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PROJECT SUMMARY

Overview:
We will study one of the most vulnerable elements of the rapidly changing Arctic -- ice-rich permafrost
(IRP). IRP is at the center of a web of interacting ecosystem components that we call the IRP system
(IRPS). Our key questions are: How are climate change and infrastructure affecting IRPS? What roles do
ecosystems play in the development and degradation of IRP? and How can people and their infrastructure
adapt to changing IRP systems? We are particularly interested in how differences in vegetation, water,
and time influence the accumulation and degradation of ground ice in IRP landscapes, and how the loss of
ground ice can radically change these landscapes, their components, and the
infrastructure built on them. Our ultimate goal is to understand IRPS at local, regional and circumpolar
scales.

Intellectual Merit:
Our initial focus is at Prudhoe Bay and Point Lay, Alaska, where permafrost temperatures are changing
rapidly with large impacts to ecosystems and infrastructure. Both areas provide excellent examples of
IRP-related issues relevant to many other areas of Alaska and the Arctic. We will develop three IRP
observatories: 1) Roadside IRP Observatory in the Prudhoe Bay oilfield; 2) Natural IRP Observatory
remote from infrastructure; and 3) Village IRP Observatory at Point Lay. The Prudhoe Bay region has the
best historical record of geoecological change within the Arctic with key legacy datasets and good
collaboration between industry and science. We will revisit permanent plots and remap Prudhoe Bay
vegetation and landscapes first studied in the 1970s. We will characterize and compare the permafrost,
hydrology, vegetation, and greenhouse gas (GHG) fluxes of IRPS in three main situations: 1) disturbance
gradients adjacent to heavily traveled roads in the Prudhoe Bay oilfield; 2) undisturbed tundra first
mapped in the 1970s in a relatively undisturbed landscape consisting of drained lake basins and residual
surfaces unaffected by thaw lake processes; and 3) extremely-ice-rich yedoma soils in the village of Point
Lay, which similar to several other coastal villages in northwest Alaska. We will use a multidimensional
remote-sensing time-series to measure and monitor changes to microtopography, water, snow cover,
vegetation, thermokarst, and thermo-erosional features. We will use the field observations, detailed
geoecological maps, and remote-sensing products to provide input for improved permafrost and
hydrology models to predict permafrost degradation over the next century under different GHG emission
scenarios.

Broader Impacts:
The project offers a transformative view that places IRP at the center of change to social-ecological
systems in many areas of the new Arctic. Much of the response to permafrost-related damage has been
incremental actions driven by the necessity to repair and stabilize existing roads and structures. There is
an immediate need to develop more strategic approaches to mitigation and adaptation informed by
science and engineering in collaboration with local observations, knowledge, and preferences. Point Lay
has received less research and agency attention than other climate-impacted communities, yet its thawrelated issues are among the most critical. Researchers from the UAF Institute of Northern Engineering,
Geophysical Institute, Institute of Arctic Biology, and International Arctic Research Center will combine
their expertise to address IRPS-related questions in collaboration with project partners. We will work with
the Cold Climate Housing Research Center, Regional Housing Authority, Point Lay community, and
North Slope Borough planners to collaboratively produce adaptive housing strategies and actionable
knowledge regarding other infrastructure that is relevant to many arctic villages. We will leverage
previous and current NSF research, oil-industry resources, and ongoing work by the Alaska Department
of Transportation to advance knowledge on IRP-related impacts to roads and industrial infrastructure and
contribute to best practice guidelines for road and airport construction. STEAM education and training
components will reach K-12, undergraduate, graduate, and post-doctoral students. A permafrost and
infrastructure symposium will bring together US-Canadian science and engineering expertise. We will
communicate the results to other circumpolar communities through the Rapid Arctic Transitions due to
Infrastructure and Climate (RATIC) action group and Terrestrial Multidisciplinary distributed
Observatories for the Study of Arctic Connections (T-MOSAiC) project.

Overview
Ice-rich-permafrost systems
Ice-rich permafrost (IRP)
is the most susceptible
element of Arctic terrestrial
landscapes to the warming
climate (Fig. 1A to E). IRP
underlies nearly 50% of the
Arctic (Brown et al. 1997),
creating dynamic
ecosystems and extremely
hazardous conditions for
infrastructure. IRP is highly
unstable upon thawing (Shur
et al. 2011)—the average
volumetric ice content of the
upper 4–5 m of sediments
along Alaska’s northern
coast is estimated to be 77%
(Kanevskiy 2013). Many
characteristic arctic
periglacial landforms,
including ice-wedge
polygons (Fig. 1 F, G), nonsorted circles, thaw lakes,
thaw-lake basins, palsas,
and pingos are associated
with IRP (Washburn 1980).
Several large integrated
research programs are
modeling the consequences
of climate change to
permafrost (IRP) (e.g.,
McGuire et al. 2006;
Hinzman et al. 2005, 2013;
Wullschleger et al. 2014;
Gross et al. 2016; Vincent et
al. 2017; Parazoo et al.
2018). In order to better
Figure 1. Common types of ground ice and periglacial landforms in northern Alaska.
understand the intricate
A. Very large syngenetic ice wedges along 35-m high yedoma bluff of the Itkillik
River (Kaneveskiy et al. 2011). B. Epigenetic ice wedges exposed along the coast near
connections between IRP
McLeod Point. C. Folded massive ice body (presumably buried basal glacier ice,
and arctic social ecological
Barter Island (portion of this section is shown in E). D. Cryo-stratigraphy of the
systems (Fig. 2), we will
primary surface of the coastal plain. Photos show ataxitic (suspended) cryostructure. E.
employ a new conceptual
Fragment of a 600-m long cryostratigraphic map, showing the variety of massive
model of permafrost
ground ice and sediments. F. Networks of low centered ice-wedge polygons and G
evolution that places icehigh-centered ice-wedge polygons are indicative of IRP. Ice wedges, such as those
rich permafrost at the center
shown in B separate the polygons. (B–E from Kanevskiy et al. 2013; F–G, Walker et
al. 1980)
of a web of changing factors
that play key roles in IRP’s
evolution and degradation, including the climate, micro-topography, vegetation, hydrology, and soils
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Figure 2 . Po si tion o f p erm afro st wi thin th e
cont ext of th e arct ic soci al-eco logi cal sy st em s.
The d iag ram emph asi zes th e in teract ions betw een
permafrost (a componen t o f the eco logi cal
subsy st em ), physi cal infrast ructure (a compon ent
of the so cial sub system), and th e reg ional clim at e
(a m ajo r ex tern al driver o f ch ange). O ther
ext ernal d riv ers, su ch as st at e and fed eral
regu lat ions, and int ern at ion al m ark et s, p lay as
st rong or st ronger influ ences on bo th subsy st em s.
(B ased on Wh it em an et al . 2004; Ch apin et al.
2006a, b ; Warw i ck et al . 2017).

Figure 3 . Con cep tual di agram of IRPS in relat ionship
to m ajor d rivers of chang e (land use and region al
cl im at e). P erm afro st is pl aced at th e cent er o f the
diag ram to emph asi ze it s p romin en t influen ce on many
ecosy st em prop erti es, wh ich are strongly affect ed by
both cl im at e ch ange and l and-u se ch anges. Doubl e
arrow s link ing componen ts of th e sy st em ind icat e
ecosy st em pro cesses that affect oth er ecosy st em
componen ts, su ch as w ater upt ake, photo synth esi s,
deco mposit ion, and resp i ration . Most o f these involv e
feedb ack s. No t al l l inkag es b etw een syst em co mponent s
are shown .

