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Abstract

Mountain plant communities are thought to be sensitive to climate change and, thus, able to reveal its effects
sooner than others. The status as sentinels of two plant communities are reviewed. Alpine treeline ecotones
and alpine vegetation have been observed to respond to climate change in recent decades. The treeline has
moved upslope and alpine communities have had some species increase and others decrease. The response
for both, however, has been inconsistent if taken as a whole. Problematic factors for this response are
outlined for both: abiotic and biotic interactions partially decouple the plant communities from climate.
Differences across spatial and temporal scales complicate interpretation. Partial decoupling leads to non-
linear responses and difficulties for prediction and for planning mitigation.
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| Purpose and concept indicate (Simberloff, 1998). Here, we broaden
the sentinel concept to include a plant commu-
nity perspective. Specifically, we review how
one type of landscape — high-elevation moun-
tains — has been investigated for sentinels, and
focus on the two plant communities, alpine
treeline ecotones and alpine vegetation.

The potential ecological impacts of current
anthropogenic climate change were noted (e.g.
Emanuel et al., 1985) and heralded as an indi-
cator of ongoing climate change — that is, as
sentinels (Hansen et al., 1988) over three
decades ago. The sentinel concept derives from
the need to identify simple indicators of climatic
or other drivers and their impacts early in the
process so that changes might be understood, .
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Mountains have been identified as ones
where climate change may have earlier and
more detectable impacts on ecosystems (Becker
and Bugmann, 2001), and effects are already
visible (Settele et al., 2015: 317). Reasons
include that ecological conditions change
strongly over relatively short distances; the
highest parts of mountain ranges are minimally
affected by human activities; mountains are
inherently biodiverse; they have acted as refugia
during past climate changes, retain plant assem-
blages isolated from their continental distribu-
tion, and may provide refugia in the future; and
elevation-dependent warming (Pepin et al.,
2015) would accelerate climate change impacts.
With this impetus, biogeographers have set out
to determine, first, whether plants in mountain
regions could be used as sentinels of climate
change and, later, as indicators of the impacts
and dynamics that could be driven by climate
change (e.g. Grabherr et al., 2000; Kupfer and
Cairns, 1996; Malanson et al., 2011a; Smith
et al., 2009).

The alpine treeline ecotone (hereafter, simply
for convenience, we will use ‘treeline’ modified
as appropriate for other instances such as latitu-
dinal treelines) and alpine vegetation represent
two kinds of change: 1) change in location and
spatial structure of a physiognomic type, and 2)
change in community species composition
(recognizing the feedback). For treeline, spatial
changes are driven by new seedling establish-
ment in the leading edge with local extinction at
what becomes the retreating edge for the alpine.
Changes in spatial structure include density and
height, respectively by lateral growth or new
establishment and from dwarf trees or krumm-
holz to full-tree (i.e. 2 m) form. Beyond treeline,
spatial changes are not so clear because of the
heterogeneity of habitat at the fine scale
(lacking a linear ecotone), but in addition to
locational changes, tundra will exhibit high
rates of population turnover and extinctions
(cf. Hampe and Jump, 2011).

To examine mountain plant community sen-
tinels we focus on the American West to
exclude areas where other drivers, particularly
long histories of land use, would interfere with
the link between climate and plants. These are
relatively protected mountain areas that are also
buffered from major direct human disturbance
by the surrounding landscapes where less inten-
sive disturbance occurs (with grazing and fire
less extensive and persistent than in other
regions; e.g. Cairns et al., 2007). Thus, changes
to high-elevation plant occurrence and distribu-
tion can be attributed to climate change with
more confidence, and we can better anticipate
future change where it may be of most conser-
vation concern — in relatively pristine systems.
These places are where discussions on mitiga-
tion, such as assisted migration, are most
fraught but also can have the greatest effect.
We do, however, refer to other regions when
comparisons or contrasts are apt. We further
restrict our focus to the last century, or, approx-
imately, since the end of the Little Ice Age
(given as 1570-1900 by Matthews and Briffa,
2005). We are informed by changes earlier in
the Holocene, but for a discussion of sentinels
the period of recent warming is most relevant.

Il Treeline
| Expectations

Treeline is a well-recognized biogeographic
pattern (Holtmeier, 2009; Koérner, 2012). Tree-
line position over much of the globe coincides
with primarily temperature-determined mini-
mum length of growing season (Paulsen and
Korner, 2014), and by inference treelines should
be responsive to climate warming (e.g. Ettinger
etal., 2011; Gehrig-Fasel et al., 2008; Holtmeier
and Broll, 2005; Kupfer and Cairns, 1996).
However, despite average temperatures increas-
ing globally, treeline advance in the past century
is not ubiquitous (Harsch et al., 2009). Most
inconsistency can be attributed to differences
in scale and study objectives or approaches.
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Studies at broader spatial and temporal scales
capture general relations and responses to
changes in temperature, while those at finer
scales find more heterogeneity in environmen-
tal relations and responses, with water being
relatively more important (Malanson et al.,
2011a). Also expected are the expansion and
coalescing of tree islands or patches and
increased density within them (e.g. Bourgeron
et al. (2015), who rightly argued that the pat-
tern should be educed in three dimensions,
which affect feedbacks into climatic and other
drivers of vegetation change).

2 Observations

For context here, paleoecological work on the
altitudinal change of treelines in the West has
indicated plant response to climate change over
centuries to millennia. In the Late Pleistocene,
forests were as much as 300—700 m downslope
from their modern position (Fall, 1997), while
they may have been higher during wetter peri-
ods of the Holocene (Jiménez-Moreno and
Anderson, 2013; Pisaric et al., 2003). Modern
climate and treeline appear to have been estab-
lished at most sites in the West by ~3000 yr BP
(Mensing et al., 2012). Similar findings else-
where corroborate the general idea of an
upward advance in the Holocene (e.g. Kullman,
1995).

We characterize and summarize observations
of change in recent centuries by focusing on
treeline position, growth form, and the process
of establishment.

2.1 Treeline position. In a global meta-analysis,
Harsch et al. (2009) reported that treelines with
a diffuse form and those that experienced stron-
ger winter warming were more likely to
advance. Abrupt and krummbholz treelines, in
contrast, may be more strongly limited by dam-
age due to wind, snow, or winter desiccation.
Advance at these sites may require an increase
in winter temperature sufficient to ameliorate

the impact of these other constraints. While spa-
tial form is important (Harsch and Bader, 2011),
change may vary by location as well. In the
Rocky Mountain region, some sites have
advanced while others are stable (Bolton et al.,
2018; Butler et al., 1994). In most areas, the
change depends on local conditions such as
aspect and exposure (Elliott and Cowell, 2015;
Elliott and Kipfmueller, 2011; Harsch et al.,
2009; Sakulich, 2015).

2.2 Growth form. Where tree growth has been
suppressed to more lateral growth form such
as krummbholz, some climatic amelioration can
allow more vertical growth and potentially
develop into an upright tree form. The initial
transition, the development of vertical leaders
that would presage a vertical trunk, can begin
during periods of higher temperatures and/or
more precipitation (Millar et al., 2004; Weis-
berg and Baker, 1995). Wind should also play
a major role, given that krummholz often
appears to be a response to wind (e.g. Cairns,
2001; Hadley and Smith, 1983; Holtmeier and
Broll, 2010; Marr, 1977), but consistent long-
term observations of winds at treeline elevations
are rare.

2.3 Tree recruitment/seedling establishment.
Malanson et al. (2009) suggested that seedling
establishment and initial survival was the most
climate-coupled and critical phase in the
recruitment of new trees and changing the posi-
tion of treeline. Seedling establishment in the
Rocky Mountains seems to be episodic and
more likely in warmer and/or wetter periods
(Germino et al., 2002; cf. Lloyd and Graumlich,
1997, for Holocene context). Establishment
occurs most often in periods with more snow
(Elliott and Petruccelli, 2018; Hessl and Baker,
1997), which may be linked to the Pacific Dec-
adal Oscillation (Alftine et al., 2003). Experi-
mental work and meta-analyses have supported
the link between seedling establishment and



524

Progress in Physical Geography 43(4)

snow cover (Bader et al., 2018; Lett and Dorre-
paal, 2018).

In contrast, Korner (2016) contended that
potential recruits have already established and
exist in ‘sufficient’” numbers to drive an
advance. Small seedlings can persist for long
periods in this form, from which they can
quickly start to grow and constitute a visible
advance following either warmer temperatures
or less wind. This view identifies this growth to
a size greater than the surrounding shelter,
rather than seedling establishment per se, as the
critical ontological step. Koérner (2016) may be
influenced by observations in Europe as we
have been by experience in North America.
Treelines in Europe are generally thought to
be well below a climatically determined equili-
brium elevation because of past land uses such
as grazing (Holtmeier, 2009). One can imagine
that seedlings might more readily establish in
the elevation zone between current treeline and
the climatic equilibrium elevation in Europe,
while a similar zone may be small or nonexis-
tent at North American treelines.

3 Complications

Factors that make treelines problematic senti-
nels are abiotic differences among places, in
climates and climate change, and in geomor-
phology and substrate; biotic interactions with
other organisms and inter- and intra-specific
variability; differences in both abiotic and biotic
variation with spatial scale; and time lags in the
spatial responses to climate change. All of these
factors cause treeline dynamics to be only
loosely coupled, if not decoupled, from climate
change at decadal to century scale.

3.1 Abiotic complications. Efforts to explain the
elevation of alpine treeline using temperature
variables are fraught because temperature must
be interpolated in most cases and elevation is
necessary to calculate the interpolation — thus,
the ‘independent’ variable is not. To step around

this problem, several approaches have been
tried. Jobbagy and Jackson (2000) adjusted tem-
peratures to those at sea level for the location by
using a standard lapse rate. Grafius et al. (2012)
used the residual elevation from that predicted
by a temperature variable as dependent in sub-
sequent analyses. Others have used the presence
of trees or other vegetation as dependent vari-
ables in logistic regressions. For example,
Brown (1994) used logistic regression with four
types: closed forest, open forest, tundra, and
bare area; and Bader and Ruijten (2008) focused
on forest/non-forest within the treeline ecotone.
These wuncertain relations are further
confounded.

The expectations of an upslope advance of
treeline with global warming are qualified by
water relations. Millar et al. (2012) have
reported dieback within the treeline caused by
drought. In manipulative experiments, Gill et al.
(2015) reported increased seedling survival
with watering, and Kueppers et al. (2017) found
that warming inhibited seedling establishment
in the absence of increased water supply. The
latter study was complemented by specific mea-
sures of the moisture stress tolerance of seed-
lings, which inhibit population response to
warming (Lazarus et al., 2018). In transplant
experiments at a tropical treeline, Rehm and
Feeley (2016) found that shade, rather than
increasing temperatures, increased seedling sur-
vival. From a seed-addition experiment, Davis
and Gedalof (2018) concluded that winter snow
and high summer soil temperatures limited
potential treeline advance in the Canadian
Rockies. The general importance of water for
establishment of the same species found at tree-
line was documented by Andrus et al. (2018) for
the subalpine zone in more arid mountains.

