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Climate is a fundamental driver of the

character, structure, and distribution of plant
communities in the Far North. Periodic and
massive change is deeply woven into the fabric
of Alaska's ecosystems, which have been subject
to repeated, dramatic shifts precipitated by
disturbance and changing climatic conditions,
among other drivers. We are just starting to see
the earliest results of a huge experiment playing
out on northern ecosystems.
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In one sense, the vegetation of Alaska is in
a constant state of flux, with the individual
plants that make up familiar vegetation types
that we see while traversing Alaska’s landscapes
(e.g., forest, tundra, meadows) all busy with
the processes of establishment, growth,
reproduction, senescence, and decay, with each
plant constantly responding to its environment
during the growing season. In another sense,
there is considerable stability in Alaska’s hardy
vegetation. We can recognize clear, repeating
patterns that reflect the varying conditions
(including temperature, precipitation, solar
energy, drainage, soil factors, and disturbance,
among others) that influence the structure
of plant communities discernible as we move
through these northern landscapes.

For example, while traversing a river valley
in Alaska, adjacent to each stream you will find
open, gravelly soils deposited by flowing water
and dotted with scattered colonizing plants
including legumes. These open areas give way to
a lining of willow thickets and then successively
gradeinto stands of poplars,and theninto spruce
forest in places that have not been disturbed by
flowing water in many decades. Similarly, as
you ascend a mountainside from the forested
lowlands, you soon emerge from under the
forest canopy into shrubby treeline areas where
shorterseasons,cold temperatures,and thinsoils

may inhibit the growth of trees thereby allowing
more space and light so that smaller members of
the plant kingdom can thrive there. Ultimately,
if you climb high enough, you will traverse low
tundra with its scattered cushion plants, mosses,
lichens, and dwarfed plant species to reach the
outer limits of plant growth in these cold, rocky
high alpine areas. There are occasional splashes
of green—the small alpine plants adapted to
harsh conditions nestled among the slide rock
and snow patches that dominate Alaska’s high
mountain landscapes. These sorts of clear,
reliable, and repeating structural patterns in the
vegetation all reflect the strong control of plants
by their environment in high-latitude areas such
as Alaska.

A Brief Ecological History of Alaska

On a different timescale altogether, the
science of paleoecology (which is concerned
with the dynamics of ecological history going
back thousands of years) gives us insights into
another realm of stability and change—the
massive ecological perturbations associated
with the repeated epochs of advance and retreat
of continental-scale sheets of ice hundreds of
meters thick in Alaska: the ice ages! During the
cold-phase periods of the Pleistocene Epoch,
when Earth’s climate cooled, the accumulation
of large snowpacks that failed to melt fully each
summer steadily built gargantuan ice sheets that

Looking north to Kankone Peak, a shrubline-tundra ecotone, Denali National Park and Preserve. Since 2001 (or 1992 in Denali), more than 2,250 monitoring plots have been installed across
three parks and almost 40 peer-reviewed journal articles published.

NPS/CARL ROLAND

A 3 5



Alaska’s Changing Vegetation Processes and Patterns: Plant Responses to Unprecedented Levels of Warming in the Far North

isolated Alaska from the rest of North America
(what is now Canada was fully blanketed by
glacial ice). At the same time, a good portion of
Earth’s water was tied up in ice sheets in Earth’s
high latitudes and mountains, which drew down
sea levels, and consequently exposed many
land bridges around the world. This is how the
shallow continental shelf between Alaska and
northeastern Asia (the Bering platform) was
exposed and became the Bering Land Bridge
creating Beringia—a large terrestrial ecosystem
occupying areas formerly lying beneath the
waves and adjacent areas of North America and
Asia (Hopkins 1982).