(Fig. 3). Thus, IRP is conceived as having a role similar to that of a “keystone species” in ecology (Paine
1969), whereby if the keystone element is removed or drastically reduced, the system is radically
transformed. Our research will also help develop better strategies for building villages and other
infrastructure on IRP. The impacts and risks of climate change to arctic social-ecological systems are
especially high in regions with IRP (IPCC 2018; Vincent et al. 2017; Hjort et al. 2018; AMAP 2017 a, b,
2018; Walker and Peirce 2015). A recent paper in Nature Communications (Hjort et al. 2018) reports:
“…nearly four million people and 70% of current infrastructure in the permafrost domain are in areas
with high potential for thaw of near-surface permafrost… Alarmingly, these figures are not reduced
substantially even if the climate change targets of the Paris Agreement are reached.”

Cumulative effects of climate change and infrastructure to IRPS
The discovery of oil at
Prudhoe Bay (Fig. 4) in 1968
triggered a series of
environmental studies that
documented the terrain, soils,
and vegetation in the early
phases of oil development in
the National Petroleum
Reserve Alaska (Gryc 1988;
Ebersole 1985; Lawson et al.
1978; Lawson1982, 1986)
and the Prudhoe Bay oilfield
(Brown 1975; Everett and
Parkinson 1977; Everett et
al. 1978; Walker et al. 1980;
Walker 1985).

Figure 4. Northern Alaska, Prudhoe Bay oilfield, and other geographic locations
mentioned in the text. Point Lay is on the west coast just west of the western boundary of
this map.
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Figure 5 , L eft. T im e seri es (1968–2013) o f aeri al photo s showing th ermokarst dev elopm en t along th e
Spine Road , the m ain grav el ro ad through th e P rudhoe B ay O il field. Thermok arst d evelop ed n ear th e
road betw een 1977 and 1995, and by 2010 th ermokarst affect ed areas both n ear to and di st ant from th e
road . Th e thin whi t e v erti cal l in e and b lack rect angl e on all photo s d el ineat e tran sects and study areas
on both sid es of the ro ad est abl i shed in 2015 to study th e long-term effect s of the ro ad (W alker et al.
2015, 2016, 2018). R ight: Th ermokarst pi ts in undi stu rb ed IRP t errain of th e 1002 A rea o f the A rcti c
Nation al W ild li fe R efuge (M. Nol an 2019). Th e numero us sm al l th ermokarst pond s are cau sed by
melt ing of th e upper surface of i ce w edg es th at separat e the i ce-wedg e po lygons. Thermok arst su ch as
thi s h as recent ly b ecom e w idesp read across l arg e areas of undi stu rb ed tund ra in northern Al aska and
other A rct i c reg ions (L i lj edah l et al. 2016).

The cumulative effects of oilfield development were documented somewhat later (Walker et al. 1987;
Orians et al. 2003; Raynolds et
al. 2014). Regional abrupt
increases in ice-wedge
degradation and thermokarst
were first noted west of the
Prudhoe Bay Oilfield
(Jorgenson et al. 2006) and
have now been reported from
areas around the circumpolar
Arctic (Liljedahl 2016; Fraser
et al. 2018; Frost et al. 2018;
Farquharson et al. 2016; 2019
in review). Roadside
ecosystem changes have
become much more apparent in
recent years (Fig. 5 left). A
GIS-based update of
cumulative effects of oil and
gas development described a
widespread steep increase in
the abundance of thermokarst
features both near and distant
from roads (Raynolds et al.
2014; Walker et al. 2014a;
Shur et al. 2016). The primary
processes creating change in
IRP systems are thermokarst
and thermal erosion.
Figure 6 . T rend s in summ er warm th, m ean annual ai r t emperature, m ean
annual p ermafrost t emp eratu re at 20-m d epth , and the activ e-l ayer
Thermokarst is the process,
thi ckness at D eadhorse, AK (1970–2015) (W alk er et . al. 2019, in rev iew,
whereby upon thawing, the
dat a from V. Rom anovsky’s Deadhorse p erm afro st- bo rehole st at ion. )
ground surface settles, usually
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differentially, and develops characteristic landforms, such as thermokarst pits, thaw lakes, and irregular
terrain consisting of depressions and mounds. Thermal erosion is the erosion of ice-rich permafrost by
moving water (van Everdingen 2005). The recent abrupt increases in thermokarst are related to recent
increases in air and permafrost temperature and active-layer thickness (Romanovsky et al. 2017) (Fig. 6).
The impacts of a combination of climate change and infrastructure placed on ice-rich permafrost are
illustrated by two situations we focus on in this proposal. One is related to the extensive ecosystem
changes that occur near roads in the Prudhoe Bay (Walker et al. 2014b, 2016, 2018) (Fig. 7A). An
unprecedented 2015 flood of the Sagavanirktok River caused extensive thermal erosion of ice wedges and
destruction of a portion of the Dalton Highway (Shur et al. 2016) (Fig. 7B). The second situation is the
ongoing crisis at the village of Point Lay, which is experiencing multiple major threats to its housing,
roads, freshwater supply, and sewage system caused by thermokarst and subsidence of the local terrain
(UMIAQ 2014, Bjella 2015, Reynolds et al. 2016). Much of the severe subsidence at Point Lay is due to
the presence of thick ice-rich deposits called yedoma that have enormous potential for thermokarst and
thermal erosion (Lawson 1982, 1986; Kanevskiy et al. 2011, 2017). Figure 5 (right), shows yedoma with
extensive thermokarst pits that have developed recently in undisturbed terrain of the Arctic National
Wildlife Refuge, Alaska, and Figure 7C shows an example of the subsidence associated with housing at
Point Lay.
A

B

C

Figure 7 . A . E co system ch anges rel ated to ro adsid e imp oundment o f wat er (Pho to: D. A. W alk er); B .
Dam ag e to the bui lt env ironm ent . Northern end o f the D al ton H ighw ay look ing south n ear th e Deadhorse
Airpo rt during h eight of a flood M ay 19, 2105, showing an area of th ermokarst co ll ap se. (Photo : A l ask a
DOT & PF). C . New Po int L ay house w ith found at ion that i s th reaten ed by th ermokarst . No t e subsiden ce
and ponding in a n ew ly d evelop ed i ce-w edge polygon t rough around th e pi l ings supporting th e hou se;
the bot tom o f the st eps l eading to th e second story used be at th e ground surface (Pho to B . G runau ).

Adaptation strategies specific to changes in IRP related to climate change, oil development, and
village infrastructure are of circumpolar concern (e.g., Walker et al. 1987; AMAP 2010, 2017a, 2017b,
2018; Stammler 2005; Forbes et al. 2009; Kumpula et al. 2010, 2011; Allard et al. 2013; Streletskiy et al.
2012; Raynolds et al. 2014a; NPC 2015; IASC 2016; Melvin et al. 2016; Vincent et al 2017; Berman and
Schmidt 2019 in press). In Alaska, such research is needed because of the continued expansion of roads
and infrastructure in existing and new oil fields, degrading infrastructure in villages, and future plans by
the State of Alaska for extensive new road systems in areas with IRP (e.g., Roads to Resources, NPC
2015), and the recent decision by the U.S. Congress to open the 1002 Area of the Arctic National Wildlife
Refuge to oil and gas development ( H.R. 1, the Tax Cuts and Jobs Act, 2017). Adaptation strategies are
discussed in the section devoted to Broader Impacts.
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Intellectual Merit
Overarching questions
A great deal is already known regarding types of ground ice, how they form and are distributed (e.g.
Dillon et al. 2008; Fortier et al. 2008, 2012; Kanevskiy et al. 2008, 2012, 2013; Shur et al. 2007, 2012;
Fig. 1), and the pathways for degrading permafrost (Jorgenson et al. 2015; Kanevskiy et al. 2017, Fig. 9).
Our principle questions are How are IRP systems affected by climate change and infrastructure? What
roles do ecosystems (namely vegetation, hydrology, and time) play in the development IRP? and How can
people and their infrastructure adapt to the changing IRP system? We address these questions with
proposed research along two major themes: Landscape evolution and Adaptations to change.

