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Rapid changes to the earth’s climate are well
underway, already influencing biological
systems across the globe. Among the key
impacts are potential shifts in the geographic
range of many species or ecosystems, often
predicted to move either poleward or up-
ward in response to warmer conditions (1,
2). In mountain biomes, as upper elevations
become more climatically hospitable to tree
establishment, upward shifts in tree cover
could cause alpine ecosystems (nonforest
vegetation above treeline) to become both
reduced in extent and increasingly isolated
into smaller “sky islands.” However, cur-
rently we know relatively little about the ac-
tual nature of such shifts in treeline, or to
what extent a warming climate alone will
generate them. In PNAS, Macias-Fauria
and Johnson (3) make an important step
in quantifying the relative influence of tem-
perature regime and geomorphic factors in

determining current and future treeline
across a large Rocky Mountain landscape.
The authors’ data suggest that upward tree-
line shifts in a warming climate may be
heavily constrained by geologic factors that
influence the availability of growing sub-
strates at high elevations, leading to much
less, or at least much slower, tree coloniza-
tion into alpine areas than predicted by
climate alone.
Macias-Fauria and Johnson (3) show that

large extents of the alpine zone can be dom-
inated by extremely steep slopes, cliffs, ava-
lanche chutes, and exposed bedrock: that is,
places where trees rarely can grow (Fig. 1).
Prior efforts to model treeline shifts have fo-
cused primarily on the envelope of tempera-
ture and moisture conditions in relation to
the physiological requirements of subalpine
trees, with little consideration given to the un-
derlying geomorphic template (topography,

soils) upon which trees must ultimately grow.
Although warming temperatures have been
linked to tree expansion into alpine areas with
relatively gentle topography and suitable soils
(4, 5), such sites can be relatively limited in
many high-mountain landscapes. As such,
movement of woody vegetation into some al-
pine areas may occur over millennial rather
than decadal time scales (i.e., periods relevant
to the weathering and erosion of mountain
surfaces rather than the reproduction of
trees). This intuitive concept has been recog-
nized by many researchers (6, 7), but there
have been few studies quantifying the degree
to which factors other than climate might
drive spatial variability in treeline migration
over large landscapes. The quantitative niche-
modeling approach applied byMacias-Fauria
and Johnson (3), incorporating both geomor-
phology and climate, moves us toward more
realistic and sophisticated predictions of po-
tential shifts in mountain treelines.
More broadly, such efforts fit into a larger

context of understanding the diverse set of
factors that influence biogeographic shifts
under a changing climate, many of which are
not directly related to the climatic “enve-
lope” in which species grow. Other subfields
of ecology have long recognized these other
factors, perhaps most notably in the conser-
vation biology realm. For example, the abil-
ity of threatened plant and animal species to
migrate latitudinally in response to changing
conditions may be limited by the low con-
nectivity of many human-modified land-
scapes (8), prompting a long-running and
spirited debate as to whether we should en-
gage in assisted relocation efforts (9, 10).
Fundamental to this debate is an awareness
that not only climate, but also the landscape
template, will affect species’ movements.
Like most responses to changing climate,

treeline dynamics emerge from a series of
complex and interacting drivers, each of
which may have its own response to a chang-
ing environmental context. In addition to
the critical factors of climate and geomor-
phology (3), altered disturbance regimes and

Fig. 1. Mountain treelines may move upward in a warming climate, but such shifts will likely be constrained in many
alpine landscapes because of significant areas of unsuitable growing substrates (3), such as cliffs, bedrock, and re-
cently deglaciated slopes (A and B). Treeline dynamics are further complicated by altered disturbance regimes in
a changing climate: for example, bark beetles recently have gained increased access to areas formerly too cold for
them and have killed off large swaths of “naïve” subalpine tree hosts (C ). Such altered disturbance regimes affect
dynamics of both upper and lower treelines (D). Photo credits: T. Butusov (A and B), M. Simard (C ), D. C. Donato (D).
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competitive relationships among organisms
will play key roles (11, 12). For example, in
many subalpine forests of western North
America, any subtle climate-induced shifts
in tree establishment are currently being
dwarfed by profound changes in forest cover
because of outbreaks of tree-killing bark bee-
tles (13). Historically restricted from high ele-
vations by cold winter temperatures, moun-
tain pine beetles (Dendroctonus ponderosae)
are now expanding into the highest-elevation
forests dominated by whitebark pine (Pinus
albicaulis), a foundation species (14) in sub-
alpine ecosystems. Having experienced only
intermittent exposure to bark beetles in the
past, the whitebark pine is a “naïve host”: that
is, one with few coevolved defenses relative to
the beetles’ principal host tree species (13). At
the same time, an introduced pathogen, the
white pine blister rust, is also heavily im-
pacting whitebark pine. Consequently, vast
swaths of subalpine forests, much of them
several hundred years old, are currently ex-
periencing rapid mortality and a reduction in
treeline forest cover rather than upslope ex-
pansion (Fig. 1). We are just beginning to
understand how such changes may ultimately
play out in terms of potential range shifts of
host trees versus their predators, altered com-
petitive relations among tree species, and in-
teractions with other disturbances, such as

wildfires. These questions pertain to both up-
per and lower treelines in mountainous land-
scapes (15) (Fig. 1), as well as other types of
ecological boundaries. This type of nonlinear
system behavior, in which ecosystems do not
simply shift geographically according to di-
rect climatic effects on tree establishment,
remains a crucial research direction in the
ecology of environmental change.
The analysis presented by Macias-Fauria

and Johnson (3) represents an important
step in teasing apart these various influen-
ces on mountain treelines in a changing

climate. Their specific results are useful in
elucidating the role of one key factor, alpine
geomorphology; but more broadly speak-
ing, the approach they use is instructive in
its quantitative, landscape-scale consider-
ation of multiple factors that determine
ecological change, many of which are not
directly related to climate itself, and have
not been adequately studied in the global
change literature. Ultimately, such ap-
proaches should prove useful in improving
our forecasting of ecosystem behavior under
changing environmental conditions.
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