During periodic glacial advances, forests and
associated boreal woody vegetation types mostly
vanished from Alaska’s landscapes (Matthews
1982, Edwards et al. 2000, Blinnikov et al.
2011), replaced by an open vegetation mosaic
that included steppe-tundra, tundra, meadows,
and shrublands in tune with the prevailing
cooler, drier climatic conditions of the era.
Ice-age eastern Beringia (what is now Alaska)
was a refuge for biota surrounded by massive
ice sheets to the south and east and the Bering
Land Bridge to the west northward to the Arctic
Ocean, which had receded toward the pole with
the falling sea levels. The huge amounts of silt
and other sediments ground up and transported
by the icefields was another prominent feature
of Alaska’s ice-age landscape—deep blankets
of silt were deposited by running water and the
fierce winds that blew across the open, treeless
landscapes far from any ocean. Periodically,
as the climate warmed again, the glaciers and
ice fields once again shrank, revealing newly
exposed and deeply gouged, barren landscapes
as the copious meltwaters flowed down to the
sea to refill the ocean basins and again flood

Beringia during the last glacial maximum when Asia and North America were connected by the Bering Land Bridge.
NPS MAP

the Bering platform and other land bridges
as warmer and wetter inter-glacial conditions
returned to the Far North.

In addition to shrinking the glaciers,
conditions in these relatively warm and
wet interglacial periods also prompted the
expansion of trees and shrubs across the
landscape of Alaska as boreal forest and other
taller-statured woody vegetation types formerly
confined south of the icesheets migrated in

and displaced the relatively open and low
plant communities characteristic of the ice age
intervals in Beringia (Matthews 1982, Edwards
et al. 2000, Blinnikov et al. 2011). Thus, the
recognizable and widespread boreal forests that
we now experience as Alaska’s vegetation are,
in reality, relative newcomers that were mostly
absent from these landscapes prior to the onset
of our current interglacial period, the Holocene,
starting about 12,000 years ago.
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A brief consideration of the ecological
history of what is now Alaska yields two clear
conclusions. The first is that climate is an
overarching and fundamental driver of the
character, structure, and distribution of plant
communities in the Far North. Secondly,
periodic and massive change is deeply woven
into the fabric of Alaskan ecosystems, which
have been subject to repeated, dramatic shifts
precipitated by disturbance and changing
climatic conditions, among other drivers.

A Time of Unprecedented Change

The climate of Alaska is changing very
rapidly. Startling levels of warming are being
driven primarily by heat-trapping gases released
by processes associated with industrialized
human activities, which are predicted to
intensify in coming decades (Box et al. 2019,
Ballinger and Overland 2022). Based on what
we know of Alaska’s ecosystems, it is likely that
rapid warming and the associated changes in
various atmospheric properties and processes
(including humidity, precipitation, windiness,
and other dynamics that directly affect biota)
will have profound consequences for all life
that resides here. Indeed, given the precipitous
current rate of climate change, it seems
increasingly likely that the transformations
occurring in our lifetimes may render much of
Alaska almost unrecognizable to us in what is,
geologicallyspeaking, theblink of an eye. Indeed,
it seems likely that for many species of animals
and plants, dependent solely on the legacy of
their adaptations to heretofore ‘normal’ local
conditions and relatively predictable (in both
space and time) variation in the ecosystems
of the Far North will face many arduous and
difficult circumstances trying to cope with the
unprecedented cascading changes that may be
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precipitated by rapid climate change. At the
same time, some species (especially those with
ranges extending to more southerly regions)
may thrive in the new and unfamiliar warmed
conditions spreading across the region.

There are a variety of ways to evaluate and
categorize the types of changes that occur in
ecosystems that help us to understand the
biological significance and ramifications of such
change. One useful way to do thisis to distinguish
process-related changes in an ecosystem (those
that primarily occur in the moment in response
to stimuli) from changes that are related to
alterations in the structure or composition
of the ecosystem (which usually integrate
changes happening over longer intervals, such
as a site changing from tundra to a forested
condition). An easy way to think about this is
that process-related changes are equivalent to
individual plants and populations responding
to weather events—for example, how warm or
wet or sunny it is today or over this growing
season. In contrast, structural changes in plant
communities generally reflect modifications in
response to climate—the prevailing norms such
aslong-term averages and extremes experienced
at a site. These structural changes in ecosystems
also most often reflect changes on the part of
multiple interacting sets of organisms. In other
words, one hot day or even a particularly warm
summer will not convert tundra into forest, but
a span of 50 summers with increasing warming
combined with the availability of tree seeds, may
do so.