Landscape evolution
Ice-rich permafrost observatories
We propose three IRP observatories to examine the spatial distribution and temporal changes of
ground ice, and to examine how IRP systems evolve along environmental and disturbance gradients. We
first describe the three observatories and then the proposed studies.
Road effects IRP observatory (RIRPO)
Roads are among the most sensitive engineered structures built on permafrost. Nidowicz and Shur
(1998) studied the impacts of roads on permafrost in Alaska and showed that, based on Alaska climate
data prior 1990, permafrost was degrading under roads in the discontinuous permafrost zone but remained
stable in the continuous permafrost zone of Northern Alaska (AEIC 1989). However, recent climate
warming now requires reexamination of that conclusion because roads in northern Alaska are also
experiencing subsidence and degradation. For example, flooding of the Sagavanirktok River in spring
2015 caused catastrophic erosion of ice wedges near the Deadhorse Airport that resulted in closure of the
Dalton Highway near Prudhoe Bay for long periods (Fig. 7B). The cost to repair the road and TransAlaska Pipeline corridor was estimated at $27 million. An additional $40-50 million was spent to elevate
the highway to prevent a reoccurrence of flooding (Shur et al. 2016; Toniolo et al. 2017).
Ecosystems near roads are rapidly changing due to a combination of climate- and infrastructure-related
effects. Soils near the roads are warming at a faster rate than soils distant from roads. What is happening
to permafrost near the roads may be a precursor of what will happen more widely in the future. If the soils
at depth do not refreeze during the winter, a destabilizing cycle of ever-deepening thaw develops (Parazoo
et al. 2018; Kanevskiy et al. 2017). One hypothesis is that as climate continues to warm and winter snow
cover becomes thicker, areas near and distant from roads will become unstable leading to the
development of taliks (year-round unfrozen layers in areas of permafrost) and general regional loss of
near surface permafrost (Parazoo et al. 2018). An alternative hypothesis is that the areas near roads may
become more unstable, but areas distant from roads will start to stabilize as the vegetation and moss
layers become thicker, more insulative, and protective of the permafrost (Kanevskiy et al. 2017).
We have been investigating changes to IRP systems along disturbance gradients near two heavily
traveled roads (NSF ArcSEES award 1263854). Road transects were established perpendicular to the
Prudhoe Bay Spine Road near Lake Colleen and the Dalton Highway near the Deadhorse Airport (Figs. 5
left and 8 left). A full history of annual changes at both study sites are recorded in high-resolution aerial
photographs taken by the U.S. Navy in 1949 and the oil industry every year after the discovery of oil in
1968 (Fig. 4, left). Full descriptions of the transects, data collected, and early results are in AGC data
reports (Walker et al. 2015, 2016, 2018), several papers (e.g., Kanevskiy et al. 2016, 2017; Buchhorn et
al., 2016; Raynolds et al. 2014a, 2016; Shur et al. 2016; Walker et al. 2017), and a synthesis paper
(Walker et al. 2019 in review). Some of the documented effects include:
(1) Large changes in the morphology of ice-wedge polygons and the distribution of water (e.g. Fig. 4
left). The original low-centered ice-wedge polygons with less than 0.5 m of micro-topographic relief were
converted to high-centered polygons with microrelief exceeding 0.5 m. Extensive ice-wedge degradation
and thermokarst on both sides of the road, with deeper degradation to polygon troughs on the wet side.
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(2) Large changes to the vegetation. Lower species richness (alpha diversity) but increased landscape
diversity (beta diversity). Greater primary productivity (higher LAI and Normalized Difference
Vegetation Index) occurred on flooded sides of the roads. Similar changes in ecological heterogeneity due
to sudden increases in thermokarst were recently reported in polar desert systems of Canada (Becker et al.
2016; Farquharson et al. 2016).
(3) Warmer soils near roads due to a combination of factors related to effects of road fill, road dust,
snow drifts, and flooding.
(4) Changes to the structure of the upper permafrost. A surprising result of the study was that after
partial degradation of ice-wedges, enhanced sedge and moss communities in many of the flooded polygon
troughs tended to insulate the soils, resulting in an increase of the intermediate layer, which is a highlyorganic and ice-rich layer on top of ice wedges that protect them from melting (Fig. 9). However, in some
flooded areas immediately adjacent to roads, thaw was very deep (>150 cm at the Airport site), indicating
that taliks (zones of permanently thawed soils) are forming beneath some ponds near roads, particularly at
sites that are also covered by deep, insulating, road-related snow drifts. In other places, we observed wellprotected ice wedges very close to the roads that were stabilized due to fast accumulation of road dust in
the troughs.
We are completing the synthesis of the vegetation, environmental, and permafrost data collected at the
Lake Colleen and Airport sites. We are proposing new studies to build on this data resource, including
monitoring permafrost temperatures along the transects, hydrology observations and modeling, groundice studies and modeling, greenhouse-gas (GHG) flux measurements, and multi-dimensional remotesensing analysis. The project will also collaborate with the Alaska Department of Transportation and
Public Facilities (DOT&PF) on placement of permafrost temperature monitoring sites at the RIRPO and
the production of a synthesis of best practices for design, construction, and maintenance of roadways and
airports on permafrost. The synthesis will cover topics such as the types of permafrost and how they
impact road design, best practices for geotechnical investigation, mitigation techniques, impact of
changes in climate and impacts of infrastructure on the thermal regime.

Figure 8 . P rudhoe B ay oi lfield IRP observ atories. L eft : The Ro ad sid e IRP Observatory (R IRPO )
includes th e L ak e Co ll een and A irpo rt si tes. R ight : Four proposed 100 -m x 100-m grids lo cat ed on
different-age IRP surfaces w i thin thaw-l ake basins and a residu al su rface in the N atu ral IRP
Observ ato ry (N IRPO ). Im ag ery : Google E arth.