The direct effects of differences in the radia-
tive environment have been observed for seed-
lings at treeline. Johnson et al. (2004) found that
the combination of daytime insolation and
nighttime temperature due to sky exposure
accounted for carbon gain. Although these are
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climate effects, they confound the expectations
for changes in temperature and precipitation
alone and are further implicated in biotic inter-
actions, as discussed in 3.3, below.

Treeline research in the 21st century has seen
an increase in interest in the roles of geology,
topography, and geomorphology at alpine tree-
line (e.g. Butler et al., 2007, 2009a; Holtmeier
and Broll, 2012; Leonelli et al., 2009; Zong
et al., 2014). Studies, and the importance of
these variables, vary in spatial scale but can be
broadly categorized as ‘landscape scale’ and
‘fine scale’ (which incorporates the ‘microsite’
and ‘patch’ scales of Bourgeron et al. (2015)).

At the landscape scale, Butler et al. (2007)
described how geomorphology, topography,
and geology could accelerate, decelerate, or
stop an upslope advance of treeline in response
to climate change. They illustrated controls of
current treeline by geologic structure, lithology,
glacial topography, and slope processes such as
mass movement. As an extreme example at
landscape scale, Case and Duncan (2014) attrib-
uted the lower elevations of treeline in
earthquake-affected areas to earthquake-
induced mass movements that prevented tree
establishment.

At meso-scales, exposure to the broader envi-
ronment affects process and pattern. For exam-
ple, Greenwood et al. (2015) illustrated that
topographic sheltering (elevation differences
at 10-m distance) was strongly related to seed-
ling establishment patterns, and Dearborn and
Danby (2018) reported differences in growth
with aspect. Aspect or exposure also affects the
limiting process of winter desiccation (e.g.
Cairns, 2001; Hadley and Smith, 1983).

At a fine scale, geomorphology and topogra-
phy affect treeline through topographic shelters
that protect seedlings from damage and desicca-
tion by wind (Elliott, 2012a, 2012b). Boulders
and/or turf-banked terraces/solifluction lobes
creating variations in elevation close to 10 cm
provide shelter for seedlings (Butler et al., 2004;
Resler, 2006; Resler et al., 2005). In contrast,

some of the related processes, such as frost
heaving and churning, could either inhibit or
enhance seedling establishment through direct
disruption or exposing soil, respectively (Butler
et al., 2009a).

Edaphic factors also obscure treeline response
to climate change. Davis et al. (2018) found dif-
ferences in seedling viability of Picea engelman-
nii among treeline soil types in an experimental
setting. Trees and seedlings may be less sensitive
to some soil conditions than to other factors;
however, Malanson et al. (2002), for example,
found that soil depth did not affect patterns of
treeline development. Soil effects are difficult
to discern because the trees (or dwarf trees or
krummbholz) alter the soils while responding to
other drivers (e.g. Holtmeier and Broll, 1992;
Lloyd, 1998).

While fire may not be common at alpine tree-
lines, it does affect stand structure (Cansler
et al., 2018; Stueve et al., 2009) and the edaphic
conditions for seedling establishment (Stine and
Butler, 2015) in ways that will affect responses
to climate change. Fire may become more fre-
quent at treelines with warmer temperatures and
more dead fuel (Grafius and Malanson, 2015).

3.2 Biotic complications. Significant interactions
among organisms at western North American
treelines include competition, predation, disper-
sal, pests and pathogens, mutualism, and
facilitation.

The most significant competitive process is
the maintenance of lower soil temperatures
under existing trees, dwarf trees, or krummbholz.
Korner (1998) identified this effect as central to
his theory that treeline dynamics (and, more
generally, Korner, 2015) are limited by the
mobilization and transfer of carbon reserves,
not by carbon gain through photosynthesis
(cf. Cairns and Malanson, 1998). Increasing
density among individuals of varying size has
been shown to reduce recruitment and growth at
treelines in Tibet (Liang et al., 2016; Wang
etal., 2016). Also, denser or taller alpine tundra
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reduces tree seedling success (noted by Malan-
son and Butler (1994); observed by Maher and
Germino (2006); and experimentally verified by
Loranger et al. (2017)), but the effects vary with
size and density of tundra plants, and the timing
of seedling emergence and the physiological
mechanism is uncertain.

Interspecific variability also confounds
responses of treelines to climate change. Differ-
ences among species have been reported for
growth responses to neighbors (Dullinger
et al., 2005), and seedling establishment in
response to temperature and moisture (Loranger
et al., 2016) have been reported. Dispersal
capacity could change the spatial response of
treelines (Malanson, 1997; Malanson and
Rodriguez, 2018). Smithers et al. (2018) found
that recent upslope movement of treeline in
the Great Basin varied among species in
addition to among lithologies; Pinus flexilis
was able to move upslope past higher Pinus
longaeva because of its broader dispersal ker-
nel and broader environmental tolerances of
its seedlings.

Experimental analyses of the consequences
of intraspecific variability on treeline response
to climate change have indicated the importance
of the genetic provenance of individuals disper-
sing into treelines; seeds derived from distant
sources are less successful (Kueppers et al.,
2017). Known intraspecific variability in spe-
cific traits, such as the susceptibility of Pinus
albicaulis to white pine blister rust, caused by
Cronartium ribicola, could also differentiate
treeline responses to climate change (Smith-
McKenna et al., 2014).

Interactions across trophic levels are also
intricate. Cairns et al. (2007), concentrating on
herbivory, and Holtmeier (2012), more gener-
ally, explained the role of animals in affecting
treeline dynamics and location. Holtmeier
(2012) documented positive effects, such as
those related to geomorphology (above) and
seed dispersal by birds (e.g. Neuschulz et al.,
2018; Tomback, 1982), as well as negative ones

such as trampling and burrowing. Additional
work has highlighted the herbivory of small
and large mammals in affecting seedling fate
at treeline in eastern Canada and Sweden
(Munier et al., 2010; Van Bogaert et al.,
2011), respectively. The impact of herbivory
has been sparsely documented in the West;
while how animals as geomorphic agents
could affect seedling establishment at tree-
line has been thoroughly examined (Butler,
2012; Kambo and Danby, 2018a; Whitesides
and Butler, 2016). However, it is likely that
the many mammals (e.g. gophers, ground
squirrels, goats, sheep, elk) also graze on
seedlings.

A dynamic area of research spurred by inter-
est in sentinels is facilitation (Maestre et al.,
2009). Facilitative effects can consist of relief
from physical stress or increases in resource
supply, both of which can be direct or indirect.
At treelines, trees, krummbholz, and tundra
plants modify the microclimate (and most nota-
bly provide shelter from wind for seedlings;
Kambo and Danby, 2018b; Mclntire et al.,
2016; Maher and Germino, 2006; Pyatt et al.,
2016; Smith et al., 2003), exposure to cold night
skies (Germino and Smith, 1999), soils (Cairns,
1999; Liptzin et al., 2013; Seastedt and Adams,
2001), and snow cover (e.g. Geddes et al. 2005;
Hiemstra et al. 2002). At treelines in the West,
facilitation is likely an important factor in the
development of one of the most significant
forms of spatial structure by which the ecotone
changes: hedges (sensu Holtmeier, 1982; linear
features parallel to the dominant wind direc-
tion), which progressively amplify their own
effects (Alftine et al., 2003; Resler and Fonstad,
2009). Facilitation could possibly more tightly
couple vegetation response to climate change,
or, because it requires an intervening step, create
time lags (Elliott, 2011). Moreover, variation in
the location and intensity of facilitation compli-
cates, or even ‘may distort or counter’ responses
to climate change (Batllori et al., 2009).
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Less well understood is the impact of pests
and pathogens. Mountain pine beetles are cre-
ating widespread mortality in populations
below treeline because they seldom infest indi-
viduals of small diameter (Bentz et al., 2010),
but these larger trees may be the primary
source of seeds for treeline recruitment. White
pine blister rust does affect small individuals of
Pinus albicaulis at treeline, and, given this
species foundational role, it could disrupt the
entire dynamic of tree island creation and
response to climate change (Resler and Tomback,
2008; Tomback et al., 2016).

3.3 Spatial scale complications. Controlling fac-
tors vary with spatial scale (Elliott and Kipf-
mueller, 2011; Malanson et al., 2007, 2011a).
While the control of treelines by temperature at
the global scale is complemented by generally
predictable trends in temperature with elevation
and latitude, local-scale variations — for exam-
ple, in seasonal temperature changes, such as
the extent to which sites have experienced sum-
mer or winter warming or variation by aspect —
are factors in observed changes (Elliott, 2011;
Harsch et al., 2009). The secondary control of
treelines by water relations, mostly at the local
scale, is complemented by the heterogeneity of
patterns of precipitation and soil moisture in
mountains because of less predictable interac-
tion of topography with synoptic climatology. At
these scales, the particular drivers vary across
regions and ranges (Grafius et al., 2012; Weiss
et al., 2015), in part because of differences in
species (Malanson et al., 2007), in addition
to differences in the geography of ranges
(Malanson and Butler, 2002; Wang et al.,
2017). Most other entanglements are also at the
local scale (e.g. Butler et al., 2009b), or even at
‘microsite’ scale (sensu Bourgeron et al., 2015;
e.g. Pansing et al., 2017) — that is, the scale at
which sentinels might be useful.

3.4 Temporal-scale complications. Although tree-
lines may be coupled with temperature at

millennial time scales (Bruening et al., 2018),
at decadal to century scale, the most significant
problem for treelines as sentinels is time lag.
Treelines will not respond fast to climate
change because the critical step, multiple seed-
ling establishment events across the landscape
just above current treeline, would be the sum of
many low-probability events, of which produc-
ing seed is the first limiting step (e.g. Kambo
and Danby, 2018c). Holtmeier and Broll (2007)
concluded that treelines will respond to rising
temperatures mainly with a gradual infilling of
the gaps between existing trees and patches,
and, to a lesser extent, with the establishment
of trees above the present tree limit. Thus, an
observable altitudinal shift of the treeline would
lag behind climate change by decades or even
centuries. Given that the climate has been
changing continually, ongoing responses could
be affecting current coupling, transient
dynamics may be novel (Hastings et al.,
2018), and, thus, time lags are multiplied.

