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Abstract: The populations, species, and communities in high elevation mountainous regions at
or above tree line are being impacted by the changing climate. Mountain systems have been rec-
ognized as both resilient and extremely threatened by climate change, requiring a more nuanced
understanding of potential trajectories of the biotic communities. For high elevation systems in
particular, we need to consider how the interactions among climate drivers and topography currently
structure the diversity, species composition, and life-history strategies of these communities. Fur-
ther, predicting biotic responses to changing climate requires knowledge of intra- and inter-specific
climate associations within the context of topographically heterogenous landscapes. Changes in
temperature, snow, and rain characteristics at regional scales are amplified or attenuated by slope,
aspect, and wind patterns occurring at local scales that are often under a hectare or even a meter in
extent. Community assemblages are structured by the soil moisture and growing season duration at
these local sites, and directional climate change has the potential to alter these two drivers together,
independently, or in opposition to one another due to local, intervening variables. Changes threaten
species whose water and growing season duration requirements are locally extirpated or species who
may be outcompeted by nearby faster-growing, warmer/drier adapted species. However, barring
non-analogue climate conditions, species may also be able to more easily track required resource
regimes in topographically heterogenous landscapes. New species arrivals composed of competitors,
predators and pathogens can further mediate the direct impacts of the changing climate. Plants are
moving uphill, demonstrating primary succession with the emergence of new habitats from snow
and rock, but these shifts are constrained over the short term by soil limitations and microbes and
ultimately by the lack of colonizable terrestrial surfaces. Meanwhile, both subalpine herbaceous and
woody species pose threats to more cold-adapted species. Overall, the multiple interacting direct
and indirect effects of the changing climate on high elevation systems may lead to multiple potential
trajectories for these systems.
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1. Introduction

Research on factors controlling the composition of the alpine tundra and how these
factors will be shaped by a changing climate has increased exponentially over recent
decades [1,2]. Most simply, if high mountainous communities can be viewed as islands
above subalpine forests, then warming can be thought of as analogous to sea level rise. The
area available for species decreases, and, accepting the reality of species—area relationships,
then species are threatened and overall numbers are expected to decline (e.g., [3]). Many
mountain biotic communities may uniquely be forced into extinction with “nowhere to go”.
High elevation systems found in regions experiencing the most rapid heating are arguably
the most at risk. This would include alpine tundra found at high latitude areas such as
those in mountainous regions of the boreal forest [4,5] and those at the highest elevations
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(due to elevation-dependent warming) [6]. It is concerning that the species at the highest
latitudes and elevations have both the highest climate exposure and are most at risk due
the lack of suitable conditions in the future [7]. Certain alpine regions with higher number
of endemic species or particular topographic features may also be especially vulnerable to
changing climate conditions [8,9]. However, there is also some evidence countering this
notion of all high elevation systems as severely threatened. Topographic heterogeneity of
mountainous regions may buffer the direct effects of climate change [10-12]. Further, in
some cases, area actually increases with elevation in mountains [13]. When assessing the
overall threat of mountain communities from a changing climate, species interactions are
also crucial to consider [14]; these interactions may play a large role in determining local
persistence across heterogenous landscapes [11,15,16].

Alpine zones occupy about 3% of the terrestrial surface of the earth [17,18], and
these often spectacular landscapes have been or will be impacted by the changing climate.
Among recent reviews, Malaneson et al. [19] describes this impact as complex, i.e., these
lands are “uncertain sentinels” with respect to species change and extirpations due to
climate change. Most authors describe the biotic composition of these systems as sensitive
and responsive to change [20]. The reasons for this vulnerability include: (a) evidence for
more rapid warming at higher elevation than at lower elevation sites, and hence a more
rapid rate of change, (b) the absence of adequate climate refugia, i.e., the absence of sites
that mimic current climatic regimes, and (c) the threat of many “better adapted competitors”
headed upslope to follow warming trends and that are capable of replacing extant species.
Further, elevational gradients produce steep climatic gradients; thus, preferred thermal
regimes for species tend to be limited in area. Predicting climate impacts on biological
diversity is confounded, however, due to the individual isolation of high elevation systems
in conjunction with those regional and local contingencies that influence the warming
impacts on community structure and composition [18]. We are faced with the challenge
that each mountain range contains potentially unique physical and biological components
that will create unique scenarios with response to this warming.