Natural ice-rich permafrost observatory (NIRPO)
Roadside areas in the road-effect observatory (RIRPO) have changed from their pre-oilfield status due
to a combination of a warmer climate, altered drainage patterns ice-wedge degradation, road dust, and
other roadside disturbances that resulted in ice-wedge degradation. Another observatory is needed to
answer the question of what has happened in similar tundra areas mainly affected by climate change in
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the absence of infrastructure. We have selected a relatively natural remote site within the Prudhoe Bay
oilfield that is on the same geologic surface as the RIRPO (Fig. 8, right). Within the NIRPO, we will
survey four 100 m x 100 m grids in ice-wedge-polygons complexes with differing degrees of ice-wedge
development and degradation. We will conduct vegetation studies, measure permafrost temperatures,
characterize the permafrost and hydrologic conditions, measure GHGs, and conduct remote sensing
analyses described below.
Village ice-rich permafrost observatory (VIRPO)
We chose Point Lay to establish a village IRP observatory because the village is situated on yedoma,
which typically has extremely ice-rich permafrost with thick and deep ice wedges. The ice in yedoma
formed during the late Pleistocene and occurs extensively on foothills of the Brooks Range and some
coastal areas (Carter 1988; Kanevskiy et al. 2011). We will work with the village to understand the
variables influencing IRP-related changes in the yedoma-rich environments that also occur in other
villages in coastal northwestern Alaska. We will build on existing geophysics, remote-sensing, and
mapped information available for Point Lay (Miller 1995; Bjella 2015; Reynolds et al. 2016) and work
closely with the village to plan studies and adaptation strategies relevant to local planning needs; host a
symposium of scientists, engineers and locals to share observations, identify knowledge gaps and propose
new solutions and research priorities; and produce a manual of best practices for new and existing
building foundations in areas of thawing IRP. We will also collect data matching the other IRP
observatories, including boreholes to monitor permafrost temperatures and characterization of the
permafrost, hydrology, and geoecology in areas of the village that are experiencing extreme thaw
subsidence, as well as adjacent natural areas within thaw-lake basins with low-centered polygons, and
residual yedoma surfaces with high-centered polygons. We will partner with the Kali School to involve
students in research.
Landscape characterization and evolution approaches
Permafrost
Properties of IRP of Northern Alaska differ widely, which reflect the climate at the time of its formation,
terrain and ecosystems succession (Fig. 1). The main types of terrain in the Prudhoe Bay area are drainedlake basins of different ages and primary (residual) surfaces unaffected by thaw-lake processes. Ice
wedges are the most important landscape element in all terrains, but the amount of massive ice and
ground-ice content of soils between ice wedges increase with the age of the terrain (Kanevekiy et al.
2013). The type and extent of ice defines the reaction of permafrost to changes in climate and disturbance
and are important in predicting the behavior of permafrost and the impacts of changes in IRP on
ecosystems and infrastructure. We will work closely with the rest of research team at the three IRP
observatories to describe the properties and structures of the for main types of permafrost in the Prudhoe
Bay area and Point Lay in relation to natural and developed areas. The permafrost structure will be
described according to French and Shur (2007) and Kanevskiy et al. (2017) (examples in Fig. 1).
Data from the studies will be used to improve the conceptual models of IRP evolution and degradation
(Fig. 9). The data will also be used to develop a thermal model to evaluate and predict the rate, extent, and
mechanisms of permafrost degradation over the coming century specific to the Prudhoe Bay region. The
thermal model of permafrost dynamics will be based on the GIPL2 model (Marchenko et al. 2008;
Nicolsky et al. 2007, 2009). Input data for the model include air temperature, precipitation, and soils data
from observations and, in the case of future projections, climate forcing from global or regional climate
models. Soil data include heat capacity and thermal conductivity of thawed and frozen soils and soil
moisture. These properties will be either derived from field measurements or based on Prudhoe Bay
geoecological map information (Walker et al. 1980, 2014a). The model results will be validated against
the active layer and permafrost temperature records from existing nearby permafrost monitoring sites (e.g.
south of Deadhorse and at West Dock). Additionally, we will install new monitoring stations at key
locations in natural and disturbed areas to collect continuous data on soil temperature dynamics. At each
site we will characterize vegetation composition, peat composition and thickness, measure thermal soil
properties (in-situ and in the laboratory). To quantify the potential for ground subsidence, we will use
excessive ice-content measurements. To produce several scenarios of future changes in permafrost under
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Figure 9 . Con cep tual scenarios of i ce-w edg e d egrad at io n (red arrow s) and st abi li zat ion (blu e arrow s)
(K anev skiy et al. 2017). Ice-w edge deg rad ation o ccurs when the pro t ectiv e org ani c- and i ce-ri ch
int ermed i at e l ayer abov e the i ce wedg e i s lost. The pro cess can be rev ersed through ecosy st em and/o r
hydrologi cal p ro cesses l eading to stab il i zat ion and reg rowth of the in term edi at e lay er.

