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ABSTRACT

The main structuring element of a terrestrial biome lies in its vegetation. Hierarchical
patterns, from the level of the plant community to the global biome, are at their core a
reflection of the evolutionary response of plants to their environment. These processes
provide the framework for our chapter on ecology and evolution of plants in arctic and
alpine environments. Arctic and alpine plants grow above latitudinal and altitudinal
treelines around the world. Short-statured shrubs, herbaceous plants, lichens, and mosses
comprise the low vegetation of these regions that is collectively referred to as tundra.
Arctic and alpine tundras are viewed as growing in uniformly and predictably harsh
environments with low temperatures, even during the growing season. The harshness
attributed to the tundra, however, vastly oversimplifies the limitations plants face in these
environments. The Arctic is not spatially uniform at any scale; neither is the Alpine. The
arctic flora in particular, with a history that exceeds two million years, developed through
multiple glacial periods. There is ample evidence of major climatic changes over
millennia through which tundra vegetation has persisted despite the perceived harshness.
Components of the arctic flora may be ancient, but the modern flora is an amalgam of
Tertiary, Quaternary, and Holocene contributions. Herein, we focus on recent insights
into the ecology and evolution of arctic and alpine plants gained from molecular ecology,
modeling, and remote-sensing studies. We review the history and evolution of arctic and
alpine floras and discuss the current status of arctic and alpine plant biodiversity. We then
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discuss the potential for arctic and alpine plants to adapt to a changing climate. We
conclude with an overview of plant cross-kingdom interactions, with a focus on the plant-
ectomycorrhizal fungi symbiosis in arctic and alpine environments.

INTRODUCTION

Acrctic and alpine plants grow above latitudinal and altitudinal treelines around the world
(Figure 1). Treeline is the limit of forest; beyond it conditions limit the growth, survival, and
reproduction of trees. Short-stemmed shrubs, herbaceous plants, lichens, and mosses
comprise the low vegetation of these regions. The vegetation of this treeless landscape is
collectively referred to as tundra. Compact life forms are common, such as plants with dense
basal rosettes or forming cushions, which protect vulnerable growing tissues from drying
winds in summer and from blowing snow in winter.

Arctic and alpine tundras are viewed by some as uniformly and predictably harsh
environments. Growth and productivity are constrained by the physical environment: timing
of snowmelt, topography, moisture availability, exposure, and aspect. The vegetation is
formed by species sufficiently tolerant of cold summer temperatures at any given location to
survive freezing temperatures during the growing season, although frost-hardiness and frost-
avoidance are not unique to arctic and alpine plants. The harshness attributed to the tundra,
however, vastly oversimplifies the limitations plants face in these environments. To
characterize tundra as harsh clearly represents our temperate zone bias (Murray, 1987). This
bias makes it difficult to not view tundra plants as perilously close to the limits of life—which
is simply not so. As Raup (1969) wrote:

“...what we need is a first class Eskimo(sic) botanist—one who thinks of the tundra
as a home, and a very good place to live. | think he would see the plants as they are,
members of an ancient flora remarkably well adjusted to the habitat.”

The Arctic is not spatially uniform at any scale; neither is the Alpine. Arctic and alpine
environments are climatically variable from day to day, month to month, and year to year, yet
they are predictable within limits. The Arctic flora in particular, with a history that exceeds
two million years, developed through multiple glacial periods with contrasting demands
imposed by the changing biological and physical environments over millennia through which
tundra vegetation persisted, although the floristic composition of tundra varied over time—
despite the perceived harshness.

Physiognomic similarities among the tundra regions can lead us to equate arctic and
alpine environments. Dissimilarity among tundra types exists, however, notably in geographic
distribution. Arctic tundra is beyond the latitudinal limit of trees in the northern hemisphere
and comprises nearly 5% of the terrestrial surface of the Earth, or over 7 million km? (Walker
et al., 2005). Approximately 5 million km? of the Arctic is covered by vegetation, and the
remainder is covered by ice. In contrast, the Alpine is beyond the altitudinal limit of trees and
comprises 3% of the terrestrial surface of the earth (Kérner, 2003). Approximately 4 million
km? of alpine tundra is scattered globally, with 82% occurring in the northern hemisphere.
Plant species that occur in both the Arctic and Alpine, are designated as arctic-alpine taxa.
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Our discussion here of alpine tundra is limited to the northern hemisphere as this is where
most high altitude tundra occurs and where it is the most similar to the Arctic.

Figure 1. Global geographic distribution of arctic (top) and mountainous (bottom) regions. Alpine
regions are fragmented and confined to above-treeline elevations within the mountainous regions, and
thus difficult to depict at the global scale. The top panel is adapted from CAVM Team (2003), and the
bottom panel is adapted from Kérner et al. (2011).

Climate

The critical climatic attribute shared by arctic and alpine environments is low
temperatures during the growing season. The arctic photoperiod is continuous during the
growing season north of the Arctic Circle (latitude 66° 33° 44” N). However, during the
continuous daylight of an arctic summer, the sun’s angle remains low and the solar radiation
is less intense than at lower latitudes. Mean July air temperature in the High Arctic is <6° C
and can reach 10-12° C at its southern limit in the Low Arctic (Walker et al., 2005). There is a
four-fold difference in length of the growing season across this gradient ranging from a few
weeks to over three months.

A comparison of mean air temperature of the warmest month across alpine sites in the
northern hemisphere shows a range from 5° C in the Austrian Central Alps to 8.5° C in the
Rocky Mountains at Niwot Ridge in Colorado (K6rner, 2003).
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Plant Adaptations

The most profound limitation of the short growing season is its effect on plant
reproduction. We discuss plant reproductive adaptations here and then specifically address the
process of adaptation through natural selection in the Adaptation and the Response of Arctic
and Alpine Plants to Climate Change section of this chapter. Plants must progress through
anthesis, pollination, and seed set during a relatively short span of summer warmth. It is no
surprise, therefore, that annuals are rare; the best example of an arctic annual being the arctic-
alpine/bi-polar Koenigia islandica (Polygonaceae) (J6nsdottir, 2011). The primary means to
avoid this limitation is through vegetative reproduction; that is, by rhizomes (e.g.,
graminoids), runners (e.g., Potentilla anserine [Rosaceae], Saxifraga flagellaris, Saxifraga
platysepala [Saxifragaceae]), bulbils (e.g., Bistorta vivipara [Polygonaceae], Saxifraga
cernua, Saxifraga foliolosa, viviparous grasses in Festuca and Poa [Poaceae]), or by
producing seeds apomictically (e.g., Potentilla spp.).

The majority of arctic and alpine plants can reproduce sexually, despite the prevalence of
vegetative reproduction (cf. Murray, 1987), or if apomicts, may nevertheless require
pollination. Self-incompatibility is rare and autogamy provides more assured seed set, but this
can lead to genetic homogeneity and inbreeding depression. Mixed mating overcomes the
many limitations imposed by arctic and alpine environments. Polyploidy buffers plants
against the effects of inbreeding and genetic drift (Brochmann et al., 2004). An adaptation
that is totally unexpected is heliotropism, the remarkable tracking of the sun by plants such as
Dryas (Rosaceae) and Papaver (Papaveraceae). This occurs in conjunction with parabolic
corollas (Kevin, 1972a, 1975; Wada, 1998) such that reflection of solar radiation from the
inner surface of the corollas is focused on the reproductive structures thus warming them
above ambient temperature and hastening development, as well as providing basking sites for
insects (Hocking & Sharplin, 1965).