While process-related and structural
changes are closely inter-related (and not
mutually exclusive) this framing does offer
a useful template for us to think about how
unprecedented warming is exerting various and
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transformative pressures on Alaska’s plant life.
Some examples of important plant processes
include phenology (the timing of biological
events such as green-up in the spring), the rate
and manner of uptake of water and nutrients,
rates of vegetative growth, reproductive
effort (the production of flowers and fruits,
etc...), the effects of plant-eating insects on
growth and development, and the germination
and establishment of seedlings and related
processes. These are processes that may be
affected in a continuous way, as temperature,
available moisture, or incident light changes
through the course of a day or a growing season
continuously affects the instantaneous rates of
growth and respiration of plants, for example.

Structural or compositional changes in an
ecosystem are transformations that involve
changes in the species or growth forms of the
organisms that make up a plant community.
Such changes often result in very different
spatial arrangements of the biomass in an
ecosystem. For example, forested areas
are structurally complex and have biomass
arranged in multiple vertical layers (ground-
level, sub-canopy, tree canopy), including high
above the soil surface, whereas tundra areas are
structurally simpler and all plant tissues occur
quite close to the ground. For obvious reasons,
then, structural changes usually require longer
intervals of time to occur as (for example) one
set of organisms replace another in response
to altered conditions. Changes in plant process
and function in the moment, if sufficiently
pronounced and long term, will ultimately lead
to changes in the structure and composition
of plant communities. For example, if
photosynthesis in a single spruce tree shuts
down during a warm and dry afternoon, thatisa
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As wetlands dry, they will gradually be taken over by new assemblages of (non-wetland)
plant species. The area shown here was once a shallow lake, which was colonized by a sedge
wetland as it dried, and is now rapidly being colonized by trees and shrubs with further
drying. This is an example of a gradual ecosystem process change that is dramatically altering
vegetation structure of the site.
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transitory change that occurs in the moment and
is physiological in nature. If this circumstance
repeats itself over long periods of time and in
many trees over large areas of the landscape,
resulting in reduced wood production, then
over time this will ultimately result in structural
changes to the vegetation (reduced biomass of
spruce). The distinction between the two types
of change, then, is a matter of temporal and
spatial scale of a change dynamic.

An example of this dynamic that is directly
relevant to Alaska is the process of wetland
conversion. In this process, plants growing
within a formerly submerged, but gradually
drying wetland will suffer increasing drought
stress and will thus grow and reproduce more
slowly. Over time, seedlings of wetland plants
will not be able to establish in periodically dry
conditions, and gradually as members of these
species perish due to altered conditions, they
will be replaced by more drought-tolerant
species that had previously been excluded
from the site by their inability to establish or
grow in saturated soils or standing water, thus
eventually completing the transformation of
the vegetation structure of the site over time.
Ultimately, this process can inexorably lead to
the transition of herbaceous sedge-dominated
wetlands comprised of plants adapted to
growing in saturated substrates into a shrub
or tree-dominated woody terrestrial plant
community with plants adapted to well-
drained soils that periodically dry out. Such a
transformation would represent an important
structural change in the vegetation mosaic with
many consequences for other members of the
ecosystem, likely precipitating a transformation
in the animal communities inhabiting the site.
For example, insects, birds, and other animal
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species that nest among open wetlands or
subsist upon herbaceous wetland plants for
their diets likely do not also use shady, well-
drained forested habitats or consume woody
shrub plant tissues as a regular part of their diet.

While most process-related changes in plant
function require sustained time periods to
affect ecosystem structure and composition,
major disturbances are an example of processes
that frequently have immediate and important
structural implications for vegetation patterns.
For example, when a crown fire consumes
a forested site and eliminates the vegetation,
leaving behind an ashy plain, or when
floodwaters erode away an intact stand of
vegetation, replacing the plant community with
newly deposited barren silt and gravel. Similarly,
the catastrophic draining of a lake due to
permafrost thaw, which is a phenomenon being
observed repeatedly in Alaska of late (Swanson
2019) may result in a much faster conversion of
lakeshore strand wetlands to upland vegetation
than gradual drying related to increased
evapotranspiration.