natural conditions, we will use climate forcing (2010-2100) under two different greenhouse gas emission
scenarios, representative concentration pathway (RCP) 4.5 and 8.5 (Moss et al. 2010). The highresolution climate forcing under different emission scenarios are available from the Scenario Network for
Alaska and Arctic Planning (SNAP) group (www.snap.uaf.edu). Using the optimized parameters and the
improved GIPL2 model, we will produce local maps of active layer thickness, ground temperatures, and
talik thickness. Site-specific information will be used to estimate the degree of ground surface subsidence
as a result of permafrost degradation under natural conditions. This information will be combined with a
Digital Elevation Model (DEM) of the study area to identify sites of potential thermokarst.
Hydrology
Changes in hydrology within IRP systems are linked to the dramatic changes in microrelief of
periglacial landforms that occur during ice-wedge degradation. The hydrology-permafrost studies will
include field measurements, remote sensing, and numerical modeling. The field measurement and remote
sensing products will inform and test a permafrost hydrology model, which will be used to perform
experiments to allow an assessment of the impacts of infrastructure and/or climate change on permafrost
hydrology and landscape evolution. Field measurements will include existing team members’ studies of
vegetation, soils, active layer depth, air and soil temperatures, snow depth, and ground-ice content at the
NIRPO and RIRPO sites (Fig. 8). Continuous precipitation data will be obtained from the Deadhorse
NOAA site. Additional field measurements will include water levels (Hobo Onset dataloggers), and ~1m
profiles of water and soil temperatures (at the sediment-water interface, 5 cm below the interface, at the
bottom of the active layer, and 10 cm into the permafrost) using Hobo Onset dataloggers. End-of-winter
snow accumulation will be measured using ground-based LiDAR (RIEGL Laser Measurement Systems),
which will also be used for a detailed elevation and canopy structure survey. Occasional discharge
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measurements will be made during site visits. We will use maps of ice-wedge polygon cover together
with ground-ice field measurements to parametrize ground-ice distribution within the model. We will
utilize the Water balance and Simulation Model (WaSiM), which we will force with hourly field
observations and downscaled climate projections (air temperature, precipitation, wind, relative humidity
and solar radiation) (Cai et al. 2017). WaSiM has been extensively applied to temperate and alpine
regions, resulting in >100 peer-reviewed publications. WaSiM can successfully represent permafrost
hydrology at scales ranging from ice-wedge polygon troughs (sub-meter) to the watershed (Liljedahl et al.
2016; Kaiser 2015). WaSiM includes 1-D soil and snow heat conduction and advection, 1-D unsaturated
zone representation (Richard’s equation), variable or fixed groundwater flux boundary conditions,
Penman-Monteith evapotranspiration, moss evaporation, and a topographic and wind-controlled snow
distribution (Schulla 2017). Liljedahl and Daanen are linking vegetation, soil nitrogen, and topography
(ground subsidence) dynamics in WaSiM under an active NSF award (#1722572). Liljedahl has been as
user of NSF’s Extreme Science and Engineering Discovery Environment (XSEDE) since 2015 and has
previously received their support for code optimization. The modeling effort will include calibration,
testing, and application. The calibration and testing will be made separately using field measurements of
water levels, snow accumulation, and soil temperatures and sporadic discharge measurements. The
application will include a series of model experiments aimed to assess the impacts of climate change
and/or disturbance caused by infrastructure. For example, we will use our calibrated model to map the
effects of the road system on hydrology and landscape evolution by simulating the last 50 years and
digitally include or remove the road network.
Remote sensing
We will investigate the land-surface and land-cover changes occurring in permafrost regions using
multidimensional remote sensing and data fusion techniques, which have emerged as primary tools for
advancing the field of thermokarst research from local, to regional, to Pan-Arctic scales (Rowland et al.
2010; Kokelj and Jorgenson, 2013; Grosse et al. 2006; Grosse and Jones, 2018; Nitze et al. 2018).
Although widespread instability in IRP regions has been documented with extensive ecosystem effects
(see description of IRP systems above), no one remote sensing tool is particularly suited for detecting and
observing the large variety of landscape change scenarios associated with transitioning permafrost
landscapes (National Research Council, 2014). The spatial and temporal rate at which permafrost
degradation manifests itself; the spectral response of the land surface to thaw-induced perturbations; and
the observationally limiting conditions caused by cloud-cover, short northern latitude summers, and
variable ecological conditions requires the use of multiple remote-sensing platforms to address the
guiding research question: “How are ice-rich permafrost landscapes changing?” New remote-sensing and
data-fusion techniques are emerging that can address previous limitations associated with the complex
nature of environmental change and the need to incorporate various earth observational datasets. The
remote-sensing data are diverse and multidimensional. The sensors range from ground-based, to airborne,
to spaceborne; from optical to microwave; can be active or passive; and they collect data at various
spatial, temporal, and spectral resolutions, capable of resolving both 2D and 3D land-surface changes. A
radical shift from per-pixel based to computer vision-inspired approaches have revolutionized imageryderived knowledge generation and can integrate observations across platforms using object-based
identification (Nitze et al., 2018). In addition, regional- and even planetary-scale automated change
detection at multiple spatial and temporal resolutions is becoming standard, with Google Earth Engine
serving a major role (Gorelick et al. 2017). This project will conduct multidimensional remote-sensing
observations at the three IRP observatories that capture the regional temporal and spatial differences in
ecology and human development, including micro-topography, water and snow distribution, and variation
in vegetation cover, The inherent differences in ecology, climate, and landscape history and their role in
transitioning permafrost regions will be tested using common approaches across all sites as well as valueadded products that are available in particular regions. Remote sensing datasets that will be used in this
research include Landsat, Sentinel 1 and 2, SPOT, AVIRIS, ASTER, MODIS, DigitalGlobe Inc., Planet
Cubesats, Radarsat 1 and 2, ERS 1 and 2, TerraSAR-X, ASCAT, Ice-Sat, InSAR, airborne LiDAR, as
well as manned and unmanned aerial systems (UASs). A consistent, yet nested approach will provide
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valuable information on the most appropriate tools for detecting and understanding the multidimensional
responses of permafrost region transitions. It will also foster the development of tools capable of scaling
change detection techniques to the entire Arctic.
Vegetation
Several legacy plot vegetation datasets relevant for this study are archived in the Alaska Arctic
Vegetation Archive (Walker et al. 2016), including Prudhoe Bay plot data from the 1970s (92 plots,
Walker 1985); and 2000s (117 plots, Kade et al. 2005), and recent data from disturbed sites along the
roads (50 plots, Walker et al. 2015, 2016). We are proposing two main new vegetation studies and an
analysis of greenhouse gas fluxes:
(1) Comparison of present-day Prudhoe Bay vegetation and geoecological patterns with legacy
datasets from the 1970s (Everett et al. 1978; Walker et al. 1980; Walker 1985). We will resample
permanent vegetation plots, and remap the geoecological conditions that were first documented the 1970s
during the IBP studies (Brown 1975; Brown et al. 1980). We will relocate and resample as many as
possible of the permanent legacy plots that were sampled at Prudhoe Bay in the 1970s (approx. 50 plots
of the 92 total plots). Detecting change using legacy vegetation data sets and estimates of vegetation
cover presents numerous problems. Most serious are accurate relocation of plots, changes in plant
nomenclature, unrecognized errors in plant identification, and consistency of cover estimations (Villareal
et al. 2012; Daniëls et al. 2010; Chytrý et al. 2013). Several of these problems will be minimized in this
study. We will only sample plots where the boundaries of the plots are marked with permanent stakes that
are still in place. The PI established these plots, has worked in the region for over 50 years, is very
familiar with the flora and will provide consistency for the vascular-plant, moss and lichen identification.
Based on a preliminary comparison of data from the road-effects and the 1970s datasets, we should be
able to demonstrate clear trends of change in several aspects of tundra vegetation near roads including
vegetation height, shrub cover, lichen cover, moss cover, and species richness (alpha and beta diversity).
We also expect to detect more subtle changes in vegetation types distant from roads, including increased
shrub cover and shrub height, and a reduction in lichen cover. In areas distant from roads, we expect to
see vegetation shifts due to climate change similar to those documented in other regions of the Arctic
(Walker et al. 2006: Elmendorf et al. 2011, 2012; Meyers-Smith 2015), including decreased abundance of
lichens in dry and moist sites, increased abundance of shrubs and sedges in moist sites, and overall greater
productivity in wet sites. Comparison of the 1970s plot and map information with the current data from
NIRPO will provide insights regarding the response of vegetation to climate warming for cold coastal
nonacidic tundra, which is dominant at Prudhoe Bay and much of the eastern portion of the Arctic coastal
plain and which is not well represented in the ITEX warming experiments and other circumpolar
assessments of tundra vegetation change.
(2) Vegetation trends along an ice-wedge polygon chronosequence. We will sample vegetation in 2-m
 2-m permanent vegetation plots to document the existing vegetation in each of the four 100-m 100-m
grids in the natural IRP observatory (NIRPO) (Fig. 8). Each grid contains polygons in different stages of
succession following thaw-lake drainage. We will sample three replicate permanent vegetation plots in
the common dry, moist, wet, and aquatic tundra vegetation types in each grid (approximately 48 total
plots). We will follow the Braun-Blanquet sampling and classification approach (Westhoff and van der
Maarel 1978) and the data collection and data management approaches of the Circumpolar Arctic
Vegetation Archive and Classification (Walker et al. 2016, 2017, 2018). We will use the software
program JUICE (Tichý 2002) to determine the separability of the vegetation units and classify the
vegetation types based on the fidelity of diagnostic species to each type. We will use a variety of
ordination approaches (McCune et al. 2002) to examine vegetation composition and structure along the
chronosequence and gradients of soil moisture. We will also compare the data from the dry, moist, wet,
and aquatic types in the NIRPO with the same vegetation types sampled in the RIRPO and in the plots
from the 1970s. Along the chronosequence of increasing age, we expect to see a trend of increased icewedge development, increased differences in microrelief, greater percentage of moist and dry vegetation
types, and greater amounts of thermokarst and open water on the older surfaces. We predict that
vegetation, ground ice, and hydrology of the oldest (residual) surfaces will show the greatest degree of
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change since 1973 due to geomorphological changes caused by extensive thermokarst. Vegetation
composition of the dominant vegetation types will show changes mainly related to altered hydrologic
conditions. Such a trend is suggested by a negative trend between 1985 and 2011 of overall terrain
greenness in the Prudhoe Bay region, as measured by the Landsat-derived normalized difference
vegetation index (NDVI) (Raynolds and Walker 2016). A downward trend in NDVI would normally
suggest a downward trend in vegetation productivity, but another possible explanation is the abrupt
increase in unvegetated thermokarst ponds (Jorgenson et al. 2006; Raynolds et al. 2014), which have very
low NDVI associated with unvegetated water. We will also map the vegetation, soils, surface
geomorphology and distribution of water in each grid using the geoecological mapping approach
developed for Prudhoe Bay in the 1970s. We will use the most recent high-resolution satellite imagery for
the base maps and the LiDAR-based high-resolution digital elevation models of the IRP observatories
(see above). Several sets of vegetation plot and map data will provide vegetation, soil, and site
information needed for the GIPL and WaSiM, and conceptual models of ground-ice evolution and
degradation and aid in the analysis of results from the GHG studies (discussed below).
(3) GHG fluxes. Few studies have examined microscale GHG variation within networks of