Our focus here is on the fate of the species at and above tree line with an emphasis
on what we believe will be the largest changes in the next few decades. We have used the
extensive and intensive research and monitoring results from the Niwot Ridge of Colorado,
a site with extensive climate and biological diversity records [21] (Figure 1), supplemented
with recent findings and syntheses from elsewhere, to guide conceptual frameworks. We
believe the Niwot Ridge studies provide a model system for many temperate and boreal
high elevation landscapes, but we also acknowledge a North American bias in our findings.
Extensive research on climate change for high elevation systems is ongoing across much
of the planet (e.g., [2,22-24]) and those studies outside of North America incorporate a
stronger socio-economic dimension in legacy effects and analyses of high elevation change.
Regardless, our mission is to show that the potential changes in these systems, particularly
those still containing glaciers, snowfields and permafrost, hold large consequences for all
organisms both within and below these high elevation systems [25].
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Figure 1. Typical alpine tundra found at Niwot Ridge (ca 3500 m.a.s.1,, 40°3’ N Lat., 105°35’ W
Long). The dry meadow in the foreground has been snow-free for nearly a month, while snowbed
communities and some of the moist meadows have yet to emerge from the snow. Willow (here Salix
glauca and S. planifolia) has increased exponentially at this site in recent decades ([26]; photo by C.
M. Tate).

While we emphasize terrestrial systems in this review, climate effects may be even
more amplified for high elevation aquatic communities for multiple reasons, including
changes in both amounts and seasonality of streamflow and relatively larger changes
to the chemistry of lakes and streams. Rapid increase in stream temperatures due to
current warming (in addition to the temperature and chemistry changes due to glacier,
snowfield and permafrost meltwaters initially increasing and then decreasing) will have
wide-ranging impacts [27] and are thought to be particularly stressful to invertebrates
in these systems [28]. The reduction in snow cover and ice controlling the productivity
and species composition of alpine lakes is at least as significant as that occurring on land.
Using a 36-year data set (1983-2018), Christianson et al. demonstrated that open water
duration of alpine lakes at 40 °N lat. had increased about 2.5 times faster than that observed
for 215 Northern Hemisphere lakes, and the phytoplankton community composition is
responding [29-31]. Mountain systems are the water towers of the world [32,33] and the
fate of the high elevation communities will impact the quality and quantity of those water
resources and the biota contained therein in addition to impacting downstream water users.

2. Identifying and Quantifying the Components of Climate Change for High
Elevation Species

Our focus here is on the traditional metrics of climate seen through the lens of com-
munity ecologists, i.e., the temperature and moisture regimes experienced by a species
within a defined area. This acknowledges the fact that species vulnerability to climate
have individualistic, evolutionary dimensions [34], and that mountainous regions are
incredibly difficult to define from a climatological standpoint at timescales relevant to
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long-lived alpine species. Extreme events such as drought, floods, and windstorms are
important factors, but without a sufficient length of time in the database to define these, we
cannot identify these as climate change components with high certainty. That said, there
is strong evidence for increasing drought in some mountainous regions [35]. Similarly,
fire in high elevation areas is emerging as a variable influenced by climate change. In
contrast to drivers whose effects are similar or increased with elevation, studies suggest
that increasing concentrations of CO, does not influence herbaceous alpine species [36],
likely because water, light, or soil nutrients are already limiting growth.