A survey of the recent ecological literature
reveals that Alaska’s vegetation is already
responding in myriad ways to our changing
climate with profound consequences for
resident biota. There is copious evidence for
both process-related and structural changes
being manifested with important and lasting
implications for both humans and Alaska’s
ecosystems. I discuss a selection of some of the
mostimportant changes thathavebeen observed
below, organized in terms of the two types of
change—process-related or functional change,
and change manifested by altered structure or
composition of Alaskan plant communities.
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trees and shrubs into tundra areas.
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Examples of process- and disturbance-related
dynamics relating to climate change that have
been observed and published for Alaska:

1. Researchers have documented geo-
graphically variable trends in Normalized
Difference  Vegetation Index (the
relative greenness of the vegetation in
summer associated with varying levels
of annual productivity) across Alaska
with some areas in colder and/or moister

Wt N WPk

Longer and warmer growing seasons are stimulating myriad changes in vegetation patterns, including the expansion of
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regions of the state showing trends of
increasing summer greenness (reflecting
greater productivity with warming) and
some warmer, drier regions showing a
“browning” trend over time related to
heat and drought stressors on plant life
(Jia et al. 2003, 2006, Verbyla 2008, Beck
and Goetz 2011, Epstein et al. 2012,
Pastick et al. 2018);



Researchers have shown that changes in
vegetation phenology have been observed
at very large spatial scales, which include
evidence of longer growing seasons that
follow from earlier snowmelt and warmer
early season temperatures (Potter and
Alexander 2020, Chen et al. 2022, Zheng
2022);

Changes in reproductive effort and
output of plants have been related to
increasing productivity or changes in
growing season conditions (for example,
longer and warmer growing seasons (e.g.,
Roland et al. 2014, Barrett et al. 2015);

Ecological studies including many areas
of Alaska have shown plant responses to
warming soils and thawing permafrost
with examples that include localized
landscape “wetting” from ice-wedge
degradation (Jorgenson et al. 2001, 2018)
and effects of soil active layer depth and
air temperature on tree growth (Nicklen
etal. 2016, 2019, 2021);

Alaska’s Changing Vegetation Processes and Patterns: Plant Responses to Unprecedented Levels of Warming in the Far North

5. In many areas of Alaska, there have been Widespread and severe insect outbreaks have recently occurred across southcentral Alaska, enhanced by climate warming.
widespread or severe insect outbreaks Insect damage in forests and shrublands is likely to accelerate in the future in response to additional warming.
NPS/SARAH STEHN

that are likely enhanced by climate
warming and have resulted in plant
damage and mortality (see Berg et al.
2006, Verbyla 2008, Parent and Verbyla
2010, Wagner and Doak 2013, Cahoon et
al. 2018);

Researchers have documented changes
in the frequency and severity of
fire disturbance over time in Alaska
(Kasischke et al. 2010) as well as the
consequences of these changes in
generating novel post-fire successional

trajectories and changes in forests (Hu
et al. 2015, Johnstone et al. 2006 a,b,
Johnstone et al. 2010, Shenoy et al. 2011).

Trends in annual tree growth in response
to variations in temperature and pre-
cipitation over long spans of time as
encoded in tree rings (e.g., Walker and
Johnstone 2014, Sullivan et al. 2017,
Nicklen et al. 2021) resulting in changes
in tree productivity across the Alaskan
landscape.

Changing seasonal dynamics relating
to the timing and establishment of an
insulating layer of snow in forested areas
of Southeast Alaska due to changing
winter precipitation regimes has left tree
roots (such as those of yellow cedar)
vulnerable to thaw-freeze events and
in combination with multiple stressors
relating to a changing climate, is causing
substantial tree decline and mortality in
the region (Hennon et al. 2012, Comeau
and Daniels 2022).
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Examples of warming-driven changes

in vegetation structure and composition

recorded in Alaska’s ecosystems:

1. A group of Alaskan researchers recently
published an extraordinary description
of rapid northward expansion of white
spruce trees into tundra in areas of
northwestern Alaska in the journal
Nature, which has major implications
for the future (Dial et al. 2022). Far to
the south, another group of Alaskan
researchers showed that warming along
the southern coastal region has driven a
wave of spruce seedling establishment
there as well (Miller et al. 2017);

2. Diverse studies from widely scattered
locations across Alaska have documented
the expansion of woody and other
vegetation on floodplains and similar
early successional environments
(including recently deglaciated sites)
resulting in conspicuous increases in
the stature and density of vegetation and
reducing the extent of these heretofore

open areas of the landscape over recent
decades (Klaar et al. 2015, Roland et al.