Even geomorphic limits to treeline response
could be thought of as a long time lag requiring
slope and soil adjustments to climate, and some
will respond to the development of treeline
vegetation (Schmid et al., 2009; Zeng et al.,
2007). Disturbance legacies may further influ-
ence treeline position and its ability to respond
to climate changes. Past disturbances can shape
treeline structure and influence initial recruit-
ment patterns, but subsequent patterns of
recruitment and spread may be more strongly
controlled by climate (Bolli et al., 2007; Holt-
meier and Broll, 2005; Vittoz et al., 2008).
Hence, rather than affecting the probability of
recent advance, disturbance may influence
when advance initiates and thereby causes
disequilibrium.

1l Alpine vegetation
| Expectations

The alpine biome, even more than treeline, is a
well-recognized biogeographic division
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(Korner, 2003; Nagy and Grabherr, 2009). It
includes a range of often prostrate shrubs,
moss, and lichen, in addition to the usually
dominant grasses, sedges, and forbs. The
habitat is defined primarily as the range of
climate where too little energy or heat exists
to support trees, but enough to prevent per-
manent snow and ice. Climate change could
threaten some alpine tundra because, with
warmer temperatures and longer growing sea-
sons advancing, treelines could figuratively
push alpine tundra off the top of mountains
(Peters and Darling, 1985). While trees could
advance upward into alpine tundra, a similar
movement of tundra is more limited by topo-
graphy (or lack thereof), and, therefore, its
spatial and biogeographic change is limited.
Within the advance of shrublines has been
documented (Myers-Smith and Hik, 2018).
The current area of alpine vegetation could
decrease and change substantially within
decades (Diaz and Eischeid, 2007; Halloy and
Mark, 2003; Kullman, 2010). The sentinel
model posits an upward shift in alpine treeline,
and even allowing for the colonization of now
bare areas the total area should decrease
because mountain peaks are conical. Along with
upward movement, areas such as saddles or cols
that join higher alpine areas could become tree-
covered, further isolating the remaining vegeta-
tion. However, while habitats might shift
upslope, they are not zonally divided by eleva-
tion. Instead, meso- and microtopography cre-
ate differences in energy, water, and soil
resources that are interpreted as dimensions of
niche space within which different types of
vegetation exist (e.g. Scherrer and Kdrner,
2011). Climate impacts are best thought of in
terms of responses in species composition to
changes in niche, in addition to changes in area.
Still, higher, sparsely vegetated areas are chang-
ing (e.g. Zeng et al., 2018), and, in general, the
process of ‘thermophilization’ — the increase
in warmer-climate-adapted plants in any

setting — is ongoing in the alpine (e.g. Gottfried
et al., 2012)

2 Observations

Such thinking led to the creation of alpine vege-
tation monitoring efforts. The most developed
of these is the Global Observation Research Ini-
tiative in Alpine Environments network
(GLORIA) (Grabherr et al., 2000). GLORIA is
a network of >120 sites at which summit vege-
tation is monitored, with the idea that responses
will be most easily detected at summits because
these are some of the harshest environments for
plants to survive and even subtle warming might
have distinct impacts in plant composition, phe-
nology, and growth. Visited every five years,
GLORIA sites in Europe have shown shifts in
vegetation composition toward more warm-
adapted species in initial analyses (Gottfried
et al., 2012). Other mountain summit vegetation
responses in Europe have been examined by
re-visiting sites established as far back as 1835
and reported an accelerated increase in plant
species richness as climate changes have
occurred (Wipf et al., 2013). The link to warm-
ing has been further strengthened by Steinbauer
et al. (2018), who reported a continental-wide
acceleration in the rate of increase in plant spe-
cies richness after reviewing data from 302 Eur-
opean mountain summits that spanned 145
years. More focus indicates that species of the
highest elevations may be declining as others
increase in abundance (Rumpf et al., 2018).
GLORIA includes some sites in the West, but
more restricted monitoring has yielded useful
results. Lesica (2014; Lesica and Crone, 2017;
Lesica and McCune, 2004; Lesica and Steele,
1996) established plots for monitoring alpine
vegetation change in Glacier National Park in
1988. Lesica and Steele (1996) concluded that
consideration of the character of individual spe-
cies would be important, repeat plots are prefer-
able to random plots, and ephemeral habitats
and species that are hypersensitive to the driver
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of interest will not be useful indicators. Lesica
and McCune (2004) reported a shift toward
drier vegetation types, and Lesica (2014) found
declines in the cover of species with narrow,
high-elevation distributions. However, absence
of change predominated. For a broader study
that included some of the same sites and, again,
focused on species at the southern end of their
ranges, Lesica and Crone (2017) reported dif-
ferences in trends based in phylogeny (mono-
cots more stable because their root systems are
more adaptable to dry periods).

Research on change in alpine has taken
advantage of preexisting data not originally
designed for long-term monitoring. For exam-
ple, for Scotland, Britton et al. (2009) reported
that the overall community structure had con-
verged over five decades, indicating a simplifi-
cation of the floristic complexity. For plots on
Niwot Ridge, CO, Spasojevic et al. (2013)
found that community change could be substan-
tial but transient and varied in degree with the
initial community recorded. Changes that could
be responding to broader-scale drivers such as
climate change were differentiated by fine-scale
variability in temporal and spatial scale — that is,
some of the complications discussed in 3.3 and
3.4, below. The use of satellite imagery also
provides a temporal perspective, and Bolton
et al. (2018) reported that most change in the
vicinity of treelines in the Yukon was in the
herbaceous vegetation.

Numerous studies have examined changes in
growth and/or phenology. Walker et al. (1995)
observed increased growth and changes in phe-
nology years with more snow, and Walker et al.
(1999) added carbon flux in response to natural
and experimentally increased snow cover (with
consequent warmer sub-snow temperatures).
They noted the importance of the increase in
water supply. Both observational (Wagner and
Reichegger, 1997) and experimental (Galen and
Stanton, 1995) studies of climate effects on
flowering and seed development have yielded
significant results. Intensive study in our focal

region has highlighted damage from earlier
flowering due to subsequent frost and has estab-
lished the timing of snowmelt as an important
driver that is affected by climate change (e.g.
Inouye, 2008). In the alpine, earlier snowmelt
may shorten growing seasons and reduce plant
productivity (Ernakovich et al., 2014).

3 Complications

Factors that make tundra problematic sentinels
fall into the same categories as those for tree-
line: abiotic drivers, biotic interactions, and spa-
tial- and temporal-scale issues.

3.1 Abiotic complications. The variation in alpine
communities may be only weakly correlated
with abiotic variables (Bueno de Mesquita
et al., 2016; Malanson et al., 2017; Suding
et al., 2015). Although alpine vegetation occu-
pies a small range of environmental conditions
among all Earth’s biomes, it is found across a
broad range of moisture conditions within the
limits of low heat, and differentiation of plant
communities may be related to water availabil-
ity (e.g. Le Roux et al., 2013a; Winkler et al.,
2016) in addition to temperature gradients
(Elmendorf et al., 2012). The moisture condi-
tions are as much or more controlled by topo-
graphy at multiple scales (ranging from
orographic precipitation/rain-shadow effects
to microtopographic rills), and so the geo-
graphic spatial expression of species on envi-
ronmental gradients is multidimensional and
beta diversity is high within alpine landscapes
(Le Roux et al., 2013c; Litaor et al., 2008;
Opedal et al., 2015). Thus, alpine habitats
come in a variety of types and vary over short
distances and, because it is found in a wide
variety of microclimates, a general loss is not
anecessary outcome of warming (e.g. Cannone
et al., 2008; Randin et al., 2009) or may be
habitat specific (Kudo et al., 2010).

Soil differences can also alter tundra response
to climate change. Soils may differentiate among
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alpine communities (Buri et al., 2017), but
plant—soil interactions vary among tundra com-
munities. This relationship is complex because
of the biotic mediation of processes by organ-
isms ranging from bacteria to vertebrates. At
fine scales, the inertia of the system to climate
change will vary with edaphic conditions con-
ditioned by microtopography (Suding et al.,
2015). Beyond inherent soil properties, nitro-
gen deposition can change plant communities
and will vary among sites, with some relatively
close to major anthropogenic sources being
most affected (e.g. Bowman and Steltzer,
1998).

Climate change is a direct complication in
that potentially novel climates could set the
stage for novel ecosystems (Ferrarini et al.,
2017; Mahony et al., 2017; Young, 2014).
Vuorinen et al. (2017) have shown that in addi-
tion to the difficulties enumerated above, novel
climates will create novel entanglements of
these factors in alpine vegetation.

3.2 Biotic complications. A high degree of inter-
specific variability is inherent in the heteroge-
neity of abiotic environments occupied, and
intraspecific variation is also common (e.g.
Hamann et al., 2017; Massatti and Knowles,
2014). Different functional types are expected
to vary in their responses to climate change, as
observed by Lesica and Crone (2017), as are
different ecotypes. Changing phenology in
relation to climate change exhibits confounding
factors (De Keyzer et al., 2017). Some pheno-
logical responses are habitat-specific or species-
specific — or even vary within species. The
degree of interannual variability observed when
plots are monitored regularly could be a signif-
icant problem. For phenology, the sensitivity of
plants to climatic factors changes during the
reproductive cycle and by ecotype (Carbognani
et al., 2018). These constraints can either limit
the usefulness of alpine plant communities as
sentinels or guide the selection of the most use-
ful elements.

Biological interactions in alpine tundra are
recognized (e.g. Kikvidze et al., 2011; Le Roux
et al., 2013b). Facilitation has been well-
documented in the alpine, with the role of cush-
ion plants repeatedly emphasized. (e.g. Cavieres
et al., 2014). The nature of benefactor individ-
uals and the responses of the beneficiaries has
been empirically verified (e.g. Michalet et al.,
2016), although the intervening processes and
the implications for long-term dynamics less so.
In the West, grazing effects can be strong but are
localized (Zeigenfuss et al., 2011), and the
related effects of trampling are known mostly
for human trails (e.g. Willard and Marr, 1970).

A number of experiments on Niwot Ridge
have shown an association between small mam-
mals and types of tundra communities (Forbis
et al., 2004; Sherrod et al., 2005; Thorn, 1982).
Perhaps most notable was the rapidity of the
overall change in the ecosystem. Soil microor-
ganisms further elaborate edaphic abiotic
drivers. Bueno de Mesquita et al. (2016) found
that community structure varied with microbe
community structure, and Tobias et al. (2017)
found that alpine seeds were replete with asso-
ciated fungi, which could affect germination —
but of Zea mays as a model species; this problem
merits investigation with an array of native
species.