Advantages accrue to plants capable of producing pre-formed flower buds that
overwinter surrounded by scales and leaves. These buds are developmentally advanced, in
some cases up to and including meiosis, thus important steps of morphogenesis have already
been completed when flowers open the following spring. Sgrensen (1941) provided an
excellent discussion in which he documented the wintering floral stages with photographs of
meticulous dissections and cleared tissue.

Plants that are self-compatible and autogamous are more assured of seed set, although
with some genetic cost through reduced recombination that accompanies inbreeding. Most
outcrossers are self-compatible and through mixed-mating gain reproductive advantages. The
outcrossing species are primarily wind- and insect-pollinated. Some are self-incompatible
obligate outcrossers that require the mediation of insects (Kevin, 1972b). These plants offer
both attraction and reward to potential pollinators. Attraction lies in flower shape and color,
but “colors” not entirely within the spectra visible to humans. Among the white- and yellow-
flowered taxa, so numerous in the flora, are ones with spectacular color elaborations in the
ultra violet range, invisible to us but sensible to insects (Kevin, 1972c). Floral reward is
typically in the form of pollen and nectar.

The relationship between plant and pollinator, attraction and reward, is so well
established, co-evolved, that the loss of pollinators can limit the range of plants. Savile (1959)
noted that the northern limit of Fabaceae in the islands of the eastern Canadian Arctic
correlates well with the disappearance of the bumblebee. To someone accustomed to Low and
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Middle Arctic floras (sensu Polunin, 1951), when on the ground, the absence of legumes in
the High Aurectic is noticed.

Vegetation Patterns

The response to summer temperatures is so consistent that the Arctic has been divided
into five bioclimate subzones based largely on characteristic vegetation (CAVM Team,
2003). The bioclimate subzones are separated by approximately 2°C in mean July
temperature. Similar changes in temperatures occur with elevation in alpine areas in the
Acrctic, with elevation belts corresponding to the Arctic bioclimate subzones separated by
approximately 333-m based on the adiabatic lapse rate of -6° C/1000 m (CAVM Team, 2003),
although these subzones have been shown to shift upwards in Greenland due to a more
continental climate with earlier snowmelt (Sieg & Daniéls, 2005).

In the Alpine, generally three biogeographical zones or alpine belts are recognized
(Wielgolaski, 1997). The lower belt, with no trees and often with tall shrubs, is called the
Low Alpine. The next belt, without shrub thickets and with a dominance of graminoids, is the
Mid Alpine, although sometimes it is divided into two belts with the upper belt being referred
to as Subnival. The belt of limited vegetation beyond the Mid Alpine that occurs on the
highest peaks may be called either the High Alpine or Nival Belt. For a comparison of the
biogeographical zones and belts of the Arctic and Alpine that pre-dates the Circumpolar
Arctic Vegetation Map (CAVM Team, 2003) see Figure 1.1 in Wielgolaski (1997).

Each bioclimate subzone in the Arctic has characteristic plant growth forms. Bioclimate
subzone A is the coldest part of the Arctic and includes mountain elevations closest to
permanent snow cover. Most of the ground surface is barren, with only sparse vascular plant
cover. What little vegetation is present grows mostly in soil cracks related to patterned ground
or in sheltered areas provided by topography, where plants are protected from the wind and
have a warmer microclimate. Nonvascular plants and biological soil crusts—consisting of a
mixture of fungi, algae, and crustose lichens—are dominant, with a few scattered herbs
(Vonlanthen et al., 2008). In bioclimate subzone B, there are a few more species of vascular
plants and greater plant cover. Bare ground and biological soil crusts are still common,
especially on ridges, dry hill slopes, and on the tops of hummaocks. In bioclimate subzone C,
the vegetation is still patchy, but covers most of the ground in flat, moist areas. Shrubs start to
become an important component of the vegetation in sheltered sites. Bioclimate subzone D is
mostly vegetated, with a mix of sedges, erect dwarf shrubs, forbs, lichens, and a thick layer of
mosses (Kade et al., 2005). Bioclimate subzone E is adjacent to treeline and has the tallest
shrubs and the most continuous vegetation cover.

Variation in plant communities at the sub-meter scale also occurs in relationship to
patterned ground in most arctic and alpine areas (cf. Murray, 1997). Soil-frost processes
create a range of patterned-ground features from 10- to 30-m diameter polygons with centers,
rims, and troughs, to 1- to 5-m diameter frost circles and hummocks (Raynolds et al., 2008).
Microhabitats associated with small differences in elevation above the water table, or
differences in frost activity, are populated by different species. For example, in tussock
tundra, shrubs grow on the warmer, well-drained areas, while mosses grow in the cooler,
moister depressions.
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Winter conditions affect plants mainly through snow and wind. Plants beneath the snow
cover are protected from extreme temperatures, desiccation, abrasion, and herbivory, but can
experience shorter growing seasons (Walker et al., 2001a). Taller vegetation is sometimes
found in areas protected by moderately deep snow cover, but in deeper accumulations,
snowbed plant productivity is strongly limited by the short snow-free period. Some evergreen
species have developed the ability to photosynthesize beneath thin snow cover, giving them a
head start in spring (Starr & Oberbauer, 2003). Plant communities specifically adapted to
very short growing seasons are found in these snowbeds (Billings & Mooney, 1968).

Soil pH has a strong effect on arctic and alpine vegetation. Non-acidic areas in Arctic
Subzones D and E are characterized by deeper thaw, non-tussock forming sedges and forbs,
and frost circles with bare ground in their geomorphically active centers (Walker et al., 1998).
In contrast, acidic areas have a deep moss layer, commonly including Sphagnum species
(Sphagnaceae), which insulates the soil from summer warming. Plants growing in these
moist, acidic soils include tussock sedges and ericaceous shrubs. This tussock tundra is found
on old soils throughout Beringia, the vast region spanning from northeast Russia east across
the Bering Land Bridge to northwest North America, that remained ice-free during
Quaternary glaciations (see below). The effects of soil chemistry are especially obvious in
areas of thin soil that are common in the Alpine, where plants are growing close to the source
bedrock. Limestone bedrock weathers quickly and does not form soil as well as acidic
bedrock, resulting in dry, calcium-rich soils, supporting vegetation that is often sparse, but
forb-rich (Walker et al., 2001b).

Since the 1960s, many reviews on the topic of the ecology and evolution of plants of
arctic and alpine environments have been published. In this chapter we provide a list of
recommended readings by topic (Table 1) and summarize the insights gained from molecular
ecology, modeling, and remote-sensing studies. We first provide an overview of the history
and evolution of arctic and alpine floras and then discuss the biodiversity of arctic and alpine
plants and their potential for adaptation to climate change. We conclude with an overview of
plant cross-kingdom interactions, with a focus on the plant-ectomycorrhizal fungi symbiosis
in arctic and alpine environments.