Warming has been shown to be a driver of shrinking surface area of lakes and ponds. Alaska is becoming a much woodier
place as lakes and ponds are being encroached upon or replaced by shrubs and trees.
NPS/CARL ROLAND

2016, Brodie et al. 2019, Pastick et al.
2018, Frost et al. 2023, Tape et al. 2016,
Fryday and Dillman 2022);

Examinations of extensive-scale long-
term patterns in the growth-form cover
attributes of Alaska’s vegetation using
remotely sensed imagery have revealed
a variety of changes occurring over time,
including net increases in deciduous
shrubs, evergreen shrubs, broadleaf
trees, and conifer trees with concomitant
decreases in moss, lichen, and graminoid
cover, among others (e.g., Cornliessen

2001, Macander et al. 2022, Pastick et al.
2018, Bao et al. 2022),

Researchers predict that one important
consequence of increases in the amount
of forested area burned and shrinking
time intervals between fires associated
with awarming boreal zone is the possible
widespread conversion of areas that
have long been dominated by coniferous
species to deciduous woodlands and
forest dominated by birch, aspen, and

5.

balsam poplar. These broadleaved
species produce huge, easily dispersed
seed crops that thrive in recently burned
terrain, where these rapidly growing
species can thrive in the relatively nutrient
rich, warm soils after high-severity fires
(Johnstone et al. 2006 a, b, 2010).

Another active area of research has
focused on the spatial and temporal
patterns of surface water fraction on the
landscape of Alaska. This body of work
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has identified warming as one driver of
the shrinking surface area occupied by
lakes and ponds in recent in parts of
Alaska (Yoshikawa and Hinzman 2003,
Roach et al. 2013, Rupp and Larsen
2022). Associated with shrinking of
surface waters, the (perhaps related)
drying of wetland areas has catalyzed
invasions of herbaceous wetland areas by
shrubs in parts of Alaska (Klein et al.
2006, Berg et al. 2009).

Researchers working in the Chugach
Mountains and Kenai Mountains of
Southcentral Alaska have found that tall
shrubs are moving upslope into tundra
at a faster rate than the treeline (Dial et
al. 2015). Similar ecological dynamics of
woody plants encroaching into tundra
have been observed in other regions
of Alaska as well, including the North
Slope (Sturm et al. 2001) and areas of
western Alaska (Terskaia et al. 2020)
not to mention floodplains across large
areas (Frost et al. 2023). Overall, Alaska
has likely become a much woodier place
over time as the climate has warmed, with
many important consequences for the
human cultures and animals that live here.

There are other, perhaps less dramatic,
but still important changes that botanists
have forecasted given the various
processes related to the development of
a warmer, woodier, and more fire-prone
Alaskan landscape (Roland and Schmidt
2015, Roland et al. 2017, Roland et al.
2019, Roland et al. 2021). For example,
we can expect the gradual displacement
of many of the endemic plant species and
wildflowers that are unique to eastern

The cold-adapted ecosystems that have persisted over millennia in high-elevation sit
boreal forest species as a warmer climate allows the spread of shrubs and other woody species.
NPS/CARL ROLAND

Beringia and neighboring areas by more
widespread, larger boreal plant species
that will likely outcompete the endemic
flora in a changed northern world. These
endemic species have persisted over
millennia in this region and reflect the
long-term evolution of Alaska’s flora in
relation to climate—they persist in areas
with openvegetation, oftenvery coldareas
in high-elevation sites, refugees from the
expanding woody vegetation types in the
valleys below. While this change may not

Alaska’s Changing Vegetation Processes and Patterns: Plant Responses to Unprecedented Levels of Warming in the Far North

e are in danger of bein replaced by

be as significant from an ecological point
of view, in terms of changing bird and
wildlife habitats or causing infrastructure
issues for humans, it could represent
another kind of loss—the further
contracting of the superbly cold-adapted
biota that has witnessed many changes
over the millennia, including the comings
and goings of vast icesheets across our
northern homelands.