The temperature gradient (lapse rate) for high elevation systems averages about 6.5 °C
for every 1000 m in elevation [37] or about 154 m per 1 °C change. At local scales, cold
air drainage can reverse temperature gradients for periods of time [38]. For example, at
Niwot Ridge, the annual average lapse rate was 7.3 °C/km for the period 19522010, with
a maximum lapse rate of 10.6 °C/km and a minimum lapse rate of 4.0 °C/km (T. Kittel,
Univ. Colorado, Unpublished). Precipitation, often maximized at the highest elevations,
can also exhibit inversions [39]. However, the data on precipitation are also confounded
by biases in collections due to the often strong wind effects [40]. The current changes
in temperatures in the mountains tend to follow the trends of the regional climate [4],
although higher elevations may be at more risk for warmer and drier conditions [6,41]. It
is possible, albeit highly speculative, to estimate species risk as a function of their current
elevation range and estimates of warming. Thus, if the climate has warmed by 2 °C, the
required adjustment of a species whose climatic requirements have not changed would be
to move up in elevation by about 300 m. Over the last century, mammals from montane
areas have moved up in average elevation by about 350 m based on records obtained from
field collections [42]. These distributional shifts approximately align with the increase in
temperature (~2 °C) since museum collections began. Further exploration of this approach
might be able to address the question: “How long do we have before species are driven
off the tops of the mountains?”. For example, if alpine zones in our area begin around
3300 m and essentially run out of habitat at 4000 m, then those organisms whose preferred
elevation is at 3300 m have about 4.5 °C of warming to exploit before these organisms
reach elevational limits. Species who have preferred climate zones midway or higher up in
the alpine have a smaller level of temperature change that could be compensated for by
moving upslope.

The main fallacy of this logic involves the assumption that other climate-related
variables will also change proportionately with increasing temperatures (e.g., freeze—thaw
frequencies, growing season timing and duration, etc.). Further, interactions between
these climate variables can drive individualist biogeographic responses of species and
novel climate conditions [12,43,44]. With increased speed of snowmelt, capable of creating
both drier and wetter plant communities, these combinations of warming-wetting and
warming—drying will produce non-analogue plant communities [45]. In the high alpine
areas in particular, the presence and abundance of snow has as a transformative effect and
its current and future impacts for how mountain species respond to climate change need to
be considered. The high albedo (reflectivity) of snow can prevent surface warming and
keep snow-covered sites cooler during the day and warmer at night. Snow cover can also
modulate the temperatures plants are exposed to in the spring and autumn [17,46]. There
has been a documented broad-scale decrease in snow-pack in the Western US [47], and
the rate at which this is occurring is also increasing in a majority of sites measured over
the last 40 years [48]. At Niwot Ridge, precipitation has increased over the last 70 years,
largely as snow, and this is correlated with a slowing of peak summer warming relative
to subalpine measurements [49,50]. Even so, growing season length is increasing at this
site [51]. The presence and amount of snow can be seen as a control of growing season
duration, soil moisture, and the seasonality of soil temperature dynamics. While this
variable is often the key focus in plant studies, snow dynamics also directly impact habitat
use by consumers such as alpine gophers [52] or pika [53], which in turn have potentially
large grazing impacts.



Climate 2021, 9, 87

50f16

An added complication to quantifying the consequences of climate change for moun-
tainous regions is that land use change has, in many instances, accompanied climate change.
Herbaceous systems such as alpine and subalpine meadows can be strongly impacted by
grazing, and grazing legacies may be superimposed over climate effects [54,55]. Grazing
has the potential to alter both plant competition and soil characteristics within a fixed
climatic region and is therefore fundamental to understanding species and community
responses to warming. Further, grazing offers potential mitigation to warming in at least
some alpine systems [56]. Here, we assume that at least some grazing impacts are imbed-
ded in North American responses, but grazing impacts are perhaps not as intensive or
pervasive as on other continents.