3.3 Spatial-scale complications. Examining sites
within ranges reveals heterogeneity (Engler
et al., 2011). For instance, energy and water
resources vary at fine scale in alpine environ-
ments (e.g. Saunders and Bailey, 1994; Suvanto
et al., 2014), as does disturbance (e.g. Randin
et al., 2009). For example, Malanson et al.
(2011Db) also reported that the degree of dissim-
ilarity in alpine vegetation across >1000 km of
the Rocky Mountains could be found within a
4101 km? area, the extent of Glacier National
Park, Montana. Suding et al. (2015) found that
assessment of community stability was scale
dependent. Even the details of microtopography
at decimeter horizontal and vertical resolution
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affect composition and diversity (Loneragan
and del Moral, 1984; Rose and Malanson,
2012). For centimeter-scale neighbors, Bow-
man and Swatling-Holcomb (2018) reported
facilitation for some species but found that sto-
chasticity outweighed biotic interactions for
most. Thus, much of the environmental varia-
tion that determines the differentiation of
alpine plant communities is local (and, thus,
similar to treeline) (Malanson et al., 2018).

3.4 Temporal-scale complications. At Last Glacial
Maximum, the extent of alpine vegetation may
have been much greater than it is now (Harris,
2007). Applying ‘extinction debt’ to climate
change (Dullinger et al., 2012; Malanson,
2008), we expect disequilibria in responses of
the extant number of species as area decreases
and isolation increases. Given continual
changes in climate, an equilibrium for diversity
and compositions may not have existed for mil-
lennia, and short-term variability can muddle
long-term response.

The consequences of disequilibrium for
alpine vegetation are that the relations between
species distributions and the environment will
not be optimal — that is, the realized niche of a
species could be anywhere and everywhere
within its fundamental niche, and current
observations of the presence and abundance
of species in relation to the environment, and
to climate in particular, will not have predic-
tive power.

IV Summary and conclusions
I Mountains and their disequilibria

Treelines and alpine vegetation may be poor
sentinels of the impacts of recent and ongoing
climate change. The most useful sentinels seem
to be at the extremes of environmental gradients
where even more extreme conditions are
expected. Secondarily, a focus on ecotones
within alpine tundra might be useful where they
can be identified. Thus, the ecotone-summit

approach of the GLORIA project was well con-
ceived and serves as an example for other mon-
itoring; although significant findings for
diversity are most common (e.g. Pauli et al.,
2012), community and trait changes are at least
as important.

The central problem for the sentinel concept
is that the biogeographical response of moun-
tain plant communities is only loosely coupled
in time to climate drivers. Time lags exist for
multiple reasons:

e Plants have lifespans, and climate drivers
that will change eventual reproduction
and growth do not necessarily cause
immediate mortality (but dieback does
occur; Millar et al., 2012).

e Plants are affected by other drivers, such
as edaphic conditions, that change at
longer time scales and themselves have
time lags in their response to their cli-
mate drivers.

e Changing geographic distributions for
plants requires dispersal, which is often
stochastic (e.g. Engler et al., 2009) and,
thus, not instantaneous.

e Interactions among organisms include
competition by extant plants for disper-
sing seeds, climate-driven pests and
pathogens lowering seed source strength,
and lags in pollinators (although not so
common in this environment).

The theme of disequilibrium has been
developed for mountain systems. Alexander
et al. (2018) nicely summarized the conse-
quences of time lags in dispersal, establish-
ment, and extinction processes for a
mountain elevation gradient. For treeline,
Butler et al. (2007, 2009b) developed the
theme of loose coupling and time lags caused
by biotic and abiotic constraints, and others
explored how positive feedbacks decouple
rates (e.g. Alftine and Malanson, 2004; Bek-
ker, 2005; Zeng and Malanson, 2006). For
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Figure |. Multiple spatial and temporal scales, both
of which affect alpine treelines and vegetation, can
lead to alternative pathways in state space.

multiple temporal scales

the alpine, Malanson et al. (2015, 2017), not-
ing work on disequilibrium by Kammer et al.
(2007) and Harris (2007), concluded that the
weak relationship of tundra floristic composi-
tion in the West could be the result of time
lags in response to climatic changes through-
out the Holocene.

Disequilibrium can be addressed with a set of
theories on nonlinearity and complexity that
require specification of temporal scale to
improve prediction (Burkett et al., 2005). At this
point, our understanding of the principles and
consequences of disequilibrium is ahead of our
ability to apply this knowledge. We can identify
five problems associated with predicting change
in these ecosystems:

e Lack of ongoing vegetation change can
be compensated by later change (time
lags are not infinite).

e Later change could be in the form of
thresholds or tipping points — that is,
much more rapid than the change in the
drivers now observed.

e The transient period may have no-analog
conditions (not previously existing), and
these may change suddenly or include
significant short-term variability.

e Complexity can lead to multiple path-
ways in state space (Figure 1), making
prediction impossible, but can also
include constraints on the range of
pathways.

e Plant communities in disequilibrium
might be indistinguishable from those in
equilibrium but without niche determi-
nants — that is, as expected in the neutral
theory of biodiversity and biogeography.

2 Research frontiers

We see six grand challenges for future research
on these mountain plant communities. The pri-
mary challenge, because it is most relevant to
sentinel status, is to establish background turn-
over rates. Turnover rates can be expected to be
low, given that mountains, although not islands,
have some degree of isolation and the possibil-
ity of rescue effect; In terms of sentinels back-
ground turnover, still must be subtracted from
observed ongoing change. Steinbauer et al.
(2018) at least demonstrated that rates of change
have increased, and one might use their early
rates as a background for other observations —
but probably only in Europe.

Second, the complexity of interactions at tun-
dra and treelines have largely been ignored in
projecting change at broad spatial scales. These
interactions depend on the densities of the indi-
viduals and their spatial patterns, all of which
would be changing with climate, novel species
combinations, and different intensities. Upscal-
ing results from local studies is a challenge.

Third, increasing human pressures on tree-
line and alpine ecosystems must be further
assessed, possibly following international
examples in North America (cf. Bonanomi
et al., 2018). Land use changes can have more
extensive impacts such as invasive species
(Resler et al., forthcoming), which have their
own climatic drivers (Dainese et al., 2014). Dis-
entangling drivers with similar effects chal-
lenges both researchers and policy makers.

Fourth, how do processes change with spatial
scale (cf. McGill, 2010)? This is a challenge
which is further confounded by specific geogra-
phy. Insight and generality on spatial scale
might be gained in research where elevational
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treeline merges into latitudinal treeline and
tundra transitions from oroarctic to arctic
(cf. Virtanen et al., 2016) as spatial compression
of the climate gradient is gradually extended.

Fifth, a number of specific complications
need further investigation; among these are
experimental manipulation of water, tempera-
ture, soil microbes, and CO,, and geomorphic
processes. Experiments such as those of Moyes
et al. (2015), Kueppers et al. (2017), Souza et al.
(2017), and Lazarus et al. (2018) can start to
untangle abiotic and biotic interactions but
probably should be coupled with process- and/
or theoretical models. Approaches to geo-
morphic control of treeline dynamics have
focused on static conditions and need to address
processes that could be climate-driven (e.g.
Annandale and Kirkpatrick, 2017).

Sixth, as discussed previously, disequili-
brium challenges explanation and prediction.
The complications for treeline and tundra
have elements in common and can be sum-
marized as follows:

e Increasing spatial scale — abiotic and
biotic heterogeneity — multidimensional
states

e Time lags/loose coupling — transient/
complex dynamics — multiple pathways

While the multidimensionality of the envi-
ronment is a core concept in ecology and bio-
geography, pathways in the state spaces defined
this way are less familiar. Recognizing this link
can lead to useful research questions and
designs for biogeographical monitoring.

3 Alternative futures and actions

What possible actions might be warranted,
given our current understanding of treeline and
tundra as sentinels for a changing climate? First,
as previously stated, we must continue to learn
more about the complexities that drive alpine
treeline and tundra vegetation dynamics and
influence their value as sentinels of change in

mountain landscapes. Mountains are important
to humanity for their unique research values and
also because of their underappreciated services
to people. If an objective is to manage alpine
vegetation to preserve the existing biodiversity,
options are limited. We see five levels of poten-
tial direct action:

1. The most easily achieved, but passive,
action is to accept changes without inter-
vention. In this case, public land manag-
ers should to inform stakeholders and the
public about expected outcomes and
address the changing function, and per-
ceived value, of public lands. Legal and
regulatory mandates may need to
be changed as a response to altered
plant occurrence and distribution. For
instance, required action to address rare
and threatened species recovery might
be waived if climate changes make it
very unlikely to succeed.

2. A direct action could be to reduce
other stressors to alpine plant commu-
nities since climate cannot be locally
controlled. Minimizing other stressors,
such as the infrequent high-elevation
wildfires, helps to remove a com-
pounding effect of climate change.
Controlling the spread of invasive
plants into native alpine plant commu-
nities would be another direct action
that could be taken.

3. Another direct action, implemented at
landscape scales, would be to move the
boundaries of protected areas to encom-
pass the new areas where climate
changes are allowing species of interest
to persist. Similarly, ensuring that migra-
tion corridors are intact can allow natural
dispersal mechanisms to function.
Migration corridors include elevational
gradients, which are poorly represented
in protected mountain areas globally
(Chala et al., 2017; Elsen et al., 2018).
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Both of these options could require
major land use changes.

4. The next level of direct action would be
to conduct assisted migration whereby
plants are actively moved to new areas,
where they are expected to thrive under a
changed climate. There are many obsta-
cles to legally, and in some views ethi-
cally, transplanting threatened species to
new areas because of potential threats to
existing vegetation in the new location.
The efficacy of transplanting many of
the potential threatened alpine species
in question is also not known.

5. The direct intervention of last resort
would be to archive, propagate, and oth-
erwise manage these plants only in con-
trolled environments to preserve limited
populations in perpetuity. Genetically
modifying plants to better tolerate
a changing climate could also be
attempted but would likely be resisted
on either practical or ethical grounds.

All of these direct actions, and other action
options not listed, will benefit from a greater
understanding of plant—climate relationships in
alpine tundra and treeline. In turn, this will help
us better determine the status of alpine plants as
sentinels in a changing world.

Declaration of conflicting interests

The author(s) declared the following potential con-
flicts of interest with respect to the research, author-
ship, and/or publication of this article: Any use of
trade, firm, or product, names is for descriptive pur-
poses only and does not imply endorsement by the
U.S. Government.

Funding

The author(s) received no financial support for the
research, authorship and/or publication of this article.

ORCID iD

George P Malanson
9527-0086

https://orcid.org/0000-0001-

References

Alexander JM, Chalmandrier L, Lenoir J, et al. (2018)
Lags in the response of mountain plant communities
to climate change. Global Change Biology 24:
563-579.

Alftine KJ and Malanson GP (2004) Directional positive
feedback and pattern at an alpine tree line. Journal of
Vegetation Science 15: 3—12.