As the selection of examples I have described
above reveals, the cumulative scope and scale of
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the changes described in the scientific literature
thus far are a harbinger of profound alteration
of Alaska’s vegetation mosaic, especially given
the strong likelihood that such changes will
continue apace and even intensify in the future.
However, the changes being observed are not
evenly distributed across the landscape and
certain areas, species, and plant communities
are more or less sensitive to certain types of
changes (e.g., Swanson 2015, Roland et al. 2016,
Raiho et al. 2022). One source of resilience is
that the dominant boreal forest species are, for
the most part, quite widespread and occur over
large gradients of climate and site conditions
thus possessing relative wide ecological
tolerances and plasticity to endure different
sets of conditions. Additionally, site factors may
also provide some resistance to rapid changes
(Swanson 2015, Roland et al. 2016, Raiho et al.
2022), such as conditions associated with well-
insulated and thus-far undisturbed permafrost
being more resistant to observable structural
vegetation change even over long spans of time.
However, the redoubts where vegetation may
be currently protected by the “inertia” afforded
by substantial frozen ground and thus slower
rates of change (Swanson 2015, Roland et al.
2016, Brodie et al. 2019) are not permanently
protected given the current projections for
disappearance of permafrost in large areas of
Alaska in the coming decades (e.g., Panda 2014,
Ballinger and Overland 2022).

One thing is certain, however, the vegetation
changes instigated by a warming and changing
climate will exert consequential and far-
reaching influences on most of Alaska’s biota
including invertebrates, birds, mammals, and
humans, among others. This is because plants
form the energetic foundations of terrestrial
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ecosystems (they are the primary base of all
food webs) and define the primary structural
elements of habitat for most animal species. For
example, the insect and avifauna of tundra and
other open habitats differs markedly from that
of neighboring spruce forests and while there
are many moose traversing the boreal forested
lowlands of Alaska, it is much rarer to find
caribouin these dense, taller-statured vegetation
types in any numbers (and vice versa). Indeed,
most animals, and particularly herbivores, are
creatures of particular habitats that are primarily
defined jointly by vegetation and associated
physical factors of the environment. For this
reason, we can expect what are referred to as
“cascading” ecological effects following from
vegetation change. That is, there are second-,
third-, and fourth-order effects that may be set
in motion, some of which will be difficult, if not
impossible, to predict with confidence.

One example of this kind of complicated
and multilayered ecological interaction was
recently demonstrated by a group of Alaskan
researchers working on beaver ponds in far
Northwestern Alaska (Tape et al. 2022). Using
aerial images, they found that (consistent with
Indigenous knowledge and local observations)
a conspicuous proliferation of beaver ponds has
occurred in this huge area during the period
1949 to 2019. In fact, they estimated it’s likely
that the construction of 10,000 beaver ponds
in tundra-dominated areas has occurred in
recent decades synchronously with the onset
of considerable warming in the region, resulting
in many and various downstream ecological
consequences. This process may have a positive
feedback element with warming as it is likely
that the impounding of so much surface water
by these ecosystem engineers is resulting in
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considerable thawing of permafrost as shallow
surface waters absorb heat and transfer it to
thawing submerged permafrost, thus releasing
additional carbon into the atmosphere as peat
and other organic sediments decompose as they
thaw (Tape et al. 2018). While this study does not
pinpoint the reasons for this apparent explosion
in beaver distribution across the landscape,
one likely contributing factor is the increasing
availability of their preferred woody forage
species, which are known to be expanding in
response to rapid warming across these tundra
regions. So, a warming world is prompting
increased shrub growth, which, in turn, may
be drawing in beavers whose engineering may
be further exacerbating permafrost thaw and
thus instigating further changes in a widening
cascade of effects.

These ecological effects of humanity’s
warming of the global climate represent some
of the initial results of a huge experiment from
which we are likely only starting to witness the
outcomes. The ultimate complexity and reach
are likely beyond our current comprehension.
For example, the scope and scale of just the
few examples of how the vegetation is changing
in Alaska that I have described above would
have likely been unfathomable even to very
experienced and knowledgeable ecologists
working in the state just 50 years ago. Indeed,
these are unprecedented changes happeningata
speed and scale with no analog in our collective
history. For a thinking person, a consideration
of the changing ecological dynamics occurring
in the Far North inevitably begs the question:
What further changes will befall Alaska in fifty
years that we are currently unable to fathom,
that will be wrought by this ongoing colossal and
uncontrolled experiment?
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The NPS is actively engaged in monitoring and studying changes to park vegetation and other ecosystem components
occurring over time across large spatial scales. The technician seen here is installing a permanent vegetation plot in a remote
corner of the Ogilvie Mountains in Yukon-Charley Rivers National Preserve near the Alaska-Canada border that will be
remeasured in future years to document any changes.
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