3. Patterns of Species Richness and Vulnerability to Climate Change

The greatest percentage of land area occupied by alpine zones is found around 40° N
latitude, with the boreal /subarctic zone having the second largest amount of alpine tun-
dra [57]. Species richness and genetic diversity of alpine species is perhaps best known from
Europe (e.g., [58,59]. As noted by the authors of these works, regional species numbers and
the relative numbers of endemic alpine species vary across that region. Within a montane
area, there are underlying topographic patterns in species richness, with most species
occurring at intermediate levels within the alpine [60]. Thus, species richness changes with
respect to a directional forcing depending upon the reference point. Upper regions of the
alpine, for example, may experience increases in alpine species, whereas lower regions may
experience reductions due to encroachment of species from below. When an alpine region
is composed largely of a single elevation, then the local heterogeneity of the landscape
controls both local patterns of species richness and community composition [61,62]. As
mentioned above, Rumpf et al. [6] found European alpine species richness at the highest
elevation to be most at risk, an observation supported by local findings at our site [63]. In
terms of number of species added or lost, the largest changes may occur at the subalpine—
alpine interface as a suite of pre-adapted subalpine species are present to outcompete more
cold-adapted and potentially slower-growing species [16,64].

While documented changes should invoke concern due to the ongoing loss of avail-
able habitats, other authors have found evidence of persistence of cold region flora over
past periods of rapid climate change [65]. Over short timeframes of one to two decades,
species richness of alpine systems can increase [66—-69], but species losses have also been
observed [63,64,70]. The change in alpine species has also been shown to vary across broad-
scale precipitation gradients, with species losses more likely in more arid climates [71,72].
Further, responses to climate change will be species-specific and dependent on species
phylogeny and life-history strategy. Dicots as opposed to monocots have shown much
larger reductions in population density at their southern range limits in the Rockies over
the last 10-25 years [73]. Herbaceous perennial plants (the common lifeform in alpine
areas) are also much more sensitive to temperature and precipitation anomalies when they
have shorter generations times [74]. Therefore, some have argued that species responses
to climate change will contain multiple lags (“dispersal, establishment, and extinction
lags”) due to longevity and the slow growth of many alpine species. Species abundances
may shift prior to species gains or losses, begging the question if our current observed
responses are transitory [7,16]. These lags may explain why we first see gains in diversity
despite predicted loss of diversity with climate change, as species are not locally extirpated
by climate directly, but by increased competition or loss of facilitation. Therefore, alpine
species at lower elevations may experience the largest threat from subalpine competitors
moving into their former habitats [75].

Modeling exercises that extend beyond a few decades provide a scenario based upon
known facts and interactions, both of which can change over time. While climate and
elevation provides a uniform gradient, which organizes the subalpine, alpine, and nival
systems, local and regional factors including photoperiod, soil moisture, wind effects,
soil conditions and human land use legacies, have also sculpted the current patterns of
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biodiversity of the alpine area (Figure 2; [76]). All of these factors (which are difficult to
include in general model predictions) will continue to interact with the changing climate to
shape species distributions [77] and can generate novel or hybrid ecosystems. For example,
following the rapid climate change at the end of the Pleistocene, novel, and now absent,
communities assembled [78]. Further, plant species dependent upon pollinators may have
additional issues as pollinators respond to the changing climate at different rates and scales
than the plants they pollinate [79]. Thus, predictions from models not exploring multiple
scenarios are arguably blunt tools but essential in informing the range of actions needed to
mitigate the various scenarios. Given that caveat, the predicted future for alpine species
looks grim. Dullinger et al. [80] and Engler et al. [72] found averages approaching 50%
range reductions by 2100. In a modeling exercise by Niskanen et al. [81], species richness
of a European mountain flora is predicted to decrease by 15-47% per 1 km? cell by the
year 2100. Again, using the simple relationship known for species richness and area of
habitat [3], this has large consequences. A note of optimism, the Niskanen model indicated
that alpine flora could find suitable habitat at higher latitudes.

HISTORICAL: Cooler temperatures support

CURRENT: Glaciers, snowfields, permafrost recede uphill; glaciers, snowfield, permafrost; Expansive
Alpine moving upward with fewer snowbeds and drier alpine zone; treeline impacted by grazing
meadows; Upward movement of trees, shrubs, and

subalpine species

( -

FUTURE: Glaciers and permafrost absent
from many locations; Alpine restricted to
higher elevations; Continued expansion of

W&:adows, shrublands, forests.

v

A

Subalpine

Figure 2. Directional warming of high elevation systems influences species whose life cycles have been largely controlled

by amount of snow and snow duration. Historically, windswept surfaces remained snow-free most of the year, whereas

snow redeposited into protected areas and at the tree line can remain snow-covered for much or even all of the growing

season. Heating and seasonality of heating and light input to soil therefore occur along an elevational gradient and along

the reduced-snow gradient, which can be separated to elevation relationships. The historical legacies (human use, grazing,

etc.) also impose additional factors that affect vegetation dynamics.