Alftine KJ, Malanson GP, and Fagre DB (2003) Feedback-
driven response to multi-decadal climatic variability at
an alpine forest-tundra ecotone. Physical Geography
24: 520-535.

Andrus RA, Harvey BJ, Rodman KC, et al. (2018)
Moisture availability limits subalpine tree establish-
ment. Ecology 99: 567-575.

Annandale B and Kirkpatrick JB (2017) Diurnal to decadal
changes in the balance between vegetation and bare
ground in Tasmanian fjaeldmark. Arctic, Antarctic, and
Alpine Research 49: 473-486.

Bader MY and Ruijten JJA (2008) A topography-based
model of forest cover at the alpine tree line in the tro-
pical Andes. Journal of Biogeography 35: 711-723.

Bader M, Loranger H, Zotz G, et al. (2017) Responses of
tree seedlings near the alpine treeline to delayed
snowmelt and reduced sky exposure. Forests 9: 12.

Batllori E, Camarero JJ, Ninot JM, et al. (2009) Seedling
recruitment survival and facilitation in alpine Pinus
uncinata tree line ecotones Implications and potential
responses to climate warming. Global Ecology and
Biogeography 18: 460—472.

Becker A and Bugmann H (2001) Global change and
mountain regions. IGBP Report 49. Royal Swedish
Academy of Sciences, Stockholm.

Bekker MF (2005) Positive feedback between tree estab-
lishment and patterns of subalpine forest advancement,
Glacier National Park, Montana, USA. Arctic, Ant-
arctic, and Alpine Research 37: 97-107.

Bentz BJ, Regniere J, Fettig CJ, et al. (2010) Climate
change and bark beetles of the western United States
and Canada: direct and indirect effects. BioScience 60:
602-613.

Bolli JC, Rigling A, and Bugmann H (2007) The influence
of changes in climate and land-use on regeneration
dynamics of Norway spruce at the treeline in the Swiss
Alps. Silva Fennica 41: 55-70.

Bolton DK, Coops NC, Hermosilla T, et al. (2018)
Evidence of vegetation greening at alpine treeline
ecotones: Three decades of Landsat spectral trends


https://orcid.org/0000-0001-9527-0086
https://orcid.org/0000-0001-9527-0086
https://orcid.org/0000-0001-9527-0086
https://orcid.org/0000-0001-9527-0086

Malanson et al.

535

informed by lidar-derived vertical structure. Environ-
mental Research Letters 13: 084022.

Bonanomi G, Rita A, Allevato E, et al. (2018) Anthro-
pogenic and environmental factors affect the tree line
position of Fagus sylvatica along the Apennines (Italy).
Journal of Biogeography 45: 2595-2608.

Bourgeron PS, Humphries HC, Liptzin D, et al. (2015)
The forest-alpine ecotone: A multi-scale approach
to spatial and temporal dynamics of treeline change
at Niwot Ridge. Plant Ecology and Diversity 8:
763-779.

Bowman WD and Steltzer H (1998) Positive feedbacks to
anthropogenic nitrogen deposition in Rocky Mountain
alpine tundra. Ambio 27: 514-517.

Bowman WD and Swatling-Holcomb S (2018) The roles
of stochasticity and biotic interactions in the spatial
patterning of plant species in alpine communities.
Journal of Vegetation Science 29: 25-33.

Britton AJ, Beale CM, Towers W, et al. (2009) Biodi-
versity gains and losses: Evidence for homogenisation
of Scottish alpine vegetation. Biological Conservation
142: 1728-1739.

Brown DG (1994) Predicting vegetation types at treeline
using topography and biophysical disturbance vari-
ables. Journal of Vegetation Science 5: 641-656.

Bruening JM, Bunn AG, and Salzer MW (2018) A climate-
driven tree line position model in the White Mountains
of California over the past six millennia. Journal of
Biogeography 45: 1067-1076.

Bueno de Mesquita CP, King AJ, Schmidt SK, et al.(2016)
Incorporating biotic factors in species distribution
modeling: Are interactions with soil microbes impor-
tant? Ecography 39: 970-980.

Buri A, Cianfrani C, Pinto-Figueroa E, et al. (2017) Soil
factors improve predictions of plant species distribu-
tion in a mountain environment. Progress in Physical
Geography 41: 703-722.

Burkett VR, Wilcox DA, Stottlemyer R, et al. (2005)
Nonlinear dynamics in ecosystem response to climatic
change: Case studies and policy implications. Ecolo-
gical Complexity 2: 357-394.

Butler DR (2012) The impact of climate change on pat-
terns of zoogeomorphological influence: Examples
from the Rocky Mountains of the western USA. Geo-
morphology 157: 183-191.

Butler DR, Malanson GP, and Cairns DM (1994) Stability
of alpine treeline in northern Montana, USA. Phyto-
coenologia 22: 485-500.

Butler DR, Malanson GP, and Resler LM (2004) Turf-
banked terrace treads and risers turf exfoliation and
possible relationships with advancing treeline. Catena
58:259-274.

Butler DR, Malanson GP, Resler LM, et al. (2009a) Geo-
morphic patterns and processes at alpine treeline. In:
Butler DR, Malanson GP, and Walsh SJ, et al. (eds) The
Changing Alpine Treeline: The Example of Glacier
National Park, Montana, USA. Amsterdam: Elsevier,
63-84.

Butler DR, Malanson GP, Walsh SJ, et al. (2007) Influ-
ences of geomorphology and geology on alpine treeline
in the American West — more important than climatic
influences? Physical Geography 28: 434-450.

Butler DR, Malanson GP, Walsh SJ, et al. (eds) (2009b)
The Changing Alpine Treeline: The Example of Glacier
National Park, Montana, USA. Amsterdam: Elsevier.

Cairns DM (1999) Multi-scale analysis of soil nutrients at
alpine treeline in Glacier National Park Montana.
Physical Geography 20: 256-271.

Cairns DM (2001) Patterns of winter desiccation in
krummbolz forms of Abies lasiocarpa at treeline sites
in Glacier National Park Montana USA. Geografiska
Annaler A 83: 157-168.

Cairns DM and Malanson GP (1998) Environmental
variables influencing carbon balance at the alpine
treeline ecotone: A modeling approach. Journal of
Vegetation Science 9: 679-692.

Cairns DM, Lafon C, Moen J, et al. (2007) Influences of
animal activity on treeline position and pattern:
Implications for treeline responses to climate change.
Physical Geography 28: 419—433.

Cannone N, Diolaiuti G, Guglielmin M, et al. (2008)
Accelerating climate change impacts on alpine glacier
forefield ecosystems in the European Alps. Ecological
Applications 18: 637-648.

Cansler CA, McKenzie D, and Halpern CB (2018) Fire
enhances the complexity of forest structure in alpine
treeline ecotones. Ecosphere 9(2): €02091.

Carbognani M, Tomaselli M, and Petraglia A (2018)
Different temperature perception in high-elevation
plants: New insight into phenological development
and implications for climate change in the alpine tun-
dra. Oikos 127: 1014-1029.

Case BS and Duncan RP (2014) A novel framework
for disentangling the scale-dependent influences of
abiotic factors on alpine treeline position. Ecography
31: 1-14.



536

Progress in Physical Geography 43(4)

Cavieres LA, Brooker RW, Butterfield BJ, et al. (2014)
Facilitative plant interactions and climate simultaneously
drive alpine plant diversity. Ecology Letters 17:
193-202.

Chala D, Zimmermann NE, Brochmann C, et al. (2017)
Migration corridors for alpine plants among the ‘sky
islands’ of eastern Africa: Do they, or did they exist?
Alpine Botany 127: 133—-144.

Dainese M, Kuhn I, and Bragazza L (2014) Alien plant
species distribution in the European Alps: Influence of
species’ climatic requirements. Biological Invasions
16: 815-831.

Davis EL and Gedalof ZE (2018) Limited prospects for
future alpine treeline advance in the Canadian Rocky
Mountains. Global Change Biology 24: 4489—-4504.

Davis EL, Hager HA, and Gedalof ZE (2018) Soil prop-
erties as constraints to seedling regeneration beyond
alpine treelines in the Canadian Rocky Mountains.
Arctic, Antarctic, and Alpine Research 50: €1415625.

Dearborn KD and Danby RK (2018) Topographic influ-
ences on ring widths of trees and shrubs across alpine
treelines in southwest Yukon. Arctic, Antarctic, and
Alpine Research 50: e1495445.

De Keyzer CW, Rafferty NE, Inouye DW, et al. (2017)
Confounding effects of spatial variation on shifts in
phenology. Global Change Biology 23: 1783-1791.

Diaz HF and Eischeid JK (2007) Disappearing “alpine
tundra” Koppen climatic type in the western United
States. Geophysical Research Letters 34: L18707.

Dullinger S, Dirnbock T, Kock R, et al. (2005) Interactions
among tree-line conifers: Differential effects of pine on
spruce and larch. Journal of Ecology 93: 948-957.

Dullinger S, Gattringer A, Thuiller W, et al. (2012)
Extinction debt of high-mountain plants under twenty-
first century climate change. Nature Climate Change 2:
619-622.

Elliott GP (2011) Influences of 20th-century warming at
the upper tree line contingent on local-scale interac-
tions: Evidence from a latitudinal gradient in the Rocky
Mountains USA. Global Ecology and Biogeography
20: 46-57.

Elliott GP (2012a) Extrinsic regime shifts drive abrupt
changes in regeneration dynamics at upper treeline in
the Rocky Mountains, USA. Ecology 93: 129-145.

Elliott GP (2012b) The role of thresholds and fine-scale
processes in driving upper treeline dynamics in the
Bighorn Mountains, Wyoming. Physical Geography
33: 129-145.

Elliott GP and Cowell CM (2015) Slope aspect mediates
fine-scale tree establishment patterns at upper treeline
during wet and dry periods of the 20th century. Arctic,
Antarctic, and Alpine Research 47: 681-692.

Elliott GP and Kipfmueller KF (2011) Multiscale influences
of climate on upper treeline dynamics in the southern
Rocky Mountains USA: Evidence of intraregional
variability and bioclimatic thresholds in response to
twentieth-century warming. Annals of the Association of
American Geographers 101: 1181-1203.

Elliott GP and Petruccelli CA (2018) Tree recruitment at
the treeline across the Continental Divide in the
Northern Rocky Mountains, USA: The role of spring
snow and autumn climate. Plant Ecology & Diversity
11(3): 319-333.

Elmendorf SC, Henry GH, Hollister RD, et al. (2012)
Global assessment of experimental climate warming on
tundra vegetation: Heterogeneity over space and time.
Ecology Letters 15: 164-175.