Table 1. Prominent reviews recommended by the authors on the topic of the ecology and
evolution of arctic and alpine plants

Regional focus Topic focus Reference

Arctic Adaptation Savile (1972)

Arctic Ecology Chernov (1985)

Arctic and alpine Biodiversity Chapin & Korner (1995)
Arctic Vegetation ecology Bliss (2000)

Arctic Phytogeography Abbott & Brochmann (2003)
Alpine Ecology Kérner (2003)

Arctic and alpine Evolution Abbott (2008)

Alpine Vegetation ecology Ellenberg (2009)

Arctic Fungal ecology Timling & Taylor (2012)
Arctic Ecology & evolution Brochmann et al. (2013)

Arctic Biodiversity Meltofte (2013)
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HISTORY OF ARCTIC AND ALPINE FLORAS

There is a distinct arctic flora, one restricted to regions north of the latitudinal treeline,
consisting of taxa that do not have ranges south of the Arctic, but including taxa with minor
excursions into the northern boreal alpine zone. There are notable disjunctions south from the
Arctic, as in North America, into the southern Rocky Mountains, and these comprise the
arctic-alpine flora. There is also a distinct alpine flora that does not reach the Arctic, but is
restricted to the southern Rocky Mountains and mountain ranges such as the Alps,
Carpathians, Altai, and Caucasus.

The classic late 19" century model proposed a once widespread Tertiary arctic flora
driven by advancing Pleistocene ice sheets south into high mountains, leaving nothing in their
wake, the tabula rasa (clean slate) hypothesis (Nathorst, 1892). These southern migrants
remained in the mountains and ascended to their summits when the post-glacial climate
ameliorated and plants from south of the maximum extent of glaciation could migrate
northward to repopulate the Arctic. Thus, the alpine flora was, by this reckoning, a
Quaternary derivative of an early Tertiary arctic flora (cf. Darwin, 1859).

Weber (1965, 2003) has sought an explanation for the disjunctions of alpine plants in the
Altai of south-central Siberia and in the southern Rocky Mountains of western North
America. He presented abundant examples of taxa shared by both mountain systems and
absent from the area between. To reconcile the huge geographic separation today, he
envisioned (as did Darwin) a once more-or-less continuous blanket of these taxa at some time
during late Tertiary and the subsequent destruction of these plants in the intervening area
during the Quaternary. His proposal is logical and derives from inferences from long and
detailed studies of floras; however, it must be said that this explanation is without empirical
evidence.

Tolmachev (1960) proposed that the arctic flora had been derived from the alpine floras
from the mountain ranges of Eurasia and North America. Although Hultén (1958) had earlier
supposed a circumpolar arctic tundra at the onset of Quaternary glaciations, he accepted
Tolmachev’s hypothesis and put forward his own argument in favor of this account of history.
He was aware of a common floristic core in mountain ranges surrounding the Arctic (W. A.
Weber, pers. comm.). Which flora is the antecedent, arctic or alpine, is a question that
remains unanswered.

Late Tertiary floras as reconstructed from plant remains at Lava Creek on the Seward
Peninsula in Alaska USA (Hopkins et al., 1971) and at Kap Kgpenhavn, 82° N latitude in
Greenland (Bennike & Bgcher, 1990) do not provide evidence for a continuous late Tertiary
arctic tundra. However, from that flora of Tertiary forests and forest-tundra, plants of bogs
and similar cold sites, pre-adapted to conditions that would become widespread in the
Quaternary, survived the shift from forest to tundra. Plants of pond margins and waterways
faced little change in habitat as the cooling progressed. We can presume these plants persisted
wherever riparian habitats remained extant (cf. Johnson & Packer, 1965). Macrofossils from
the Tertiary Beaufort Formation of arctic Canada (Matthews & Ovenden, 1990) generally
support this view. The occurrence of Saxifraga oppositifolia and Dryas integrifolia (Figure 2)
in Canada and Greenland raise an important question: does the presence of quintessential
tundra plants in today’s world signify tundra in Late Tertiary?
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Formation of the circumpolar arctic tundra we see today progressed throughout the nearly
2.5 to 3 million years of the Late Tertiary (Pliocene) and Quaternary. Arctic tundra reached
its geographic extent, floristic richness, and current zonation (see Daniéls et al., 2013 for
details) in post-glacial time. Those arctic areas wholly covered by ice sheets during the last
glacial maximum, of course, were colonized as recently as 6,000 to 10,000 years ago.
Components of the arctic flora may be ancient, but the modern flora is an amalgam of
Tertiary, Quaternary, and Holocene contributions. As the vast continental ice sheets withdrew
and eventually disappeared, plants moved onto the deglaciated terrain, a great many of them
from south of the former ice margin, but patterns of plant distribution suggest also other
sources, ones from within the area thought to be tabula rasa.

Fernald (1925) and Hultén (1937) drew our attention to areas of persistence, where plants
adapted to harsh conditions avoided Quaternary glaciations in ice-free periglacial refugia
when most of northern Eurasian and North America were otherwise ice covered. This meant
tabula rasa but with special cases of plant survival. From centers of persistence, plants
emerged and became geographically and ecologically sorted according to their dispersing
ability and thresholds of tolerance to various abiotic and biotic limiting factors. Some plants
moved faster and farther than others and established a circumpolar existence; some developed
southern extensions along the Cordillera and formed the arctic-alpine flora. Others have
continued to occupy restricted areas despite the millennia since their release from glacial
conditions.

Whereas the boundaries of the huge Beringian refugium, as proposed by Hultén (1937),
are now well documented by both geological and biological data, the extent and even the
existence of smaller arctic and alpine refugia are still debated. Beringia is vast, but nunataks,
used here in its broad sense as any non-glaciated area surrounded by glacier ice, are smaller in
area, and discrete. Periglacial refugia have been used to explain numerous disjunct
distributions, especially in alpine systems. Even so, questions remain: where did nunataks
occur, when were they ice-free, when and how did the plants arrive at these locations, how
did they survive there, and are they necessary to explain floristic novelties?

With the advent of molecular analysis of the genome in both plants and animals, and the
rise of the field of phylogeography (Avise, 1994) there came an additional line of evidence by
which to identify refugia, centers of phylogenetic and geographic origin, routes of migration,
and instances of long distance dispersal from known sources.

More recently, information on plant cover has been gleaned from the bulk DNA extracted
from frozen soil cores gathered at several sites in the Arctic: Russia, United States (Alaska),
and Canada. Technigues have been developed that provide, for the most part, greater
resolving power (i.e., the ability to identify more taxa to species, than could be achieved
through palynology alone). Importantly, these cores have been taken from exposures that date
back to the last glacial maximum (cf. Willerslev et al., 2014).