4. How Warming Will Change Local Plant Community Composition

The alpine consists of a continuum of plant communities structured largely by snow
amounts and duration, with topography and wind generating this local redistribution of
snow [17,82]. About 250 vascular plant species can be found above the tree line at Niwot
Ridge Colorado, and this vegetation demonstrates a well-defined landscape gradient of
species richness. As at other sites, species richness declines as one moves from mid-range
in the alpine towards the tree line, and as one ascends to uppermost peaks. Patterns
found in the five herbaceous communities (fellfield, dry meadow, moist meadow, wet
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meadow, and snowbed communities) also produce distinctive patterns in species richness
and diversity [83]. A sixth potential community type, the shrub tundra, often exhibits the
lowest local species richness [70]. Slope and aspect can reproduce these gradients at very
local scales.

The wind-scoured fellfields are devoid of snow most of the year, and vegetation in
these areas largely relies on late spring snowstorms and on summer precipitation. At Niwot
Ridge, this means the soils at these sites receive perhaps 20% of annual precipitation, with
the redistributed snow subsidizing late-melting snow meadows, snowbed communities,
and snowfields often failing to melt out in any particular year. With greater warming, all
alpine sites should receive more rain and less snow. This pattern means that snowbed
communities may experience warming, drying (less snow from windblown sites), and
a longer growing season, while other communities may receive more plant-available
water along with the warming and longer growing season. The combined changes in
temperature and moisture will favor some species and perhaps some lifeforms over others.
For example, a 4 yr warming experiment at Niwot Ridge demonstrated that graminoids
could increase while forbs and cushion plants would decrease in cover if additional water
was not added [84,85]. One might expect that cushion plants, perhaps the best adapted
species to persist in the wind-scoured fellfields, would not be outcompeted by other species,
but temperatures may supervene in this relationship. With changing resource relationships,
facilitation may turn into competition and vice versa [86]. Hence, as resource limitations
change from water to nutrient to light limitations (and co-limitations thereof), one should
expect winners and losers as these differing resource regimes found across the alpine
landscape are altered by warming.

For the coming decades, enhanced snowmelt and reduced snow cover should support
a larger area of the more mesic and dry alpine meadow communities. The extension of the
snow-free period is a near certainty, and if this is accompanied by more plant-available
water, these systems may become more productive. Exactly how this affects nutrient
availability is speculative, but changes in nutrient availability will alter plant community
composition [87-89]. More belowground production adds soil carbon and may offset some
of the carbon loss anticipated from enhanced decomposition [90]. This carbon loss is to be
expected, with directional warming of soils containing moderately high amounts of soil
organic matter [91].

These types of dynamics discussed above will play out over very fine-spatial scales
in the alpine area. High elevation ecosystems are more heterogeneous in terms of local
climate conditions than perhaps all other terrestrial ecosystems of comparable areas, a fact
emphasized decades ago by Johnson and Billings [61]. The heterogeneity of high elevation
systems means that many different microclimates and microhabitats exist over small areas
and would seem to offer species local refugia to climate change [92,93], at least over
decadal periods. There are in fact multiple ways in which the topographic heterogeneity
of mountainous areas may buffer alpine communities from the direct effects of climate
change. Heterogenous landscapes often have higher local species diversity, making it
more likely a local species may thrive in the new conditions [94]. Topographic complexity
has also been shown to reduce climate-induced local extirpations [10] and landscape
heterogeneity allows species to more easily track suitable conditions [11,95]. Species living
in mountain landscapes may also be more adapted to cope with changing climate in some
ways (wider niches, reliance on long-lived adults less sensitive to annual variability for
population persistence), but not in other ways (exposure to nearby competitors, lower
populations sizes with smaller areas) [11,15]. However, climate change may also alter the
steepness of the topographic heterogeneity through non-linear responses across geographic
gradients such as elevation-dependent warming [6]. There is concern that non-linear
climate responses and threshold behaviors of populations and communities may result
in high elevation landscapes becoming abiotically and biotically homogenized. This
could reduce the potential buffering effect of topographic heterogeneity, increasing the
potential threat of climate change. There has been evidence that past climate change has
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homogenized the phylogenetic diversity of European plants [96], but for current climate
change it is not yet clear if increasing spatial homogenizing or temporal synchrony will
have a large role in mountain species responses to changing climate [97].