Elsen PR, Monahan WB, and Merenlender AM (2018)
Global patterns of protection of elevational gradients in
mountain ranges. Proceedings of the National Academy
of Sciences USA 115(23): 201720141.

Emanuel WR, Shugart HH, and Stevenson MP (1985)
Climatic change and the broad-scale distribution of
terrestrial ecosystem complexes. Climatic Change 7:
29-43.

Engler R, Randin CF, Thuiller W, et al. (2011) 21st century
climate change threatens mountain flora unequally
across Europe. Global Change Biology 17: 2330-2341.

Engler R, Randin CF, Vittoz P, et al. (2009) Predicting
future distributions of mountain plants under climate
change: Does dispersal capacity matter?. Ecography
32: 34-45.

Ernakovich JG, Hopping KA, Berdanier AB, et al. (2014)
Predicted responses of arctic and alpine ecosystems to
altered seasonality under climate change. Global
Change Biology 20: 3256-3269.

Ettinger AK, Ford KR, and HilleRisLambers J (2011)
Climate determines upper but not lower altitudinal
range limits of Pacific Northwest conifers. Ecology 92:
1323-1331.

Fall PL (1997) Timberline fluctuations and late Quaternary
paleoclimates in the Southern Rocky Mountains, Col-
orado. Geological Society of America Bulletin 109:
1306—-1320.

Ferrarini A, Alatalo JM, Gervasoni D, et al. (2017)
Exploring the compass of potential changes induced by



Malanson et al.

537

climate warming in plant communities. Ecological
Complexity 29: 1-9.

Forbis TA, Lamore J, and Addis E (2004) Temporal pat-
terns in seedling establishment on pocket gopher dis-
turbances. Oecologia 138: 112-121.

Galen C and Stanton ML (1995) Responses of snowbed
plant species to changes in growing-season length.
Ecology 76: 1546—1557.

Geddes CA, Brown DG, and Fagre DB (2005) Topography
and vegetation as predictors of snow water equivalent
across the alpine treeline ecotone at Lee Ridge, Glacier
National Park, Montana, USA. Arctic, Antarctic, and
Alpine Research 37: 197-205.

Gehrig-Fasel J, Guisan A, and Zimmermann NE (2008)
Evaluating thermal treeline indicators based on air
and soil temperature using an air-to-soil temperature
transfer model. Ecological Modelling 213: 345-355.

Germino MJ and Smith WK (1999) Sky exposure crown
architecture and low-temperature photoinhibition in
conifer seedlings at alpine treeline. Plant Cell &
Environment 22: 407-415.

Germino MJ, Smith WK, and Resor AC (2002) Conifer
seedling distribution and survival in an alpine-treeline
ecotone. Plant Ecology 162: 157-168.

Gill RA, Campbell CS, and Karlinsey SM (2015) Soil
moisture controls Engelmann spruce (Picea engel-
mannii) seedling carbon balance and survivorship at
timberline in Utah, USA. Canadian Journal of Forest
Research 45: 1845-1852.

Gottfried M, Pauli H, Futschik A, et al. (2012) Continent-
wide response of mountain vegetation to climate
change. Nature Climate Change 2: 111-115.

Grabherr G, Gottfried M, and Pauli H (2000) GLORIA: A
global observation research initiative in alpine envir-
onments. Mountain Research and Development 20:
190-191.

Grafius DR and Malanson GP (2015) Biomass distribu-
tions in dwarf tree, krummbholz, and tundra vegetation
in the alpine treeline ecotone. Physical Geography 36:
337-352.

Grafius DR, Malanson GP, and Weiss DJ (2012) Sec-
ondary controls of alpine treeline elevations in the
western USA. Physical Geography 33: 146—164.

Greenwood S, Chen JC, Chen CT, et al. (2015) Tem-
perature and sheltering determine patterns of seedling
establishment in an advancing subtropical treeline.
Journal of Vegetation Science 26: 711-721.

Hadley JL and Smith WK (1983) Influence of wind
exposure on needle desiccation and mortality for tim-
berline conifers in Wyoming, USA. Arctic and Alpine
Research 15: 127-135.

Halloy SR and Mark AF (2003) Climate-change effects on
alpine plant biodiversity: A New Zealand perspective
on quantifying the threat. Arctic, Antarctic, and Alpine
Research 35: 248-254.

Hamann E, Scheepens JF, Kesselring H, et al. (2017) High
intraspecific phenotypic variation but little evidence
for local adaptation in Geum reptans populations in the
Central Swiss Alps. Alpine Botany 127: 121-132.

Hampe A and Jump AS (2011) Climate relicts: Past present
future. Annual Review of Ecology, Evolution and Sys-
tematics 42: 313-333.

Hansen AlJ, di Castri F, and Naiman RJ (1988) Ecotones:
What and why? In: di Castri F, Hansen AJ and Holland
MM (eds) A new look at ecotones: Emerging interna-
tional projects on landscape boundaries. Biology
International (Special Issue) 17: 9-46.

Harris SA (2007) Biodiversity of the alpine vascular flora
of the NW North American cordillera: The evidence
from phyto-geography. Erdkunde 61: 344-357.

Harsch MA and Bader MY (2011) Treeline form-a
potential key to understanding treeline dynamics.
Global Ecology and Biogeography 20: 582-596.

Harsch MA, Hulme PE, McGlone MS, et al. (2009) Are
treelines advancing? A global meta-analysis of treeline
response to climate warming. Ecology Letters 12:
1040-1049.

Hastings A, Abbott KC, Cuddington K, et al. (2018) Tran-
sient phenomena in ecology. Science 361: eaat6412.
Hessl AE and Baker WL (1997) Spruce and fir regenera-
tion and climate in the forest-tundra ecotone of Rocky
Mountain National Park Colorado USA. Arctic and

Alpine Research 29: 173—183.

Hiemstra CA, Liston GE, and Reiners WA (2002) Snow
redistribution by wind and interactions with vegetation
at upper treeline in the Medicine Bow Mountains,
Wyoming, USA. Arctic,
Research 34: 262-273.

Holtmeier FK (1982) “Ribbon-forest” und “hecken”:
Streifenartige verbreitungsmuster des baumwuchses an

Antarctic, and Alpine

der oberen waldgrenze in den Rocky Mountains
(“Ribbon-forest” and “hedges”: Strip-like distribution
patterns of trees at the upper timberline in the Rocky
Mountains). Erdkunde 36: 142—153.



538

Progress in Physical Geography 43(4)

Holtmeier FK (2009) Mountain Timberlines: Ecology
Patchiness and Dynamics. Heidelberg: Springer.

Holtmeier FK (2012) Impact of wild herbivorous mam-
mals and birds on the altitudinal and northern treeline
ecotones. Landscape Online 30: 1-28.

Holtmeier FK and Broll G (1992) The influence of tree
islands and microtopography on pedoecological con-
ditions in the forest-alpine tundra ecotone on Niwot
Ridge, Colorado Front Range, USA. Arctic and Alpine
Research 24: 216-228.

Holtmeier FK and Broll G (2005) Sensitivity and response
of northern hemisphere altitudinal and polar treelines to
environmental change at landscape and local scales.
Global Ecology and Biogeography 14: 395-410.

Holtmeier FK and Broll G (2007) Treeline advance—
driving processes and adverse factors. Landscape
Online 1: 1-32.

Holtmeier FK and Broll G (2010) Wind as an ecological
agent at treelines in North America, the Alps, and the
European Subarctic. Physical Geography 31: 203-233.

Holtmeier FK and Broll G (2012) Landform influences on
treeline patchiness and dynamics in a changing climate.
Physical Geography 33: 403—437.

Inouye DW (2008) Effects of climate change on phenology
frost damage and floral abundance of montane wild-
flowers. Ecology 89: 353-362.

Jiménez-Moreno G and Anderson RS (2013) Pollen and
macrofossil evidence of Late Pleistocene and Holocene
treeline fluctuations from an alpine lake in Colorado,
USA. The Holocene 23: 68-717.

Jobbagy EG and Jackson RB (2000) Global controls of
forest line elevation in the northern and southern
hemispheres. Global Ecology and Biogeography 9:
253-268.

Johnson DM, Germino MJ, and Smith WK (2004) Abiotic
factors limiting photosynthesis in Abies lasiocarpa and
Picea engelmannii seedlings below and above the
alpine timberline. Tree Physiology 24: 377-386.

Kambo D and Danby RK (2018a) Influences of fine-scale
disturbance on germinant success in a treeline ecotone.
Physical Geography 39: 471-486.

Kambo D and Danby RK (2018b) Factors influencing the
establishment and growth of tree seedlings at Subarctic
alpine treelines. Ecosphere 9(4): €02176.

Kambo D and Danby RK (2018c) Constraints on treeline
advance in a warming climate: A test of the reproduc-
tion limitation hypothesis. Journal of Plant Ecology 11:
411-422.

Kammer PM, Schob C, and Choler P (2007) Increasing
species richness on mountain summits: Upward
migration due to anthropogenic climate change or
re-colonisation? Journal of Vegetation Science 18:
301-306.

Kikvidze Z, Michalet R, Brooker RW, et al. (2011) Cli-
matic drivers of plant—plant interactions and diversity
in alpine communities. Alpine Botany 121: 63-70.

Koérer C (1998) A re-assessment of high elevation treeline
positions and their explanation. Oecologia 115: 445-459.

Koérner C (2003) Alpine Plant Life: Functional Ecology of
High Mountain Ecosystems. Berlin: Springer.

Korner C (2012) Alpine Treelines: Functional Ecology of
the Global High Elevation Tree Limits. Basel: Springer.

Korner C (2015) Paradigm shift in plant growth control.
Current Opinion in Plant Biology 25: 107-114.

Kérner C (2016) When it gets cold plant size matters—a
comment on treeline. Journal of Vegetation Science
27: 6-7.

Kudo G, Kimura M, Kasagi T, et al. (2010) Habitat-
specific responses of alpine plants to climatic
amelioration: Comparison of fellfield to snowbed
communities. Arctic, Antarctic, and Alpine Research
42: 438-448.

Kueppers LM, Conlisk E, Castanha C, et al. (2017)
Warming and provenance limit tree recruitment across
and beyond the elevation range of subalpine forest.
Global Change Biology 23: 2383-2395.

Kullman L (1995) Holocene tree-limit and climate history
from the Scandes Mountains, Sweden. Ecology 76:
2490-2502.

Kullman L (2010) A richer greener and smaller alpine
world: Review and projection of warming-induced
plant cover change in the Swedish Scandes. AMBIO
39: 159-169.

Kupfer JA and Cairns DM (1996) The suitability of
montane ecotones as indicators of global climatic
change. Progress in Physical Geography 20: 253-272.