Prior to molecular genetics, the thinking was that plants isolated for long periods of time
in nunatak refugia would exist where, due to isolation, an influx of new genotypes was nil.
Random fixation of genes by genetic drift and removal of less fit gene combinations through
intense stabilizing selection acting upon these small populations would, theory predicts, result
in a gene pool of low diversity but consisting of genotypes admirably adapted to the narrow
constraints of a harsh, full glacial nunatak existence. This presumably left the survivors
poorly equipped for post-glacial dispersal—except, perhaps, for the polyploid taxa.
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Figure 2. A) Dryas integrifolia and B) Saxifraga oppositifolia were both a component of the Late
Tertiary arctic flora as reconstructed from plant remains at Lava Creek on the Seward Peninsula in
Alaska (Hopkins et al., 1971) and at Kap Kgpenhavn in Greenland (Bennike & Bgcher, 1990) (photo
credits: Martha Raynolds).

A tenet of phylogeography is that plant genomes undergo steady mutation in the neutral,
or non-coding, regions of the genome. The longer populations are isolated, the longer the time
for the fixation of unique gene combinations and rare alleles; hence, genetic identities form as
long as interbreeding with other populations does not occur, as that would swamp any unique
haplotypes. In phylogeography, the expectation is for greater genetic diversity as the signal of
refugia persistence.

Disjunct occurrences in mountains were taken by some to be prima facie refugial
survivors; the bicentric distribution pattern in the Scandinavian mountains is an example
(Dahl, 1955). Although a thorough reconsideration by Brochmann et al. (2003) concluded
that refugia were not necessary to account for both the disjunctions and endemics, a more
recent study (Westergaard et al., 2011) has found examples explained by nunatak survival.
Thus, these publications are a perfect illustration of the wisdom of Berg (1963):
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“...most ... biogeographers explain the arctic-alpine disjunction in terms of glacial
survival...It is my opinion that no single explanation can account for all the arctic-alpine
disjunctions...a great deal of argumentation has resulted from a futile search for one
universal cause.”

The aggregate of disjunct occurrences of Rocky Mountain plants in eastern North
America are what first led Fernald to propose his persistence theory (Fernald, 1925). What
made some of his examples controversial was the absence of geological evidence for ice-free
areas. lves (1974), in his splendid review of biological refugia and the nunatak hypothesis,
chastised those making claims for periglacial refugia without supporting evidence for full
glacial, ice-free conditions, even in the face of strong geological evidence against such
claims.

A counter-argument to refugial survival was that disjuncts were ecological specialists that
arrived at their current position in post-glacial time. Why they remain today as small isolated
populations was thought to be the result of drastically reduced ecotypes, the conservative
species of Fernald (Fernald, 1925), the rigid species of Hultén (Hultén, 1937), and thus a
genetically determined inability to disperse and compete elsewhere. An excellent review of
Fernald and Hultén and the debate over refugial existence or post-glacial arrival is provided in
Raup (1941, pt. 1).

Long distance dispersal has always been offered as a mechanism to explain disjunct
species, but one which we are unlikely to confirm by direct evidence. Savile (1956, 1972), a
great field biologist, believed in the efficacy of winter transport by strong winds over a
landscape of ice and snow. However, for some geographic problems, greater distances must
be traversed. Plant propagules are believed to have been carried across the Atlantic Ocean by
migratory waterbirds such as those moving from western Europe to northeastern North
America, contributing to the Amphiatlantic flora. The discussion has long gone back and
forth, with reasons supporting both why long distance dispersal is probable and why it is not
(Dahl, 1963; Love, 1963).

Abbott & Brochmann (2003) have provided an excellent review of the molecular
evidence for transatlantic dispersal. Since then, more examples have appeared: Carex
bigelowii (Cyperaceae; Schonswetter et al., 2008) and Saxifraga rivularis (Westergaard et al.,
2010). Moreover, in a remarkable study Alsos et al. (2007) demonstrated how Svalbard could
be supplied with plants from elsewhere in post-glacial time, even from distant sources,
without involving refugial populations—a suggestion that would have been in conflict with
glacial geologists who have said that periglacial refugia did not exist there.

Mountains high enough to support alpine vegetation today were for the most part ice-
covered during glacial maxima, certainly during the last glacial maximum, but alpine plants
could have persisted in peripheral nunataks at the margins of an ice shield as Schonswetter et
al. (2004) postulated for Ranunculus glacialis (Ranunculaceae) in the Alps. In the case of
Eritrichium (Boraginaceae; Stehlik et al., 2002) at high elevations in the Alps, snow and ice
would make refugia problematic. Similarly, Marr et al. (2008), having examined the genetics
of Oxyria digyna (Polygonaceae) over much of the North America Cordillera and elsewhere,
reported genetic diversity among disjunct occurrences that they interpreted as the
consequence of periglacial refugia, albeit where geological evidence for ice thickness would
appear to rule out ice-free areas. The implication is that genetic evidence trumps geological
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projections, yet the genetic diversity could be the result of post-glacial secondary contact and
the rare alleles, at least in small populations, by fixed random processes.

How did the arctic species disperse southward down the Rocky Mounting chain, getting
as far south as Montana, where there are about 100 arctic taxa found in the alpine zone (P.
Lesica, pers. comm.)? There are even some arctic-alpine plants on the summits of the San
Francisco Peaks of Arizona (Deaver Herbarium; www.nau.edu/deaver). We assume this is
due to migrations southward from the Arctic, but it remains unclear when this would have
occurred. During the glacial maxima, ice cover was nearly complete and thus, we presume, a
barrier to dispersal. Prior to the final glacial advances and/or as glaciers receded in early post-
glacial time, there would have been both the arctic environment and open corridors through
which plants could have dispersed southward from Beringia (and some southern alpine plants
northward). Thus a post-glacial process cannot be ruled out; in fact it seems likely. Despite
numerous studies and discussions on the history and evolution of arctic and alpine floras for
more than a century, there is still much to be learned.

BIODIVERSITY OF ARCTIC AND ALPINE PLANTS

Species richness of arctic and alpine plants tends to decline with increasing latitude and
elevation. Low temperatures and a short growing season are environmental filters that are
hypothesized to exclude species from increasingly more severe climates (Chapin & Kdrner
1995; Walker, 1995). There is no consensus, however, on a single explanation for the decline
in biodiversity. Hypotheses fall into two groups, those based on ecological mechanisms of
species co-occurrence and those based on evolutionary mechanisms governing rates of
diversification and Earth history (Payer et al., 2013). These hypotheses are not necessarily
mutually exclusive, as observed patterns may be due to interactions between both abiotic and
biotic factors.

On a more regional scale, species richness of arctic and alpine plants is best explained by
the ancestral stock of species, long-distance migration following deglaciation, evolution of
new taxa, and proximity to a rich species pool as within and near Beringia (Chapin & Karner,
1995; Murray, 1995). Migration is essential for the assemblage of arctic and alpine floras,
especially following glacial periods and associated extinctions. In the Arctic, the flora tends
to intergrade continuously from a few centers of persistence. In contrast, alpine floras are
more discrete due to their restricted habitat and geographic isolation, thereby leading to
higher levels of endemism. Thus, mountain ranges in different regions tend to have disparate
assemblages of alpine dominants, while the dominant plant species across the Arctic tend to
have a circumpolar distribution.