5. Herbaceous Species Moving Uphill

If warming creates a “new habitat” at a higher elevation or from melting snowfields,
we should expect adapted species to colonize these areas. Insights of this process come
from studies of primary succession following glacier retreats [98]. However, glaciers tend to
melt out initially at fairly low elevations. The colonization of rock and snow by vegetation
species of high elevation areas may be under a different set of environmental constraints
that limit both the rate and occupancy by alpine plant species.

There is strong evidence for wuphill movement of herbaceous species
(Figure 3) [51,63,66,99-101], with vegetation colonizing heights not obtained since be-
fore the Pleistocene. This migration solution to directional warming can work only if such
high elevation areas exist, and, equally important, if there are suitable substrates for the
species [102,103]. One has to believe that soil development of steep slopes in these cold and
often windswept areas will lag behind the warming driver, and, given soil limitations, this
will select the subset of vegetation adapted to “fellfield-like” characteristics. For example,
species that have ability to live in scree fields (e.g., due to having contractile roots) may
be more able to expand into higher elevations and avoid being outcompeted by species
that are more adapted to the climate but not the microhabitat conditions [103]. While this
includes a large number of alpine species, life may become difficult for the more mesic
soil-loving sedges that dominate much of the alpine area. Wind scour, a pervasive factor
in species presence and abundance in many alpine areas, is likely to only increase with
elevation, regardless of warming effects on this variable, so wind scour and soil limitations
may limit upward migrations into otherwise available habitats.

4000-41001
3900-4000+
3800-3900+
3700-3800+
3600-3700
3500-3600+
3400-35001
3300-3400+
3200-3300

3100-3200

High elevation
alpine tundra

Upward migration limited by lack
of adequate substrates

Inflection point: point of
Within-herbaceous community
replacements

Low elevation

alpifietuntra Shrub invasion: inter-lifeform

competition

20

10 0 10 20

Percent Change in Herbaceous Vegetation

Figure 3. Vegetation uphill movements, 1972-2008. Viewed from the perspective of relative herbaceous vegetation cover

change at Niwot Ridge, Colorado; shrub invasion reduces herbaceous species cover at lower elevations. Midway up the

mountain, community change within herbaceous communities dominated, while at uppermost elevations herbaceous

vegetation colonization of what was largely bare rock and scree habitats is ongoing (redrawn from De Mesquita et al. [51]).
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6. Shrublandification and Tree Encroachment

Woody species encroachment occurs in most high elevation systems. Trees and shrubs
are moving uphill in the majority of mountain systems [51,104,105]. Bowling et al. [106]
captured key points from the literature that encapsulates factors affecting change in tree
line including warmer late winter temperatures, more rainfall and less snow accumulation,
and earlier snowmelt. They noted that climate models expect these conditions to continue.
Further, enhanced atmospheric CO2 concentrations appear to directly benefit trees more
than herbaceous species [107-109]. While climate is arguably the main cause of this
movement, the removal of ungulate grazers and termination of heavy grazing of high
elevation systems likely contribute to this overall upward migration of wood species
(e.g., [56]), which has not only negative impacts to select plant species but will also affect
avifauna as well [110].