Lazarus BE, Castanha C, Germino MJ, et al. (2018)
Growth strategies and threshold responses to water
deficit modulate effects of warming on tree seedlings
from forest to alpine. Journal of Ecology 106: 571-585.

Leonelli G, Pelflni M, and Morra di Cella U (2009)
Detecting climatic treelines in the Italian Alps: The
influence of geomorphological factors and human
impacts. Physical Geography 30: 338-352.

Le Roux PC, Aalto J, and Luoto M (2013a) Soil moisture’s
underestimated role in climate change impact modelling



Malanson et al.

539

in low-energy systems. Global Change Biology 19:
2965-2975.

Le Roux PC, Lenoir J, Pellissier L, et al. (2013b) Hor-
izontal but not vertical biotic interactions affect fine-
scale plant distribution patterns in a low-energy system.
Ecology 94: 671-682.

Le Roux PC, Virtanen R, and Luoto M (2013¢c) Geomor-
phological disturbance is necessary for predicting fine-
scale species distributions. Ecography 36: 800-808.

Lesica P (2014) Arctic-alpine plants decline over two
decades in Glacier National Park, Montana, USA.
Arctic, Antarctic, and Alpine Research 46: 327-332.

Lesica P and Crone EE (2017) Arctic and boreal plant
species decline at their southern range limits in the
Rocky Mountains. Ecology Letters 20: 166—174.

Lesica P and McCune B (2004) Decline of arctic-alpine
plants at the southern margin of their range following a
decade of climatic warming. Journal of Vegetation
Science 15: 679-690.

Lesica P and Steele BM (1996) A method for monitoring
long-term population trends: An example using arctic-
alpine plants. Ecological Applications 6: 879-887.

Lett S and Dorrepaal E (2018) Global drivers of tree
seedling establishment at alpine treelines in a changing
climate. Functional Ecology 32: 1666—1680.

Liang E, Wang Y, Piao S, et al. (2016) Species interactions
slow warming-induced upward shifts of treelines on the
Tibetan Plateau. Proceedings of the National Academy
of Sciences USA 113: 4380-4385.

Liptzin D, Sanford RL, and Seastedt TR (2013) Spatial
patterns of total and available N and P at alpine treeline.
Plant and Soil 365: 127-140.

Litaor MI, Williams M, and Seastedt TR (2008) Topo-
graphic controls on snow distribution soil moisture and
species diversity of herbaceous alpine vegetation,
Niwot Ridge, Colorado. Journal of Geophysical
Research — Biogeosciences 113(G2): G02008.

Lloyd A (1998) Growth of foxtail pine seedlings at treeline
in the southeastern Sierra Nevada, California, USA.
Ecoscience 5: 250-257.

Lloyd AH and Graumlich LJ (1997) Holocene dynamics of
treeline forests in the Sierra Nevada. Ecology 78:
1199-1210.

Loneragan WA and del Moral R (1984) The influence of
microrelief on community structure of subalpine mea-
dows. Bulletin of the Torrey Botanical Club 111:
209-216.

Loranger H, Zotz G, and Bader MY (2016) Early estab-
lishment of trees at the alpine treeline: Idiosyncratic
species responses to temperature-moisture interactions.
AoB Plants 8(053): 1-14.

Loranger H, Zotz G, and Bader MY (2017) Competitor or
facilitator? The ambiguous role of alpine grassland for
the early establishment of tree seedlings at treeline.
Oikos 126: 1625-1636.

McGill BJ (2010) Matters of scale. Science 328: 575-576.

Mclntire EJB, Piper FI, and Fajardo A (2016) Wind
exposure and light exposure, more than elevation-
related temperature, limit tree line seedling abun-
dance on three continents. Journal of Ecology 104:
1379-1390.

Maestre FT, Callaway RM, Valladares F, et al. (2009)
Refining the stress-gradient hypothesis for competition
and facilitation in plant communities. Journal of
Ecology 97: 199-205.

Maher EL and Germino MJ (2006) Microsite differentia-
tion among conifer species during seedling establish-
ment at alpine treeline. Ecoscience 13: 334-341.

Mahony CR, Cannon AJ, Wang T, et al. (2017) A closer
look at novel climates: New methods and insights at
continental to landscape scales. Global Change Biol-
ogy 23: 3934-3955.

Malanson GP (1997) Effects of feedbacks and seed rain on
ecotone patterns. Landscape Ecology 12: 27-38.

Malanson GP (2008) Extinction debt: Origins develop-
ments and applications of a biogeographic trope.
Progress in Physical Geography 32: 277-291.

Malanson GP and Butler DR (1994) Tree - tundra com-
petitive hierarchies soil fertility gradients and the ele-
vation of treeline in Glacier National Park, Montana.
Physical Geography 15: 166—180.

Malanson GP and Butler DR (2002) The western cordil-
lera. In: Orme A (ed) Physical Geography of North
America. Oxford: Oxford University Press, 363-379.

Malanson GP and Rodriguez N (2018) Traveling waves
and spatial patterns from dispersal on homogeneous
and gradient habitats. Ecological Complexity 33:
57-65.

Malanson GP, Brown DG, Butler DR, et al. (2009) Eco-
tone dynamics: Invasibility of alpine tundra by tree
species from the subalpine forest. In: Butler DR,
Malanson GP and Walsh SJ, et al. (eds) The Changing
Alpine Treeline: The Example of Glacier National
Park, Montana, USA. Amsterdam: Elsevier, 35-61.



540

Progress in Physical Geography 43(4)

Malanson GP, Butler DR, Cairns DM, et al. (2002)
Variability in a soil depth indicator in alpine tundra.
Catena 49: 203-215.

Malanson GP, Butler DR, Fagre DB, et al. (2007) Alpine
treeline of western North America: Linking organism-to-
landscape dynamics. Physical Geography 28: 378-396.

Malanson GP, Cheney AB, and Kinney M (2015) Climatic
and geographic relations of alpine tundra floras in
western North America. Alpine Botany 125: 21-29.

Malanson GP, Fagre DB, and Zimmerman DL (2018)
Scale dependence of diversity in alpine tundra,
Rocky Mountains, USA. Plant Ecology 219: 999-1008.

Malanson GP, Resler LM, Bader MY, et al. (2011a)
Mountain treelines: A roadmap for research orien-
tation. Arctic, Antarctic, and Alpine Research 43:
167-1717.

Malanson GP, Rose JP, Schroeder PJ, et al. (2011b)
Contexts for change in alpine tundra. Physical Geo-
graphy 32: 97-113.

Malanson GP, Zimmerman DL, Kinney M, et al. (2017)
Relations of alpine plant communities across
environmental gradients: Multilevel versus multi-
scale analyses. Annals of the American Association
of Geographers 107: 41-53.

Marr JW (1977) The development and movement of tree
islands near the upper limit of tree growth in the
southern Rocky Mountains. Ecology 58: 1159-1164.

Massatti R and Knowles LL (2014) Microhabitat differ-
ences impact phylogeographic concordance of codis-
tributed species: Genomic evidence in montane sedges
(Carex L) from the Rocky Mountains. Evolution 68:
2833-2846.

Matthews JA and Briffa KR (2005) The ‘Little Ice Age’:
Re-evaluation of an evolving concept. Geografiska
Annaler 4 87: 17-36.

Mensing S, Korfmacher J, Minckley T, et al. (2012) A
15000 year record of vegetation and climate change
from a treeline lake in the Rocky Mountains, Wyom-
ing, USA. The Holocene 22: 739-748.

Michalet R, Schob C, Xiao S, et al. (2016) Beneficiary
feedback effects on alpine cushion benefactors become
more negative with increasing cover of graminoids and
in dry conditions. Functional Ecology 30: 79-87.

Millar CI, Westfall RD, Delany DL, et al. (2004) Response
of subalpine conifers in the Sierra Nevada, California,
USA to 20th-century warming and decadal climate
variability. Arctic, Antarctic, and Alpine Research 36:
181-200.

Millar CI, Westfall RD, Delany DL, et al. (2012) Forest
mortality in high-elevation whitebark pine (Pinus
albicaulis) forests of eastern California USA; influence
of environmental context bark beetles climatic water
deficit and warming. Canadian Journal of Forest
Research 42: 749-765.

Moyes AB, Germino MJ, and Kueppers LM (2015)
Moisture rivals temperature in limiting photosynthesis
by trees establishing beyond their cold-edge range limit
under ambient and warmed conditions. New Phytolo-
gist 207: 1005-1014.

Munier A, Hermanutz L, Jacobs JD, et al. (2010) The
interacting effects of temperature ground disturbance
and herbivory on seedling establishment: implications
for treeline advance with climate warming. Plant
Ecology 210: 19-30.

Myers-Smith IH and Hik DS (2018) Climate warming as a
driver of tundra shrubline advance. Journal of Ecology
106: 547-560.

Nagy L and Grabherr G (2009) The Biology of Alpine
Habitats. Oxford: Oxford University Press.

Neuschulz EL, Merges D, Bollmann K, et al. (2018) Biotic
interactions and seed deposition rather than abiotic
factors determine recruitment at elevational range
limits of an alpine tree. Journal of Ecology 106:
948-959.

Opedal @H, Armbruster WS, and Graae BJ (2015) Linking
small-scale topography with microclimate plant species
diversity and intra-specific trait variation in an alpine
landscape. Plant Ecology and Diversity 8: 305-315.

Pansing ER, Tomback DF, Wunder MB, et al. (2017)
Microsite and elevation zone effects on seed pilferage
germination and seedling survival during early white-
bark pine recruitment. Ecology and Evolution 7:
9027-9040.

Pauli H, Gottfried M, Dullinger S, et al. (2012) Recent
plant diversity changes on Europe’s mountain summits.
Science 336: 353-355.

Paulsen J and K6rner C (2014) A climate-based model to
predict potential treeline position around the globe.
Alpine Botany 124: 1-12.

Pepin N, Bradley RS, Diaz HF, et al. (2015) Elevation-
dependent warming in mountain regions of the world.
Nature Climate Change 5: 424—430.

Peters RL and Darling JDS (1985) The greenhouse effect
and nature reserves. Bioscience 35: 707-717.

Pisaric MF, Holt C, Szeicz JM, et al. (2003) Holocene
treeline dynamics in the mountains of northeastern



Malanson et al.

541

British Columbia Canada inferred from fossil pollen
and stomata. The Holocene 13: 161-173.

Pyatt JC, Tomback DF, Blakeslee SC, et al. (2016) The
importance of conifers for facilitation at treeline:
comparing biophysical characteristics of leeward
microsites in whitebark pine communities. Arctic,
Antarctic, and Alpine Research 48: 427-444.

Randin CF, Engler R, Normand S, et al. (2009) Climate
change and plant distribution: Local models predict
high-elevation persistence. Global Change Biology 15:
1557-1569.