Whereas it is often remarked that the flora of arctic and alpine regions is species-poor,
even depauperate, the question arises: species-poor in relation to what? Summer climate is
sufficiently cool and winds strong enough to preclude trees and tall shrubs, thus a major
component of boreal and temperate vegetation is missing from tundra. But, are there niches
unfilled? Are there families, genera, or species missing that we should expect? These
questions have not been addressed, but are of interest as we discuss the flora of arctic and
alpine regions in this section of the chapter.
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Our knowledge of the arctic flora differs for each of the three main taxonomic groups of
plants—vascular plants, bryophytes, and algae. Vascular plants are the best-known group.
This is due in part to the recent publication of the Checklist of Panarctic Flora (PAF)
Vascular Plants (Elven, 2011). The Panarctic flora includes 2,218 taxa, 91 families and 430
genera; which is less than 1% of the world flora (Daniéls et al., 2013). There are few
gymnosperm taxa: 96% of the flora are angiosperms. Eight species-rich families account for
more than 50% of the flora, of which the top three families are Asteraceae (254 taxa),
Poaceae (224 taxa), and Cyperaceae (190 taxa). About 5%, or 106 taxa, are endemic. Most
endemics are Beringian, occur arctic-wide, and are forbs. There are no endemic woody
Species.

As a whole, the arctic flora is viewed as taxonomically, ecologically, biologically, and
genetically coherent with the many species having a circumpolar distribution. Biodiversity is
low in comparison to temperate or tropical ecosystems. Trends in species richness are largely
attributed to history, including glaciations, land-bridges, and north-south trending mountain
ranges (Yurstev, 1994). Bryophytes are ubiquitous in the Arctic and contribute significantly
to species richness, particularly in moist to wet habitats (Daniéls et al., 2013). There are an
estimated 900 arctic bryophyte species and approximately 4,000 freshwater and marine algal
species. The biodiversity of microalgae is still largely unknown. At present, there are few
introduced species (101 taxa; Elven, 2011). The most widespread non-native stabilized
introduced species are Lepidotheca suaveolens (Asteraceae, pineapple weed), Plantago major
subsp. major (Plantaginaceae, common plantain), and Trifolium pratense (Fabaceae, red
clover). Most of the introduced species are not invasive and are restricted to disturbed
habitats. For example, hay brought in to protect disturbed slopes from erosion where the
trans-Alaska oil pipeline passes through the Arctic created an influx of invasive species, but
most were gone after the first winter. Although not currently a threat in the Arctic, invasive
species are likely to increase due to increasing human activity coupled with climate change.
For example, a recent study showed that visitors to Svalbard transport a minimum of four
seeds on their shoes. Most of these seeds are from species known to be invasive elsewhere
and over a quarter of these seeds were found to be capable of germination under current
climatic conditions (Ware et al., 2012).

Plant species diversity of the world-wide alpine flora is much greater than in the Arctic.
Kdrner (2003) estimates 8,000-10,000 vascular plants, comprising 100 families and about
2,000 genera, or nearly 4% of the world flora. The most common families in the Alpine are
similar to those also common in the Arctic: Asteraceae, Poaceae, Brassicaceae,
Caryophyllaceae, Cyperaceae, Rosaceae, and Ranunculaceae. Regional alpine floras, from the
Teton Range in Wyoming to the Hokkaido alpine zone in Japan, typically include 200-280
species, with a mean diversity of 241 species from nine distinct mountain ranges (Korner,
2003). In contrast, in the Arctic, mean species richness of vascular plants from the 21
Panarctic floristic provinces (Elven, 2007) is estimated at 544 species (Daniéls et al., 2013).
The most species rich floristic province is Western Alaska (825 species), and the least species
rich region is Ellesmere Land-North Greenland (199 species). These data are not directly
comparable to estimates of diversity for alpine floras as floristic provinces are not analogous
to more regional mountain ranges. Within the alpine zone, total plant species richness within
a given region declines by about 40 species of vascular plants per 100 m of elevation (Kdrner,
2002). Mosses (also see Chapter 12) and lichens (also see Chapter 3) deviate from this pattern
as they often increase in abundance with increasing altitude, although their richness
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eventually decreases at the highest altitudes. Most alpine species occur at 1,000 m or lower,
although a few species have been found as high as 5,900 m in the Tibetan Himalaya (Rongfu
& Miehe, 1988) or 6,300 m on Mount Everest (Grabherr et al., 1995). Given the geographic
isolation of mountains that often are functionally islands, endemism is high with the highest
degree of endemism found at moderate, rather than at extreme altitudes.

There are several stressors to arctic biodiversity (Meltofte, 2013). These fall into two
categories: anthropogenic and climatic stressors. Anthropogenic stressors include increased
development, such as infrastructure associated with oil, gas, and other resource extraction.
Further development will be made possible by increased opportunities for transportation
including shipping lanes, road building, and regular air service to remote localities. There are
also stressors from contaminants, such as persistent organic pollutants, and increased
potential for oil spills.

Climatic stressors are the most serious threat to plant biodiversity in the Arctic and
equally, or more so, to alpine environments. Climate warming is predicted to lead to
migration of plants northward, altering the structure of vegetation through additions or even
replacement from the sub-arctic to the low Arctic to the high Arctic. Terrestrial habitats in the
Arctic are bounded to the north by a coastline so there is the potential that high arctic
ecosystems may only survive in isolated refugia or in mountain habitats. A similar scenario is
predicted for the Alpine, with expansion of treeline vegetation to higher elevations. Snowbed
specialists, adapted to late snow melt and low soil temperatures are among the most
threatened as both conditions are likely to be altered by climate change (Bjork & Molau,
2007).

Many studies document changes in arctic and alpine plant distributions consistent with
climate warming predictions. Re-sampling studies from over 100 mountains in Scandinavia
and Europe, as well as on the arctic islands of Spitsbergen and Greenland, show that species
richness on mountain summits has increased (Birks, 2013). This increase is predominantly an
altitudinal ascent of grasses, dwarf shrubs, and low shrubs. In central Norway, Klanderud &
Birks (2003) showed that changes in species richness from 1930 to 1998 varied by elevation
belt. Total plant species richness in the lowest elevation belt (1,600-1,800 m) increased by 8-
14 species, while in the mid-elevation belt (1,800-2,000 m) total plant species richness
increased by 5-8 species. Above 2,000 m, little or no change in species richness was
observed. No high-alpine species had gone extinct, although a few species had decreased in
frequency since 1930. In Montana’s Glacier National Park, arctic-alpine plant cover declined
over two decades of study (1988-2011) with a concurrent increase in mean summer
temperature (Lesica, 2014). Plants restricted to high elevations declined more so than those
with a broader elevational distribution. In alpine areas of Europe, Gottfried et al. (2012) found
increases in warm-adapted species and declines in cold-adapted species over a relatively short
time period from 2001-2008. Warming experiments have shown an increase in shrubs in the
Low Alpine in Europe (Cannone et al., 2007) and Asia (Klein et al., 2007) and from multiple
sites across the Circumpolar Arctic (EImendorf et al., 2011; Walker et al., 2006). Increases in
satellite measures of greenness (related to aboveground plant biomass) have been observed
(Epstein et al., 2012), as well as increases in shrub cover based on repeat photography in the
warmest parts of the Arctic (e.g., Tape et al., 2006), although grazing by reindeer, lemmings,
and voles may limit shrub expansion (Olofsson et al., 2009). Studies in colder subzones of the
Arctic have found increased vegetation cover and height, but little change in community
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composition (e.g., Hudson & Henry, 2009), except in recently deglaciated areas where
succession is occurring.