Tree islands and krummbholz are the vanguard of forest encroachment of the alpine
area. The current presence of krummbholtz in the tundra was identified as a legacy effect
of past climates [111] and will likely have a strong impact on tree colonization of higher
elevation systems with now more benign climatic regimes. While most tree islands appear
on wind-protected sites that allow the trees to grow shrub-like within the alpine landscape,
some of these trees are capable of lateral movement across the alpine tundra [111]. The
windward sides of these trees function as snow fences, but succumb to ice abrasion and
needle death. However, these trees produce adventitious roots from branches buried in
needle litter and other organic materials accumulated beneath the tree island, and therefore
can grow towards the leeward even if the initial stem of the tree is killed by ice abrasion.
These trees function as nurse plants to whatever can exploit the leeward side of the tree,
an area made moister along with a reduced growing season by tree-generated snowdrifts.
Subalpine herbaceous species are often found adjacent to and beneath these trees. Non-
moving tree islands create similar drifts and appear to also function as nurse plants to
woody vegetation [112,113]. The result under a warming scenario appears to be woody
plant expansion into what were formerly areas dominated by herbaceous areas.

At Niwot Ridge in Colorado, woody encroachment of herbaceous areas appears to be
ongoing in most alpine habitats save, perhaps, the fellfields. At this site, a subset of willow
species mimic cushion plants in terms of morphology and appear capable of persisting in
all but the driest and most windswept of habitats. Based on a 40-year monitoring study of
the six communities described at this site, the increase in cover by woody species in areas
outside of those classified as shrub tundra is greatest in moist and wet herbaceous meadow
habitats [70]. Similar reports have appeared elsewhere; the abundance and relative cover
of shrubs are increasing [26,114,115]. We found only a single citation suggesting that
herbaceous species were replacing shrubs [116], and in that case some unique soils and
disturbance history may be influencing this response. It is of note that, should reduced
snow cover lead to enhanced surface freezing events, shrubs could be harmed [117], thereby
slowing shrub encroachment.

The plant architecture of shrub tundra differs substantially from that of alpine herba-
ceous communities. The shrubs function as wind breaks and snow fences, similar to the
krummbholz vegetation. A positive (amplifying) feedback loop is created when warming
facilitates shrub invasion, which then facilitates the creation of moister habitats. Further,
branches of shrubs emerge earlier from snow and their darkened surfaces facilitate warm-
ing and localized snowmelt. This may expand the growing season for the shrubs, thereby
facilitating their presence and their encroachment of adjacent herbaceous areas. Woody
encroachment will subsequently alter the soil microbial community as well as the nutrient
status of the soils, influencing which understory species persist in these areas, but, once
again, this will be mediated by topography.

Shifts in tree lines will also be shaped by exposure to changing temperature and mois-
tures regimes. Lu et al. [118] found that over the last century in the Northern Hemisphere,
about 89% of tree lines moved uphill, 10% remained stable, and about 1% of 143 sites were
found at lower elevations. The mean upward movement was 0.35 m/year, slower than
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that expected from our earlier calculations or that seen for mammals. However, tree line
shifts were significantly faster in subarctic than temperate regions, consistent with regional
warming trends. Tree line movement may also be constrained by moisture [113]. In the
subarctic regions, autumn precipitation was most important to tree line shift rates. Lu
et al. [118] also reported that warmer temperatures and higher autumn precipitation in the
temperate zone accelerated distributional shifts, while wetter springs reduced them. In
another recent review on tree line shifts by Hanssan et al. [119], which summarized 144 tree
line studies across 477 study locations, only 66% of tree lines either moved uphill or to
higher latitudes. The difference in percentages of shifting tree lines reported in these two
studies potentially implies that moving uphill is more likely than moving latitudinally at
these timescales (cf., [120]). Regardless, the differences suggest that substantial uncertainty
remains regarding the speed and spatial patterns involved in the migration process of tree
lines across heterogenous landscapes.