Rehm EM and Feeley KJ (2016) Seedling transplants
reveal species-specific responses of high-elevation
tropical treeline trees to climate change. Oecologia
181: 1233-1242.

Resler LM (2006) Geomorphic controls on spatial pattern
and process at alpine treeline. Professional Geographer
58: 124-138.

Resler LM and Fonstad MA (2009) A Markov analysis of
tree islands at alpine treeline. In: Butler DR, Malanson
GP, Walsh SJ, et al. (eds) The Changing Alpine Tree-
line: The Example of Glacier National Park, Montana,
USA. Amsterdam: Elsevier, 151-165.

Resler LM and Tomback DF (2008) Blister rust pre-
valence in krummholz whitebark pine: Implications for
treeline dynamics northern Rocky Mountains, Mon-
tana, USA. Arctic, Antarctic, and Alpine Research 40:
161-170.

Resler LM, Butler DR, and Malanson GP (2005) Topo-
graphic shelter and conifer establishment and mortality
in an alpine environment, Glacier National Park,
Montana. Physical Geography 26: 112—125.

Resler LM, Shao Y, Campbell J, et al. (forthcoming) Land
cover and land use change in an emerging national park
gateway region: Implications for mountain sustain-
ability. In: Sarmiento F (ed) International Handbook of
Sustainability (Geography of Sustainability ed). Chel-
tenham: Edward Elgar.

Rose JP and Malanson GP (2012) Microtopographic het-
erogeneity constrains alpine plant diversity, Glacier
National Park, MT. Plant Ecology 213: 955-965.

Rumpf SB, Hiilber K, Klonner G, et al. (2018) Range
dynamics of mountain plants decrease with elevation.
Proceedings of the National Academy of Sciences USA
115: 1848-1853.

Sakulich J (2015) Reconstruction and spatial analysis of
alpine treeline in the Elk Mountains, Colorado, USA.
Physical Geography 36: 471-488.

Saunders IR and Bailey WG (1994) Radiation and energy
budgets of alpine tundra environments of North Amer-
ica. Progress in Physical Geography 18: 517-538.

Scherrer D and Korner C (2011) Topographically con-
trolled thermal-habitat differentiation buffers alpine
plant diversity against climate change. Journal of
Biogeography 38: 406—416.

Schmid GL, Butler DR, Malanson GP, et al. (2009) Soils
and pedogenesis at alpine treeline. In: Butler DR,
Malanson GP and Walsh SJ, et al. (eds) The Changing
Alpine Treeline: The Example of Glacier National
Park, Montana, USA. Amsterdam: Elsevier, 107-108.

Seastedt TR and Adams GA (2001) Effects of mobile tree
islands on alpine tundra soils. Ecology 82: 8-17.

Settele J, Scholes R, Betts RA, et al. (2015) Terrestrial and
inland water systems. In: Field CB (ed) Climate
Change 2014, Impacts Adaptation and Vulnerability:
Part A: Global and Sectoral Aspects. Cambridge:
Cambridge University Press, 271-359.

Sherrod SK, Seastedt TR, and Walker MD (2005) North-
ern pocket gopher (Thomomys talpoides) control of
alpine plant community structure. Arctic, Antarctic,
and Alpine Research 37: 585-590.

Simberloff D (1998) Flagships umbrellas and keystones: Is
single-species management passe in the landscape era?
Biological Conservation 83: 247-257.

Smith-McKenna E, Malanson GP, Resler LM, et al. (2014)
Cascading effects of feedbacks disease and climate
change on alpine treeline dynamics. Environmental
Modelling & Software 62: 85-96.

Smith WK, Germino MJ, Hancock TE, et al. (2003)
Another perspective on altitudinal limits of alpine
timberlines. Tree Physiology 23: 1101-1112.

Smith WK, Germino MJ, Johnson DM, et al. (2009) The
altitude of alpine treeline: A bellwether of climate
change effects. Botanical Review 75: 163—190.

Smithers BV, North MP, Millar CI, et al. (2018) Leap frog
in slow motion: Divergent responses of tree species and
life stages to climatic warming in Great Basin sub-
alpine forests. Global Change Biology 24: 442-457.

Souza RC, Solly EF, Dawes MA, et al. (2017) Responses
of soil extracellular enzyme activities to experimental
warming and CO2 enrichment at the alpine treeline.
Plant and Soil 416: 527-537.

Spasojevic MJ, Bowman WD, Humphries HC, et al.
(2013) Changes in alpine vegetation over 21 years: Are
patterns across a heterogeneous landscape consistent
with predictions? Ecosphere 4(117): 1-18.



542

Progress in Physical Geography 43(4)

Steinbauer MJ, Grytnes JA, Jurasinski G, et al. (2018)
Accelerated increase in plant species richness on
mountain summits is linked to warming. Nature 556:
231-234.

Stine MB and Butler DR (2015) Effects of fire on geo-
morphic factors and seedling site conditions within the
alpine treeline ecotone, Glacier National Park, MT.
Catena 132: 37-44.

Stueve KM, Cerney DL, Rochefort RM, et al. (2009) Post-
fire tree establishment patterns at the alpine treeline
ecotone: Mount Rainier National Park, Washington,
USA. Journal of Vegetation Science 20: 107-120.

Suding KN, Farrer EC, King AlJ, et al. (2015) Vegetation
change at high elevation: Scale dependence and inter-
active effects on Niwot Ridge. Plant Ecology and
Diversity 8: T13-725.

Suvanto S, Le Roux PC, and Luoto M (2014) Arctic-alpine
vegetation biomass is driven by fine-scale abiotic het-
erogeneity. Geografiska Annaler A 96: 549—-560.

Thorn CE (1982) Gopher disturbance: Its variability by
Braun-Blanquet vegetation units in the Niwot Ridge
alpine tundra zone, Colorado Front Range, USA. Arctic
and Alpine Research 14: 45-51.

Tobias TB, Farrer EC, Rosales A, et al. (2017) Seed-
associated fungi in the alpine tundra: Both mutualists
and pathogens could impact plant recruitment. Fungal
Ecology 30: 10-18.

Tomback DF (1982) Dispersal of whitebark pine seeds by
Clark’s nutcracker: A mutualism hypothesis. Journal of
Animal Ecology 51: 451-467.

Tomback DF, Resler LM, Keane RE, et al. (2016) Com-
munity structure biodiversity and ecosystem services in
treeline whitebark pine communities: Potential impacts
from a non-native pathogen. Forests 7(21): 1-22.

Van Bogaert R, Haneca K, Hoogesteger J, et al. (2011) A
century of tree line changes in sub-Arctic Sweden
shows local and regional variability and only a minor
influence of 20th century climate warming. Journal of’
Biogeography 38: 907-921.

Virtanen R, Oksanen L, Oksanen T, et al. (2016) Where do
the treeless tundra areas of northern highlands fit in the
global biome system: Toward an ecologically natural
subdivision of the tundra biome. Ecology and Evolu-
tion 6: 143-158.

Vittoz P, Rulence B, Largey T, et al. (2008) Effects of
climate and land-use change on the establishment
and growth of Cembran pine (Pinus cembra L) over
the altitudinal treeline ecotone in the Central Swiss

Alps. Arctic, Antarctic, and Alpine Research 40:
225-232.

Vuorinen KE, Oksanen L, Oksanen T, et al. (2017) Open
tundra persist but arctic features decline—Vegetation
changes in the warming Fennoscandian tundra. Global
Change Biology 23: 3794-3807.

Wagner J and Reichegger B (1997) Phenology and seed
development of the alpine sedges Carex curvula and
Carex firma in response to contrasting topoclimates.
Arctic and Alpine Research 29: 291-299.

Walker MD, Ingersoll RC, and Webber PJ (1995)
Effects of interannual climate variation on phenol-
ogy and growth of two alpine forbs. Ecology 76:
1067-1083.

Walker MD, Walker DA, Welker JM, et al. (1999) Long-
term experimental manipulation of winter snow regime
and summer temperature in arctic and alpine tundra.
Hydrological Processes 13: 2315-2330.

Wang J, Zhang B, He W, et al. (2017) A quantitative study
on the mass elevation effect of the Rocky Mountains
and its significance for treeline distribution. Physical
Geography 38: 231-247.

Wang Y, Pederson N, Ellison AM, et al. (2016) Increased
stem density and competition may diminish the positive
effects of warming at alpine treeline. Ecology 97:
1668-1679.

Weisberg PJ and Baker WL (1995) Spatial variation in
tree seedling and krummholz growth in the forest-
tundra ecotone of Rocky Mountain National Park,
Colorado, USA. Arctic and Alpine Research 27:
116-129.

Weiss D, Malanson GP, and Walsh SJ (2015) Multi-scale
relationships between alpine treeline elevation and
hypothesized environmental controls in the western
United States. Annals of the Association of American
Geographers 105: 437-453.

Whitesides CJ and Butler DR (2016) Bioturbation by
gophers and marmots and its effects on conifer ger-
mination. Earth Surface Processes and Landforms 41:
2269-2281.

Willard BE and Marr JW (1970) Effects of human activ-
ities on alpine tundra ecosystems in Rocky Mountain
National Park, Colorado. Biological Conservation 2:
257-265.

Winkler DE, Chapin KJ, and Kueppers LM (2016)
Soil moisture mediates alpine life form and com-
munity productivity responses to warming. Ecol-
ogy 97: 1553-1563.



Malanson et al.

543

Wipf' S, Stockli V, Herz K, et al. (2013) The oldest mon-
itoring site of the Alps revisited: Accelerated increase
in plant species richness on Piz Linard summit since
1835. Plant Ecology and Diversity 6: 447—455.

Young KR (2014) Biogeography of the Anthropocene:
Novel species assemblages. Progress in Physical
Geography 38: 664—673.

Zeigenfuss LC, Schoenecker KA, and Van Amburg LK
(2011) Ungulate herbivory on alpine willow in the
Sangre de Cristo Mountains of Colorado. Western
North American Naturalist 71: 86-96.

Zeng B, Zhang F, Yang T, et al. (2018) Alpine sparsely
vegetated areas in the eastern Qilian Mountains shrank

with climate warming in the past 30 years. Progress in
Physical Geography 42: 415-430.

Zeng Y and Malanson GP (2006) Endogenous fractal
dynamics at alpine treeline ecotones. Geographical
Analysis 38: 271-287.

Zeng Y, Malanson GP, and Butler DR (2007) Geo-
morphic limits to self organization in alpine forest-
tundra ecotone vegetation.
378-392.

Zong SZ, Wu Z, Xu ML, et al. (2014) Current and potential
tree locations in tree line ecotone of Changbai

Geomorphology 91:

Mountains Northeast China: The controlling effects of
topography. PLOS One 9: ¢106114.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