periglacial landforms (e.g., Kade et al. 2012) and none with respect to disturbance gradients
associated with roads or with respect to ice-wedge polygon microhabitats. Here we will
investigate GHG fluxes in ice-wedge-polygon centers and troughs along Transects 1 (heavily
dusted transect) & 2 (flooded transect) of the road-disturbance gradient at RIRPO, and in the
natural chronosequences of ice-wedge polygon development at the NIRPO. At the RIRPO, we
predict that CO2 uptake by the vegetation (GPP) along with biomass production will decrease
with increased dust effects from road disturbance. CO2 loss due to respiration should be lower
closer to the heavy dust-side of the road due to less biomass and soil organic matter, but it might
be offset by the warmer and more deeply thawed soils. Along the flooded side of the road, CO2
uptake should increase along with biomass production and CH4 efflux should increase due to
anaerobic conditions. At the NIRPO, we expect greater CO2 uptake and CO2 respiration loss to
be linked to areas of higher biomass production. Greater differences in vegetation types tied to
ice-wedge development on the older surfaces should also result in greater CO2 differences. CH4
efflux should increase where warmer temperatures have resulted in wetter soil conditions due to
thermokarst. The two most abundant types of ice-wedge polygons in IRP tundra, low- and highcentered polygons, have not only different moisture regimes and plant communities, but also
different functional potentials (Taş et al. 2018). Transect 1 has unflooded low-centered polygons
and transect 2 has flooded high-centered polygons. We will sample GHG fluxes at 5, 25 and 200
m from the road (3 replicates at each distance). In each of the four grids of the NIRPO study
area, we will select plots in high-centered polygons, low-centered polygons and troughs. All
plots will have three replicates, for a total of 54 plots. Plant communities, soils, and site factors
will be sampled in permanent plots as described above. To relate GHG fluxes to the different
environmental factors and vegetation types associated with the IRP features, we will determine
plot-level GHG fluxes using a translucent, portable chamber connected to an LGR Portable
Greenhouse Gas Analyzer. We will measure CO2 fluxes, including ecosystem respiration and the
light response of net ecosystem exchange as described in Shaver et al. 2007 and Kade et al. 2012,
and CH4 fluxes as described in Vaughn et al. 2016 at all 54 plots during three measurement
campaigns at the beginning, height and end of the growing season (approximately June through
September). We will use repeated measures analysis to examine the effects of disturbance on
ecosystem respiration, net ecosystem exchange and CH4 fluxes over the course of the growing
season and use ordination techniques, PERMANOVA, and ANCOVA to study the effects of the
disturbance gradient GHG fluxes and their interaction with environmental parameters and
vegetation.
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Broader Impact
Adaptations to change
Changes to IRP systems are having major economic impacts in Alaska with the largest impacts
predicted for roads and rural villages (Melvin, 2018; Berman and Schmidt, 2018). The impacts include
shortened useful life of buildings, additional maintenance and repair costs, and early reconstruction and
replacement (Larsen et al. 2008; Berman and Schmidt 2018). The cumulative cost of permafrost thawrelated damage to public infrastructure (buildings, roads, airports, railroads and pipelines) in Alaska
through the end of the century has been estimated at $1.6–$2.1 billion, depending on climate change
scenario (Melvin et al. 2016). This does not include damages from coastal erosion, flooding or other
environmental stressors associated with warming, nor does it include the burden to owners of commercial
and industrial infrastructure and private homes. Alaska’s remote rural communities are especially
susceptible to thaw-related impacts because many are located on rapidly eroding coastlines and river

Figure 10. Village of Point Lay and vicinity. Ice-wedge polygons occur nearly everywhere in lake basins and remnant surfaces
of various age. Roads passing through the lake basins block the natural drainage patterns causing local flooding. The village is
on a yedoma deposit with large ices wedges that are degrading rapidly and threatening the foundations of many of the houses
(Fig. 7C) and the village’s buried utility system. The water lake near the bottom of the image was the village water supply and
drained into the Kokolik River in 2016 due to thermal erosion of ice wedges in the lake shore.

banks. Some, like the Native Village of Point Lay (pop. 269, 90% Iñupiat) (Fig. 10), are built on ice-rich
syngenetic permafrost (yedoma) with extreme risk of land subsidence due to permafrost degradation.
Point Lay has received less research interest and agency attention than other climate-impacted
communities, yet its thaw-related subsidence (up to 3 m) is among the most critical anywhere in the
Arctic. The community is currently in its third location and is at risk from multiple permafrost-related
impacts including coastal thermal erosion, flooding of the airport from storm surges, and thaw-related
subsidence. The upper 10–15 feet of soils within the village are extremely ice rich (60–95% ice by
volume). Ice wedges near the coastal bluffs are exposed and melting fast; surfaces around houses are
12