Equating biodiversity with species richness is one measure, but there is another level to
be considered. From molecular studies, we now know that genetic diversity within Linnean,
or biological, species can be high. The problem comes in assessing Linnean diversity, for
there is often no parallel morphological differentiation to provide visible markers to genotypic
boundaries. There is great genetic variation within the species (cf. Brochmann & Brysting,
2008). Reticulate evolution among arctic plants involves multiple genomes, secondary
contact, hybridization, and polyploidization, all of which provide raw material for
infraspecific variation and differentiation.

Some of the best information on biological species diversity comes from studies of
Draba (Brassicaceae), initiated by Brochmann and continued by him with students and
colleagues in Oslo. Grundt et al. (2006) conducted intraspecific crossing studies of three
circumpolar diploid species in Draba and found, despite observations of limited
morphological and genetic diversity, evidence for cryptic biological species, ones
reproductively isolated from one another and thus evolutionarily independent. Hybrids from
within populations were mostly fertile (63%), while those from within and among geographic
regions (Alaska, Greenland, Svalbard, and Norway) were mostly infertile (8%). These results
suggest that infraspecific diversity may be higher in the Arctic than previously realized.

Genetic diversity is essential to long-term persistence of arctic and alpine biodiversity as
it provides opportunities for species to respond to changing environmental conditions. As
abundance and geographic distributions of species shrink, genetic variability for selection to
act upon is also often reduced. For most arctic and alpine plants, we lack information on how
genetic variation, and therefore evolutionary potential, is generated and maintained. Species
richness is often used as a surrogate for genetic diversity in conservation planning, although
we are still learning how these two levels of biodiversity are related. To date, a few studies
have addressed whether species and genetic levels of biodiversity co-vary in arctic and alpine
plant communities.

Taberlet et al. (2012) showed that for the flora of the Alps and Carpathians, species
richness and genetic diversity of high mountain vascular plants are not correlated. Their
results showed that genetic diversity is instead associated with glacial history of a species,
which in turn was linked with environmental and ecological characteristics of glacial refugia,
range shifts, and associated demographic processes. In contrast, Eidesen et al. (2013) showed
that patterns of genetic diversity across 17 vascular plant species are analogous to large-scale
patterns of species diversity in the Arctic. Diversity was highest in Beringia and decreased
gradually into more recently deglaciated regions. It should be noted that both of these studies
assessed neutral genetic diversity, which is not under selection.

An aspect of genetic diversity in arctic plants was noted many decades ago as
chromosome counts of northern plants were becoming known and diploids and polyploids
were identified. It was further noted that there are more polyploids at higher latitudes than at
low latitudes (Hagarup, 1928). The relationship between the frequency of polyploids and the
northernmost regions became the preoccupation of many, for whom the underlying belief was
that polyploidy per se gave the plants advantages in cold climates. The advantages of genetic
diversity from multiple sets of chromosomes was presumed to endow polyploids with the
ability to persist in the rigorous conditions, such as in glacial refugia (see above) and also to
have the capacity to spread aggressively during deglaciation (Love, 1959).
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Johnson & Packer (1965, 1967) and Johnson et al. (1965) demonstrated, at Ogotoruk
Creek in northwest arctic Alaska, a relationship between the frequency of polyploid taxa
along gradients of soil texture, moisture and temperature, depth to permafrost, and degree of
geomorphic disturbance. The diploids and low polyploids were found on more stable Tertiary
surfaces, and the higher polyploids were found in habitats of the sort that became common
and widespread during cold intervals of the Pleistocene, suggesting their more recent
divergence.

Brochmann et al. (2004) examined the observations and explanations for polyploidy in
arctic plants, particularly what can be concluded from recent molecular studies. Essentially,
polyploidy is the means by which reticulate evolution proceeds and by which hybrids can
gain fertility, stability, and independence. Research with hybrids showed there is interspecific
gene flow across ploidy levels (Brochmann et al., 1992a), which demolishes the simplistic but
long held belief in strong reproductive barriers between diploids and tetraploids and so-called
abrupt speciation. Surprisingly, there can be two or three different parental species, all
polyploids sharing parts of their genomes, which form polyphyletic hybrids. These hybrids
attain fertility through polyploidization. Hence, taxa of different parental combinations,
formed at different times and places, can exist within the same Linnean species (Brochmann
et al., 1992b). Recent studies have shown that polyploidy has occurred at different times and
places within Vaccinium uliginosum (Ericaceae; Eidesen et al., 2007) and that different ploidy
levels overlap across the circumpolar distribution of Saxifraga oppositifolia (Muller et al.,
2012).

Changes in biodiversity, driven by climate and other anthropogenic stressors, will
provide new opportunities for recruitment and require adaptation and adjustment of arctic and
alpine floras. Crawford (2008) argues that many widespread arctic and alpine plants occupy a
range of different habitats, in terms of temperature and soil-moisture content for example, and
are ecotypically diverse. If so, this should help buffer these species against extinction with
increases in global temperatures. For other plants that are of recent origin or which are
narrowly distributed, such ecotypic diversity does not exist. For species that may be
outcompeted by more thermophilous species invading from the south, their survival depends
on their ability to colonize newly deglaciated land at higher latitude or altitude where
temperatures remain low. For alpine species that are already restricted in high altitude
mountain ranges, there may be no new suitable habitat to exploit. If so, these species are
likely to be among the most endangered in the future (Birks, 2008). In the next section of this
chapter, we discuss adaptation and the response of arctic and alpine plants to climate change.

ADAPTATION AND THE RESPONSE OF ARCTIC AND ALPINE
PLANTS TO CLIMATE CHANGE

Climate change in recent decades has led to changes in the composition and distribution
of vegetation in arctic and alpine environments. These regions are changing, and as a
consequence their biodiversity is also changing (Callaghan et al., 2004). Predicted increases
in temperatures globally are 0.1°C per decade, which is amplified in the polar region
compared to lower latitudes (ACIA, 2005).
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In response to temperature increases, shrubs and trees are extending their limits both
northwards and upwards. How will arctic and alpine plants be affected by climate change?
Birks (2008) stated this question well:

“Will arctic plants be pinched between advancing shrub tundra and forest and the
rising sea-level in the low-land Arctic? Will alpine plants be squeezed off the tops of
mountains?”

It is likely that some arctic and alpine plants will become extinct, particularly those with
small endemic populations at the limit of plant life in the High Arctic or at high altitude. If we
look to the past, however, to when the climate warmed in the early Holocene, temperatures
were about 2°C warmer in the Arctic. Arctic and alpine plants persisted, and no arctic-alpine
species with a fossil record is known to have gone extinct in the Quaternary (Birks, 2008). It
therefore is likely that more ecotypically diverse species are resilient to climate change and
will survive and adapt as long as some suitable habitat remains.