7. The Increasing Importance of Fire

Recently, the mountain ranges of Colorado have experienced wildfires that have
consumed subalpine forests and have succeeded in crossing the Continental Divide at
elevations above the tree line. The alpine tundra did not seem much effected from these
fires, but more frequent and intense fires will certainly affect woody dominance within
the subalpine zone and, via seed limitation, tree encroachment of higher elevations. The
lack of fuel build-up and the perennial lifeform of the alpine flora should protect these
species unless, as has now occurred in the arctic, actual organic matter consumption of
soils occurs. Many alpine habitats contain substantial organic matter at the soil surface.
Dry organic matter and the strong winds of high elevation systems could produce what
are traditionally called ground fires. We would hope this remains a very rare occurrence,
as recovery post-fire would likely be very slow and potentially lead to subsequent species
loss. However, continued warming increases the probability of these eventually being part
of the alpine. Similar to what is now being seen at low elevation forests where regeneration
of tree species is severely restricted by moisture limitation [121], these fires could function
as transformative events and convert an alpine-dominated flora to subalpine herbaceous
meadows.

8. Conclusions

High elevation communities will be strongly impacted by a changing climate. The
drivers of this biotic change will be due to the direct effect of climate change through
multiple interacting climate variables and indirectly climate-mediated species interactions
with both of these mechanisms dependent on the fine-scale topographic gradients that
universally characterize these mountain systems. The topographic realities of each range
and its history will shape the trajectories of these systems in a warmer, drier, and less
snowy world. High topographic heterogeneity may be able to buffer the impact of climate
change both due to the current diversity in the landscape and the potential for species to
track nearby climate. However, this overall effect is dependent on if there is enough space
for population persistence, how species climate-affinities overlap across the landscape, and
if the heterogeneity is constant over time [11,15].

From our review of the literature and our observations from our multi-decadal research
program in the Colorado alpine region, we have identified areas where high elevation
species may need our help fairly soon. These include:

1.  High elevation systems in those areas of the planet experiencing the most rapid
change;

2. Those species whose current climate regimes will no longer exist due to either shifts to

non-analogue climate conditions or lack of additional habitat at the highest elevations;

Those species adapted to snowbed communities and short growing seasons;

4.  Those species in moister habitats more vulnerable to woody species invasions.

@
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References

Subalpine species, including both herbaceous species on drier, artificially grazed, or
fire-maintained habitats, and woody lifeforms on wetter, ungrazed habitats, are in the
process of challenging colder/shorter growing season-adapted alpine species. Only a
portion of the alpine species have possible escape routes. The rapidity of this change,
and the consequences in terms of alpine species losses, will be a function of local and
regional environments. Fire is likely to play a larger role in this process in at least some
montane systems.

What is to be done? Inouye (2020) [79] emphasized the need to repeat historical
surveys, take advantage of museum collections, and use new technology that will facilitate
our understanding of how plants and pollinators are responding to the changing alpine
environment. Excellent examples of this effort are available [122]. This advice can be
expanded to the entire biota (e.g., McCain et al. [32]). Emphasis should be placed on
sites already with existing or baseline data, as it is clear from long-term monitoring that
decadal-scale changes will produce both positive (species increases) and negative (species
decreases) though time. Unfortunately, the current, directional climate drives suggest that
the negative outcomes are unavoidable without novel interventions. Excluding science
fiction futures that would consist of species gardens in current arctic areas, temperature
stabilization would seem to be the only solution if high elevation, alpine species are to
persist within remnants of their existing habitats.

Continued unabated, warming at high elevation systems in temperate and boreal
zones will greatly impact the distributions, interactions, and productivity of alpine areas.
With a changing climate, species adapted to cold and snow may shift across topographic
gradients, be locally excluded by faster-growing subalpine species, run out of suitable
habitat at higher elevations, or form novel community assemblages. For the coming
decades, we can now make reasonable predictions about which of the high elevation
communities are at risk, with the assumption that species contained therein are at similar
risk based upon known traits and bioclimatic variables. Additionally, if these communities
contain habitat-restricted, endemic species, then one has to predict high extinction rates
without facilitated migration. However, sufficient uncertainties remain and we argue that
frequent monitoring is essential to provide the information needed for this exercise.
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