settling, and some residents need ladders to reach their front doors (Figure 6, right). The community
recently lost its fresh water source due to thermal erosion of the reservoir lake’s shores. Parts of its piped
water and wastewater system are damaged and roads and the runway are in unstable condition. Broken
utility lines are creating health and safety risks and economic peril for residents (Reynolds et al. 2016). As
severe as permafrost thaw is in Point Lay, the infrastructure issues created are typical of numerous arctic
communities.
Arctic communities like Point Lay are actively working to mitigate and adapt to the impacts of
thawing permafrost (Larsen et al. 2008; Melvin et al. 2016). Much of this is incremental adaptation driven
by the necessity to repair and stabilize existing structures. Although Native Alaskans are highly
resourceful and adaptive, there is a need for more strategic approaches to adaptation informed by science
and engineering undertaken in collaboration with local residents’ observations, knowledge, and
preferences. Key to developing successful adaptation strategies is the active participation of local
communities and regional governments in problem solving and planning. The Arctic Council (AMAP
2017a, 2017b, 2018), the IRIS program in Canada (Allard et al. 2013), and others (Armitage et al. 2011,
Beier et al. 2017, Miller and Wyborn 2018) provide guidance for how to achieve meaningful
coproduction to reach sustainability goals. We will work with the Point Lay Tribal Council and a project
steering committee of local residents to determine methods for engaging the community in the study,
including the development of a local IRP monitoring program, village housing study, and a permafrost
and infrastructure symposium. As a part of this process, the project will identify the best method for
documenting local / traditional knowledge (observations, understandings, preferences) related to thawing
permafrost and its implications to the community. For example, several small-group interviews may be
used to document local knowledge, with that information summarized and reported to researchers and
others involved in the project. A project advisory group, including key members from the science and
engineering teams and representatives from the tribe, school and borough will guide the overall direction
of the project, review progress and work plans, identify collaborative and educational opportunities, and
advise on products.
Village housing, Point Lay, Alaska
The community has identified safe, stable housing as its top planning goal. The region’s Taġiuġmiullu
NunamiulluHousing Authority (TNHA) has been working to stabilize housing foundations in partnership
with the Cold Climate Housing Research Center (CCHRC) and the University of Alaska. An industrybased nonprofit, CCHRC has been identified as a boundary organization which supports the knowledgeto-adaptation-action process by effectively communicating science knowledge to solve real-world
problems (AMAP 2017). CCHRC will work with TNHA and local residents to evaluate the performance
of adaptive foundations previously constructed by TNHA and co-produce strategies that address housing
and other infrastructure issues created by thawing permafrost. Solutions may include thermal raft
foundations, thermosiphons, and other techniques. Potential solutions will be evaluated in context of other
social, economic and infrastructure needs and assets as part of a holistic approach to sustainable
development recently piloted by CCHRC in Oscarville, Alaska (Schaeffer 2019). The project will
generate recommendations applicable to new and existing building foundations in other northern
communities in regions of ice-rich yedoma, such as Shishmaref and Kivalina. Research products will
include: 1) retrofit strategies for existing foundations that can be implemented by a homeowner or
contractor; 2) a suite of mitigation strategies formulated as guidelines for community-level mitigation
efforts, including tools for inspecting existing foundations; and 3) peer-reviewed journal manuscripts in
the areas of resource economics and resilience analysis focusing on the impact of permafrost damage on
property tax revenues and urban-versus-rural resilience. Education and training products will include: 1)
for K-12 students, real-world, place-based educational materials related to the project developed in
partnership with Kali School as part of its A World Bridge® curriculum (AWorldBridge.com); 2) for
homeowners and contractors, permafrost outreach materials including a short informational video on
permafrost foundations; and 3) for TNHA staff and construction crews, training in adaptive strategies and
best practices for thaw-stable foundations in new and existing foundations.
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Permafrost and infrastructure symposium in Point Lay
To address the broader range of thaw-related impacts on roads, public facilities and utilities, the Point
Lay community will host a two-day symposium of permafrost scientists and infrastructure engineers from
Alaska and Canada. The NNA-IRPS team will work with the Tribal Council and North Slope Borough
Planning and Community Services Department to plan and co-facilitate the symposium. We will adapt a
convergence model (Transport Canada 2015) used in Canada to pair scientific and engineering research
practices with local knowledge and priorities in order to develop better strategies for improving arctic
infrastructure. Invited engineers will include those with experience with Point Lay issues, including
Canadian engineers. The multidisciplinary science team will include members of the NNA-IRPS natural
science team with expertise in permafrost, vegetation, hydrology, and scenarios modeling. The goals of
the symposium will be to: 1) educate and foster dialog among participating scientists and engineers about
permafrost and infrastructure issues faced by Point Lay and other arctic communities, especially those on
ice-rich permafrost; 2) provide community members with a forum to voice their concerns and desires for
their community; 3) provide local residents and planners with guidance on issues that can be addressed
now and those that require additional research; and 4) assist in the development of overall strategies for
improving arctic infrastructure and the lives of those who live and work in the Arctic. Outcomes will
include: 1) proceedings volume summarizing notes from the listening session, presentations by local and
regional planners, scientists, and engineers; 2) collection of short post-symposium reports by participants
with their observations and recommendations; and 3) a synthesis of knowledge and identification of
knowledge gaps and research priorities by symposium organizers based on the proceedings volume and
post-symposium reports.
STEAM education and international outreach
STEAM (Science, Technology, Education, Art, and Mathematics) elements are included in all
components of the project. A new graduate student and a post-doctoral fellow will examine interactions
between climate and infrastructure at the IRP observatories. Secondary school students in Point Lay will
participate in the VIRPO field study, integrating IRPS lessons and research methods into science and
math curriculum through A World Bridge partnership. Regional housing staff and technicians will receive
training in permafrost monitoring and science-based adaptive construction techniques. New knowledge
and relationships developed through the project will be used to refine UAF’s 3-week multi-disciplinary
summer field course for undergraduate and graduate students conducted along the climate-geoecological
gradient from Fairbanks to Prudhoe Bay. At the international level, we will promote the sharing of data,
adaptive approaches, models, and other knowledge codeveloped with northern communities through
participation in the Point Lay Permafrost and Infrastructure Symposium, the International Arctic Science
Committee (IASC) Rapid Arctic Transitions due to Infrastructure and Climate (RATIC) action group and
IASC’s Terrestrial Multidisciplinary distributed Observatories for the Study of Arctic Connections (TMOSAiC).

Conclusion: Relevance to NNA goals
We propose research that spans permafrost science, hydrology, vegetation science, remote sensing,
northern engineering, social science, art, and education to aid in the development of adaptive land-use
management approaches in ice-rich permafrost systems (IRPS). Our proposed landscape evolution
research directly addresses Goal 6 of the U.S. Arctic Research Plan (NSTC, 2016) by advancing
“understanding of processes controlling permafrost dynamics and the impacts on ecosystems,
infrastructure, and climate feedbacks”.The entire proposal and especially the strategies for adaptation to
change address NNA Focus Area 3 “Enabling fundamental science and engineering research in forwardlooking, sustainable, adaptable, and resilient infrastructure to meet current and future challenges of a
changing Arctic”; and Focus Area 4. “Convergence of research approaches to help researchers to
understand the complex relationship between Arctic residents and their natural and cultural landscape.”
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The multi-disciplinary research, the co-development of actionable knowledge with the community of
Point Lay and regional stakeholders, and its application to broader infrastructure issues in the Arctic
directly address the convergence element of NNA. We are working with STEAM educators, students,
artists, and community members to develop direct collaborations at all project stages as appropriate. Our
RATIC action group and collaboration with T-MOSAiC will engage us with the international community
that is addressing sustainable approaches in the circumpolar Arctic.

Results of prior support
Cumulative effects of arctic oil development – planning and designing for sustainability. PLR1263854, $1,402,992, 8/15/13–7/31/18, Walker (PI), Kofinas, Shur (Co-PIs).
Intellectual merit: This project assessed cumulative effects of climate change and infrastructure in the
Prudhoe Bay oilfield (Raynolds et al. 2014, Walker et al. 2019 in review) and analyzes impacts of roads
to roadside permafrost and ecosystems (Buchhorn et al. 2014, 2016; Shur et al. 2016; Kanevskiy et al.
2016, 2017; Walker et al. 2014, 2015, 2016, 2017; Romanovsky et al. 2017). Most data are published in
data reports and national archives (Walker et al. 2015, 2016, 2018). We are completing synthesis of this
material (e.g. Walker et al. 2019 in review). A new raster-based circumpolar arctic vegetation map has
been created (Raynolds and Walker 2018, Raynolds et al. 2019 submitted). 20 journal articles and book
chapters, 6 AGC publications, and 46 conference presentations were supported partially or in full by this
grant to date. Broader impacts: The Rapid Arctic Transitions due to Infrastructure and Climate (RATIC)
initiative is a major outcome (Walker and Peirce 2014), including 5 RATIC workshops, 2013–2017. This
grant partially supported 2 PhD, 1 MS, and 1 post-doctoral student, 2 visiting scientists, as well as Arctic
field summer courses in 2014, 2015, 2016 and 2018, which helped train 33 students in Arctic ecosystem
ecology. Resilience and adaptation of Arctic communities in response to climate, land use, and
socio-economic change were assessed through related NSF grants to Kofinas (NSF 0732758, NSF/OPP
0531200, NSF/OPP 0531200, NSF 0654441, NSF 0640638) resulting in multiple publications on
resilience (Blair et al. 2014, Gerlach et al. 2017, Kofinas et al. 2016a), subsistence and sharing networks
(Brinkman et al. 2016, BurnSilver et al. 2016, Forbes and Kofinas 2015, Kofinas et al. 2016b, Zhou et al.
2017), local knowledge sharing (Bali and Kofinas 2014, Padilla and Kofinas 2014), adaptive capacity and
sustainability (Baggio et al. 2016, Berman et al. 2017, BurnSilver et al. 2017, Knapp et al. 2014) and a
forthcoming synthesis in Frontiers of Ecology and the Environment (Kofinas et al. 2019 in review).
Collaborative Research: Regional impacts of increasing fire frequency on carbon dynamics and
species composition in the boreal forest. OPP 1737166, $150,235, 01/01/2018–12/31/2020,
Romanovsky (PI). Intellectual Merit: Unprecedented warming and the emergence of a new fire regime
over the past 60 years threatens to disrupt existing dominance of black spruce and release significant
amounts of C into the atmosphere. This research will improve understanding of how C cycling and
species composition of boreal forests responds to climate change. Broader Impacts: Our activities have
been designed to train graduate students, involve Native American high school students in research, and
help K-12 students learn about climate change. We collaborate with Your World Rocks (YWR), a
nonprofit organization dedicated to promoting education with a specialization in environmental science,
geology, chemistry, and engineering. As it was recently awarded, no publications have yet been produced.
Collaborative research: Patterns, dynamics, and vulnerability of Arctic polygonal ecosystems:
From ice-wedge polygon to pan-Arctic landscapes (ARCSS 1722572, 1720875, 1721030, $1,317,630,
2018-2021, Liljedahl (PI). Intellectual merit: We are investigating key mechanisms affecting the
resilience of ice wedges to climate change and the effects of ice-wedge degradation on watershed
hydrology, while also providing the first pan-Arctic map of ice-wedge polygons that is key to scaling to
the pan-Arctic domain. One publication to date on the application of deep learning on permafrost science
(Zhang et al. 2018). Broader impacts: Postdocs and students are supported and trained in field, laboratory
and/or remote sensing science. Three ‘Earth as Art’ satellite image galleries have been hosted in public
libraries. Data and products will be archived at the NSF Arctic Data Center.

