity hotspots.
Overall, the results of this thesis suggest that
conservation strategies could benefit from SDM
insights and should not be established without
consideration of climate change impacts. Whether conservation actions should prioritize areas
that may be lost (for example, at risk of pronounced species and ecosystem changes) or areas that may be less costly and more likely to
be conserved (for example, in situ refugia or areas of high diversity) need further examination.
Though the general predictions made in this thesis can guide targeting of further research and
future conservation efforts, it must be noted that
it is impossible to account for all the uncertainties embedded in modelling and climate scenario –based assessments (see Methodological issues below). Therefore, the results herein are not
to be taken as precise forecasts. To address uncertainties, conservation planning could benefit
from focusing on hybrid priority sites or species
– i.e. those identified by alternative indicators,
such as refugia or hotspots – combined with a
down-weighing of areas showing low congruence between indicators.

36

4.5 Methodological issues
Overall, SDM proved to be a useful tool for directly modelling refugia and diversity metrics,
and deriving predictions of species range changes and persistence. Careful steps were taken to
create and apply valid conceptual models as illustrated in Figure 4 – from a solid basis in ecological theory and appropriate data and methods,
to correctly validating the models and evaluating
the outcomes – but it needs to be acknowledged
that there are many possible sources of error involved in modelling (Barry and Elith 2006). As
stated by statistician George Box, “All models
are wrong but some are useful”, and model limitations should always be accounted for (Pearson
and Dawson 2003). The at-times limited model
predictive accuracy indicates problems requiring further attention in modelling future patterns,
particularly for species of high conservation concern or local contributions to diversity (paper
III). Low model predictive power could be partly explained by the divergent environmental requirements of the large set of species, ranging
from rare to common, used here (Heikkinen et
al. 1998, Jetz and Rahbek 2002), lack of certain
critical environmental predictor variables, or by
stochastic or ecologically neutral processes not
accounted for here.
Uncertainties in predicting climate change
cannot always be remedied. Such errors may
subsequently cascade to uncertainty in species
responses to change (papers II & IV; Wiens et
al. 2009, Reside et al. 2013, Shoo et al. 2013).
This highlights the importance of model and response evaluation (Franklin 2010). Furthermore,
the potential adaptive responses of species to
these changes is difficult to take into account
within this modelling framework (Pearson and
Dawson 2003). SDMs assume niche conservatism – i.e. the projected suitable environmen-

tal space does not ‘evolve’ along with climate
change – even though species may show local
evolutionary responses and be able to adapt or
maladapt faster than predicted range contractions
(Cotto et al. 2017). Future distributions are likely to be influenced by other factors than those
accounted for here, such as biotic interactions
(Callaway et al. 2002) and dispersal (Bateman
et al. 2013). Dispersal uncertainty was taken into account in paper II by only modelling in situ
refugia, though this approach could lead to underestimates of species persistence. Furthermore,
dominant processes may vary within a species
range (Barry and Elith 2006) which could be
useful for locating outliers such as refugia. This
could be explored through stratified cross validation (Thuiller et al. 2013) or geographically
weighted regression (Fotheringham et al. 2003).
Limitations can also be introduced through
different classification methods. For example, results may differ according to the somewhat arbitrary ways of defining refugia, diversity hotspots
(Daru et al. 2015), or IUCN categories. The usage
of the IUCN Red List approach for examining the
consequences of climate change is also limited
as it estimates species vulnerability based only
on climate scenarios and range change predictions (Thuiller et al. 2005, Akçakaya et al. 2006,
Pacifici et al. 2015).
Although this thesis shows how refugia, diversity, and species distribution patterns can be
spatiotemporally modelled with environmental
variables, these predictions are bound to have
limited surrogacy for observations. Improving
model realism, particularly in terms of additional variables and spatial scales, is discussed further in the following section on future research
perspectives.