Ecotypes, variants within species, have long been recognized among temperate plants,
where ecotypes show various morphological features adaptive to particular environmental
conditions. A selective advantage may also accrue to ecotypes in their native site without a
change in morphology as to be recognized as taxonomically distinct. There are many
examples of ecotypes along latitudinal and altitudinal gradients, even along local gradients of
microtopography where adaptations are less morphological and mainly physiological (Chapin
& Chapin 1981; Shaver et al., 1979). Ecological amplitude in geographically wide-ranging
species derives from the formation of entities with genetically fixed, adaptive properties. The
effectiveness of this process is not fully appreciated. For ecotypes to undergo speciation there
would first need to be sufficient genetic variation within them, and second, selection pressure
to drive the process of differentiation. Absent one or both, further divergence does not occur;
moreover, the infraspecific ecotypes allow for persistence across a range of environmental
conditions. Raup (1969) evaluated the breadth of tolerance by species to gradients of soil
moisture, plant cover, and geomorphic disturbance and found that some species exhibit great
tolerances. This capacity of some tundra plants is a function either of phenotypic plasticity or
of genetically fixed ecotypic differentiation, or a bit of both. It is likely that more ecotypically
diverse species will have large ecological amplitudes, will be resilient to climate change, and
will survive and adapt as long as the thresholds of tolerance to limiting factors are not
exceeded.

Temperature, photoperiod, concentration of CO, and light intensity all affect
photosynthesis and photosynthetic efficiency of plants. Species occurring in both arctic and
alpine tundra provide examples of ecotypic differentiation for those environmental
parameters. Ecotypes of these species are differentially adapted to the low light intensity and
long photoperiod of the Arctic and to the high light intensity and short photoperiod of the
Alpine. Even differences in the production of leaves, leaf width and thickness, and
concentration of chlorophyll have been identified as part of ecotypic differentiation of
physiological traits (cf. Mooney & Billings, 1961; Tieszen & Bonde, 1967).

Much of what we know about adaptation in arctic and alpine plants is based on common-
garden studies as a means of identifying genetically controlled responses among plants grown
in different adaptive norms. Work has ranged from the early reciprocal transplant studies of
Clausen & Hiesey (1958) with Potentilla glandulosa and Clausen et al. (1948) with Achillea



Ecology and Evolution of Plants in Arctic and Alpine Environments 165

lanulosa (Asteraceae) across an elevational gradient in California, to work by Mooney &
Billings (1961) with Oxyria digyna from a broad latitudinal range of arctic and alpine
populations, to work by Tieszen & Bonde (1967) with Deschampsia caespitosa (Poaceae) and
Trisetum spicatum (Poaceae) from arctic and alpine sites. The work of Clausen and
colleagues revealed a sequence of climatic races. Mooney & Billings (1961) showed a clear
differentiation of physiological traits in Oxyria digyna over a latitudinal gradient from
northern Alaska south through the Rocky Mountains to Colorado. A more recent study
returned to two separate reciprocal transplant experiments in Alaska 30 years later, Dryas
octopetala subspecies along a snowbank gradient in the Alpine and Eriophorum vaginatum
(Cyperaceae) along a latitudinal gradient in the Arctic (Bennington et al., 2012; McGraw &
Antonovics, 1983; Shaver et al., 1986). For both species, differential survival in the ecotypes’
native site provided strong evidence for local adaptation in these long-lived species. These
findings show a broad range of ecotypes that would likely respond differently to climate
change. Ultimately, the ecotypic differentiation revealed by these and other studies of arctic
and alpine plants suggests extinction of wide-ranging species would be unlikely.

Just how the genes underlying genetic variation control ecotypic differentiation in arctic
and alpine plants is unknown. Molecular evidence based on non-coding regions of the
genome, so usefully applied in phylogeography is, however, neutral to the effects of selection.
A focus on adaptive rather than neutral genetic variation will be needed for predicting
responses to climate warming (Crawford, 2008). If we assume ecotypic diversity is a
surrogate for adaptive genetic variation, it would seem, as discussed above, that species with
high ecotypic diversity are likely to survive climate warming. To date, the genetics of
adaptation have largely been studied in model organisms with short generation times and not
for long-lived arctic and alpine plants.

We must note that an important distinction between arctic and alpine environments is
both day length and light intensity. Phenology is often related to day length in plants. For
example, arctic and alpine populations of Oxyria digyna show ecotypic differences in flower
and rhizome production, and in growth responses, to temperature and day length (Mooney &
Billings, 1961). Consequently, southern ecotypes cannot simply migrate northward to cooler
temperatures in a warming climate, as day length varies from about 15 hours of solar
radiation on the summer solstice at Niwot Ridge in Colorado (40° N) to continuous low
intensity 24-hour solar radiation north of the Arctic Circle (>66° 33’ 44” N). There are clearly
limits to arctic and alpine plants escaping climate change by extending their ranges
northwards and upwards.

Several recent global modeling studies have shed light on potential future states of
vegetation in arctic and alpine environments. Alsos et al. (2012) analyzed range-wide genetic
diversity of 27 northern plant species and used species distribution modeling to predict their
future distributions and levels of genetic diversity through 2080. Their work predicts range
reduction and loss of genetic diversity in nearly all species in their study, according to at least
one scenario. Species that were more vulnerable to losses in genetic diversity lacked traits for
long distance dispersal and had high levels of genetic differentiation among populations. In
another study, Pearson et al. (2013) used ecological niche models, based on statistical
associations between vegetation and climate, to predict the future distribution of arctic
vegetation. Their study predicts that at least half of vegetated areas will shift to a different
vegetation class, for example from graminoid tundra to shrub tundra, by 2050. Moreover,
their model predicts woody plant cover, or shrub tundra and forest, will increase by as much
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as 52%. In contrast, Breen et al.’s (2014) regional modeling study for Alaska tundra predicts
more modest shifts in woody plant cover. Their study used a state and transition model that is
driven by both climate and fire dynamics. Treeline advance varies by the climate model used
to drive the simulations. With greater tundra fire activity, 12% of tundra transitions to forest,
and 11% of graminoid tundra transitions to shrub tundra, by 2100. In contrast, with more
modest tundra fire activity, the amount of tundra that transitions to forest nearly doubles to
20%, but there is little change in the relative amounts of graminoid and shrub tundra.

ARCTIC AND ALPINE PLANT INTERACTIONS WITH OTHER
ORGANISMS: THE ECTOMYCORRHIZAL SYMBIOSIS

Virtually every plant is full of endophytes (fungi, bacteria, viruses) that occur in all
organs of plants. As in other ecosystems, plants in the Arctic and Alpine interact with
organisms across kingdoms, including plants, animals (mammals, birds, insects), fungi,
bacteria, archaea, and viruses. Many of these complex interactions, both direct and indirect,
occur simultaneously. These interactions happen with different degrees of specificity and
range from antagonistic to mutually beneficial. The outcome of such interactions depends in
large part on the environment (Partida-Martinez & Heil, 2011), which in the Arctic and
Alpine are dominated by low temperatures and a short growing season.