4.6 Future perspectives
This thesis contributes to the understanding of
high-latitude plant responses to climate change,
and additionally, it also raises many important
research questions to be addressed some of which
are presented below. As the results of this thesis
show, both coarse and more local scale processes
are relevant for assessing changes in species’ distributions under changing climate. Complementary finer scale or more integrated (Carlson et al.
2013), trait- (Kattge et al. 2011), or process-based
(Snell et al. 2014) analyses could supplement the
results herein and help generate even more accurate projections of the changes in plant species
ranges and assemblages. Further modelling efforts should focus on improving the knowledge
on the particular species, areas, or habitats threatened by future climatic change (Thuiller et al.
2005, Williams et al. 2005, Loarie et al. 2008).
This thesis also provides useful insights for both
scientific knowledge and conservation planning.
For example, results could help identify the most
stable or, contrastingly, the most threatened elements of biodiversity to guide further modelling efforts or be used as indicators of change
(Pauli et al. 2014).
The importance of the topographic setting
indicates that future research on species persistence would benefit from examining different aspects of geodiversity (Bailey et al. 2017), topoclimatic decoupling (Dobrowski 2011, Scherrer
and Körner 2011, Hylander et al. 2015), and their
importance for habitat stability. For example, it
appears that the avoidance of summer time temperature highs (Dahl 1951) is more critical than
winter conditions for future refugia. This, together with the findings of the importance of temperature extremes for current refugia and a predicted
increase in extreme temperature events (Meehl
and Tebaldi 2004) highlights the relevance of ex37
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treme temperatures for high-latitude refugia and
raises questions on whether they can be buffered
or not. Studies at more local scales in the rugged, mountainous areas would potentially require
more fine-scale mapping of environmental predictors (Randin et al. 2009), as has been done via
mapping topographic features and canopy density with light detection-and-ranging (LiDAR)
technology to detect local-scale refugia (Lenoir
et al. 2016). However, it should be acknowledged that other recent efforts have successfully
modelled local-scale refugia over a large spatial
domain through the integration of topographic
climate-forcing factors with climate station data
(Meineri and Hylander 2016).
The significance of steep landforms in this
thesis reflects the potentially important role of
active geomorphic and slope processes on species occurrences (Randin et al. 2009, le Roux
et al. 2013b, Slaton and Linder 2015). In fact,
these phenomena have been shown to improve
local-scale SDM accuracy for Arctic–alpine species (le Roux and Luoto 2014). The relevance
of disturbance regimes should thus be acknowledged in future studies, but progress in this field
is hindered by a lack of appropriate data. Moreover, though the higher altitude mountainous regions are highlighted here, it has been suggested
that also lowland refugia could facilitate species’
adaptations to environmental change and thus
lower extinction risk (Mosblech et al. 2011). Exploring potential high-latitude refugia at different
elevations could thus be crucial.
The role of habitat connectivity and dispersal ability are also worthy of further investigation. Accounting for circumstances with no spatial overlap between current and future habitats
would require information on species dispersal
capacities (Reside et al. 2014) to ex situ refugia
(Shoo et al. 2013) and analyses of where new
refugia might be found in the future. Biotic interactions (Godsoe et al. 2015, Mod et al. 2015)
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could provide more realistic projections of future patterns of species and diversity (Araújo and
Luoto 2007), though their relevance is likely to
be more pronounced at finer spatial scales. The
same is likely true for soil moisture, a key driver
of fine-scale vegetation properties and a potentially significant mechanism in a changing climate (le Roux et al. 2013a). Moisture conditions were represented here by the WAB and
TWI variables, which were demonstrated to be
important for Arctic-alpine vegetation. The differing responses of current and future refugia to
substrate conditions deserve further examination,
although their impacts may be more pronounced
at finer spatial scales.
Results of this thesis (for example, the high
importance of slope in preliminary SDMs for
paper III including all available data points, but
a substantially lower importance when using a
thinned dataset) show how the data used is critical in finding the underlying drivers of diversity.
Furthermore, the data used in paper III included
boreal alongside Arctic-alpine species (papers I
and II). Taken together with the effect of species’ biogeographic histories on range projections (paper IV), these highlight a need for a
further understanding of climate change impacts
on different assemblages of high-latitude species.
Differences may be found between slope and flatland assemblages of species as well as between
species with different biogeographic histories.
The results of this thesis support the notion
that the potential differences between refugia and
hotspots and how they are defined must be carefully considered in future research. A speciesspecific approach would ensure that every species is accounted for, and could predict which
species are most likely to be protected by – and
even restricted to – refugia in the future.

5 Conclusions
Identifying the main drivers and patterns of
Arctic-alpine plant species – through analyses
of their refugia, diversity hotspots, and climate
change vulnerability – is of importance for understanding and preserving high-latitude ecosystems. This thesis shows that species distribution
modelling and a geographically explicit context
can help us not only recognize where changes
may take place, but also identify where environmental conditions might facilitate (i.e. refugia) or
maximize (i.e. diversity hotspots) species’ persistence. Though the variability in projected species responses to climate change often make it
difficult to assess the future, these findings show
that consistent patterns and drivers can be found
for high-latitude flora. This highlights the importance of employing comprehensive species
and environmental data in predicting diversity
across landscapes.
Current and future diversity patterns exhibit high variability, illustrating the complexity of
driving factors and species responses. The low
congruence of diversity hotspots, both with each
other and present-day protected areas, reduces
the proxy potential of hotspots and draws attention to possible insufficiencies in the current
conservation area network.
Climate significantly controls Arctic-alpine
vascular plant species distribution patterns and
their manifestations, suggesting that high-latitude flora on the whole may face significant alterations due to projected climatic change. The
sensitivity of high-latitude montane species to
ongoing climate change depends not only on the
predicted severity of this change, but also on regional geography and species’ biogeographic histories. As such, projections of future distributions
deviate from simplistic “poleward-and-upslope”
movements. Alarmingly, a prominent decrease

in suitable Arctic-alpine environments is predicted for the entire Fennoscandian peninsula,
but of particular concern are its northernmost
(>68°N) regions where true Arctic and endemic
species may be disproportionately vulnerable to
a changed climate. Potential drastic changes accentuate the importance of refugia and diversity
hotspots for conservation measures.
Predictions of species responses to climate
change based on climate alone may be inaccurate in estimating refugia or extinction risk as
they ignore topographic and geological conditions which may critically affect species distributions. Despite forecasted future regional warming, several refugia could be found in places
where locally optimal environments are predicted to remain constant over time. Landscape-scale
features create suitable habitats and can shelter
species from a matrix of unfavourable conditions, possibly even sustaining local populations
of at-risk plants under climate change. Knowledge of topo-geological parameters is thus vital
for identifying potential refugia, particularly in
mountainous regions such as the Scandes. However, some species may not find suitable habitats
even at higher elevations, and refugia and range
shifts alone may not be sufficient in ensuring the
survival of individual at-risk species.
The findings of this thesis provide a template for ways in which to develop a better understanding of species distributions in changing
landscapes. Furthermore, the potential refugia,
diversity hotspots, and range changes described
herein have implications for future efforts aiming to predict or protect biodiversity.
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Supplementary Material
Table S1. Different definitions of refugia from previous literature, in alphabetical order. Refugia can belong in different
categories (for example, a glacial refugia is also a climate refugia), and as suggested by Bennett and Provan (2008),
precisely defining the refugia concept used within a given study would improve understanding of distributional changes.
Term

Definition

References

(Dynamic) refugia

Refugia are likely to have been
spatiotemporally dynamic due to species
tracking their required climatic niches

(Graham et al. 2010)

Climate
refugia

Locations sustaining climates that have
disappeared/are disappearing due to
warming

(Ashcroft 2010, Olson et al. 2012, VegasVilarrúbia et al. 2012)

Climate refugia

Locations where species have survived
periods of regionally adverse climate

(Hugall et al. 2002, Hampe et al. 2013,
Gavin et al. 2014)

Ex situ refugia

Some species can survive unfavourable
periods in locations that they did not occupy
previously

(Loarie et al. 2008)

Glacial
refugia;
cryptic glacial refugia

Locations where species survived through
past adverse climates e.g. the last glacial
maximum;
survival
at
different
latitudes/longitudes than expected

(Stewart and Lister 2001, Petit et al. 2003,
Birks and Willis 2008, Provan and Bennett
2008, Svenning et al. 2008, Fløjgaard et al.
2009, Médail and Diadema 2009)

In situ refugia

Locations that remain suitable for a species,
requires no range shifts

(VanDerWal et al. 2009)

Interglacial refugia

Where species persist through interglacials

(Stewart et al. 2010a)

Long-term refugia

Locations that provide habitats for the longterm persistence of populations

(Tzedakis et al. 2013)

Macrorefugia

in
single
major
Survival
paleoecological approach

(Huntley and Birks 1983, Rull 2009)

Microrefugia

Spatially restricted, isolated population
outside core area; physiographic sustenance
of suitable climate; distribution contraction
without core area

(Rull 2009, Dobrowski 2011, Hylander et
al. 2015)

Neorefugia

Refugia formed more recently than the matrix

(Nekola 1999)

Paleorefugia

Fragments of previously widespread matrix
community

(Nekola 1999)

Quaternary refugia

Maximum contraction in a species’ range
during a period of a glacial/interglacial cycle

(Stewart et al. 2010a)

Refugia

Sites to retreat to in adverse climates and
expand from when conditions become
suitable, evolutionary time-scale

(Keppel et al. 2012)

change

refugia,
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