The use of molecular methods has not only revealed a great biodiversity of organisms in
arctic and alpine environments, but also highlights the complex interactions of plants with
other organisms, including fungi (Dahlberg et al., 2013; Gao & Yang, 2010; Timling &
Taylor, 2012). Fungi are ubiquitous and benefit plants as mutualistic mycorrhizas (also see
Chapters 2, 5) and saprotrophs by providing nutrients and water; they can harm plants as
pathogens. We will illustrate how molecular methods have shed light on plant interactions
with other organisms through the example of ectomycorrhizal fungi (EMF).

The ectomycorrhizal symbiosis is abundant throughout the Arctic and Alpine, where the
fungi associate with shrubs, as well as a few sedges and forbs. Although EMF associate with
only about 6% of the vascular plants in the Arctic, these plants are important components of
plant communities that cover up to 69% of the ice-free Arctic (Walker et al., 2005). The
symbiosis seems especially important in biomes with low nutrient availability, where the
fungus provides nutrients and water to the plant and the plant provides carbohydrates to the
fungus. In the Arctic, 61-86% of nitrogen in ectomycorrhizal plants is provided by their
fungal symbionts while the plant provides 8-17% of photosynthetic carbon to the fungi
(Hobbie & Hobbie, 2006).

In contrast to vascular plants in the Arctic, EMF associated with shrubs do not follow the
classic pattern of species richness decline with latitude, which suggests that fungal species
richness is not governed by temperature (Bjorbaekmo et al., 2010; Timling et al., 2012). The
species-rich EMF communities that have been observed on host plants in the Arctic and
Alpine are dominated by a few families that are especially species-rich (Thelephoraceae,
Cortinariaceae, Inocybaceae) (Blaalid et al., 2014; Gao & Yang, 2010). Similarly, many plant
communities are dominated by a few species-rich families (Asteraceae, Brassicaceae,
Caryophyllaceae, Cyperaceae, Fabaceae, Poaceae, Ranunculaceae, and Rosaceae; Daniéls et
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al., 2013). This suggests that some plant and fungal families are especially adapted to arctic
and alpine environments.

Furthermore, EMF communities in the Arctic appear to be dominated by generalist fungi
with wide ecological amplitudes and which are excellent dispersers (Geml et al., 2012;
Timling et al., 2012). In contrast to boreal (Taylor et al., 2010) and temperate forests (Ishida
et al., 2007) and Mediterranean woodlands (Morris et al., 2008), the ectomycorrhizal
symbiosis seems to have lower specificity in the Arctic and Alpine (Botnen et al., 2014; Gao
& Yang 2010; Timling et al., 2012). While EMF communities in boreal, temperate and
tropical climates show distinctive phylogeographic distribution patterns, with restrictions to
continents and sub-continental regions (Geml et al., 2008; Talbot et al., 2014), the majority
(73%) of EMF species observed in studies from Svalbard and across the entire bioclimatic
gradient of North American Arctic have occurred also in other regions within and beyond the
Arctic (Geml et al., 2012; Timling et al., 2012). Such wide distributions within the Arctic
have been also observed for lichens (Geml et al., 2010) and vascular plants (Alsos et al.,
2007). The wide distribution of fungi and lichens might be aided by the smaller size of their
propagules. Finally the wide distribution suggests that terrestrial and trans-ocean long
distance dispersal must be a common phenomenon in the wide open landscapes of the Arctic,
aided by wind, snow, driftwood, sea ice, birds, and mammals (reviewed in Alsos et al., 2007).

Nevertheless, within the Arctic and Alpine, EMF communities show distribution patterns
at the regional and local scale that often parallel those of plant communities found there.
Ectomycorrhizal fungal communities associated with Dryas integrifolia and Salix arctica
(Salicaceae) change gradually across the five bioclimatic subzones of the North American
Acrctic, corresponding with climate, plant productivity, glaciation history, geology, and soil
factors (Timling et al., 2012). At a local scale, EMF communities often correlate with habitat,
successional stage, plant community, and bedrock and edaphic factors such as pH, carbon,
and nitrogen (Blaalid et al.,, 2014; Fujimura & Egger, 2012; Yao et al., 2013;
Zinger et al., 2011).

Climatic changes in the Arctic have led to pan-arctic shrub expansion (Tape et al., 2006)
and increases in plant productivity (Bhatt et al., 2010) and nutrient cycling (Rustad et al.,
2001). Long-term warming experiments show not only changes in plant communities (Walker
et al., 2006) but also changes in EMF community structure associated with Betula nana
(Betulaceae), one of the shrubs most responsive to climate warming (Deslippe et al., 2011).
The mutualistic nature of the ectomycorrhizal symbiosis, the low host specificity and the wide
distribution support the idea that EMF may play critical roles in the expansion of shrubs in
the tundra. Evidence from past climate changes comes from paleobotanical studies which
show that plant and fungal communities changed with past glacial and interglacial cycles,
with an increase in shrubs and trees and their ectomycorrhizal symbionts since the last
glaciation (de Vernal & Hillaire-Marcel 2008; Lydolph et al., 2005). Soil analyses along a
bioclimatic gradient in the North American Arctic show that subzone A, which is devoid of
woody species, harbors EMF species, probably as spores, and that soil fungal communities in
subzone E greatly overlap (74%) with communities of the boreal forests (Timling et al.,
2014). Furthermore, a bioassay with soils from above treeline showed that these soils provide
sufficient inoculum for a significant growth of conifers (Reithmeier & Kernaghan, 2013). The
authors concluded that spores in the soils and shrubs above treeline could facilitate treeline
expansion. With a warming climate one might expect changes of EMF community
composition with a northward shift of some EMF taxa. Finally EMF may be critical in
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facilitating an establishment of woody species in subzone A and a treeline expansion into
subzone E.

CONCLUSION

Despite considerable progress made in recent years, there remains much to learn about
the ecology and evolution plants in arctic and alpine environments. Molecular ecology,
modeling, and remote sensing studies, along with future fossil discoveries, will continue to
build upon our knowledge of these biomes and improve our understanding of their potential
response to future climate change. Brochmann et al. (2013) write that the species-poor arctic
flora is likely to be adapted to environmental change, through selection for high mobility and
buffering against inbreeding- and bottleneck-induced gene loss via polyploidy. However,
today’s flora of arctic and alpine environments will be challenged by a climate warmer than
the Holocene and over a shorter period. There is a need to begin focusing on adaptive, rather
than neutral genetic variation, to predict how arctic and alpine plants will respond to climate
warming over the next century.

There is also a need to intensify biodiversity research on arctic and alpine floras, with an
emphasis on vegetation classification, monitoring, and modeling (Daniéls et al., 2013).
Efforts such as the Arctic Vegetation Archive (Walker et al., 2013) are underway to improve
coordination and cooperation among arctic nations and to produce a pan-arctic vegetation
classification. Furthermore, the archive will provide vegetation data from across the
Circumpolar Arctic for use in biodiversity and ecosystem models. Jonsdottir (2013) is also
leading an initiative to develop a research framework on biodiversity-shaping forces that
considers different spatial and temporal scales and identifies commonalities across biological
hierarchies and organisms. This framework will provide for testing hypotheses about
biodiversity trends in the face of climate change in the Arctic and Alpine.
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