15

References cited
* References that resulted fully or in part from previous NSF funding to PI and co-PIs.
AEIC. 1989. Alaska climate summaries, Arctic Environmental Information Center, University of
Alaska: Anchorage, 478.
Allard, M., Herault, E., Lemay, M., Barrette, C., and Sarrazin, D. 2013. Chapter 6. Permafrost
and climate change in Nunavik and Nunatsiavut: Importance for municipal and transportation
infrastructures. In M. Allard and M. Lemay (Eds.), Nunavik and Nunatsiavut: From science
to policy. An Integrated Regional Impact Study IRIS of climate change and modernization.
Quebec.
AMAP. 2010. Assessment 2007: Oil and gas activities in the Arctic — effects and potential
effects. Vol 1 and 2. Pages 423–277. Arctic Monitoring and Assessment Programme
(AMAP), Oslo, Norway.
AMAP. 2017a. Adaptation actions for a changing Arctic: Perspectives from the Barents area.
Arctic Monitoring and Assessment Programme (AMAP), Oslo, Norway.
AMAP. 2017b. Adaptation actions for a changing Arctic: Perspectives from Bering-ChukchiBeaufort region. Arctic Monitoring and Assessment Programme (AMAP), Oslo, Norway
AMAP. 2018. Adaptation actions for a changing Arctic: Perspectives from Baffin Bay/Davis
Strait region. Arctic Monitoring and Assessment Programme (AMAP), Oslo, Norway.
Armitage, D., Berkesn F., Dale, A., Kocho-Schellenberg, E., and Patton, E. 2011. Comanagement and the co-production of knowledge: Learning to adapt in Canada's
Arctic. Global Environmental Change 21:995-1004.
*Baggio, J. A., S. B. BurnSilver, A. Arenas, J. S. Magdanz, G. P. Kofinas and M. De Domenico.
2016. Multiplex social ecological network analysis reveals how social changes affect
community robustness more than resource depletion. Proceedings of the National Academy
of Sciences, 113(48): 13708-13713.
*Bali, A., and G. P. Kofinas. 2014. Voices of the Caribou People: a participatory videography
method to document and share local knowledge from the North American human-rangifer
systems. Ecology and Society 19(2): 16.
Becker, M. S., Davies, T. J., and Pollard, W. H. 2016. Ground ice melt in the high Arctic leads to
greater ecological heterogeneity. Journal of Ecology 104(1): 114–124.
Beier, P., Hansen, L. J., Helbrecht, L. and Behar, D. 2017. A How-to Guide for Coproduction of
Actionable Science. Conservation Letters 10:288-296.
*Berman, M., Kofinas, G., and BurnSilver, S. 2017. Measuring Community Adaptive and
Transformative Capacity in the Arctic Context, in Northern Sustainabilities, Understanding
and Addressing Change in the Circumpolar World. Gail Fondahl and Gary Wilson (eds.),
Heidelberg: Springer. 59-76.
Berman, M., and Schmidt, J. I. 2019 in press. Economic effects of climate change in Alaska.
Weather, Climate, and Society.
Bjella, K. 2015. Point Lay geophysical exploration (p. 29). Fort Wainwright, Alaska: ERDCCRREL (Engineer Research and Development Center, Cold Regions Research and
Engineering Laboratory).
*Blair, B., A. L. Lovecraft, and G. P. Kofinas. 2014. Meeting institutional criteria for social
resilience: a nested risk system model. Ecology and Society 19(4): 36.

References - 1

*Brinkman, T. J., W. D. Hansen, F. S. Chapin, G. Kofinas, S. BurnSilver and T. S. Rupp. 2016.
"Arctic communities perceive climate impacts on access as a critical challenge to availability
of subsistence resources." Climatic Change 139(3): 413-427.
Brown, J. (Ed.). 1975. Ecological Investigations of the Tundra Biome in the Prudhoe Bay
Region, Alaska. Biological Paper of the University of Alaska, Special Report 2, 240.
Brown, J., Ferrians, O. J., Heginbottom, J. A., and Melnikov, E. S.. 1997. Circum-Arctic Map of
Permafrost and Ground-Ice Conditions. U.S. Geological Survey. U.S. Geological Survey
Map CP-45
*Buchhorn, M., Raynolds, M. K., Kanevskiy, M., Matyshak, G., Shur, Y., Willis, M. D., et al.
2016. Effects of 45 years of heavy road traffic and climate change on the thermal regime of
permafrost and tundra at Prudhoe Bay, Alaska. In F. Gunther and A. Morgenstern (Eds.), (pp.
1203–1205). Presented at the 11th International Conference on Permafrost Book of
Abstracts, Potsdam, Germany.
*BurnSilver, S.B., R. Boone, G. Kofinas, and T. Brinkman (2017). Tradeoffs in the mixed
economies of village Alaska: Hunting, working and sharing in the context of change. M.
Hegmon, ed. in The Give and Take of Sustainability: Archaeological and Anthropological
Perspectives. New Directions in Sustainability and Society Series. Cambridge University
Press. 52-83)
*BurnSilver, S., Magdanz, J., Stotts, R., Berman, M., and Kofinas, G. (2016). Are Mixed
Economies Persistent or Transitional? Evidence Using Social Networks from Arctic Alaska.
American Anthropologist. 118(1):121-129.
Cai, L., V. Alexeev, C. Arp, B. Jones, A. Liljedahl, and A. Gädeke. 2017. The polar WRF
downscaled historical and projected 21st century climate for the coast and foothills of Arctic
Alaska. Frontiers in Earth Science 5:111.
Carter, L. D. 1988. Loess and deep thermokarst basins in arctic Alaska. In Proceedings of the
Fifth International Conference on Permafrost (Vol. 1, p. 706).
Chapin, F. S., III, Hoel, M., Carpenter, S. R., Lubchenco, J., Walker, B., Callaghan, T. V., et al.
2006a. Building resilience and adaptation to manage Arctic change. Ambio Special Report,
35(4), 198–202.
Chapin, F. S., Robards, M. D., Huntington, H. P., Johnstone, J. F., Trainor, S. F., Kofinas, G. P.,
et al. 2006b. Directional changes in ecological communities and social-ecological systems: a
framework for prediction based on Alaskan examples. American Naturalist, 168 Suppl 6(S6),
S36–49.
Chapin III, F.S., Kofinas, G., Folke, C. 2009. Principles of Ecosystem Stewardship: ResilienceBased Natural Resource Management in a Changing World. Springer. New York. 402 . .
doi:10.1007/978-0- 387-73033-2.
Chytrý, M., Tichý, L., Hennekens, S. M., and Schaminée, J. H. J. 2013. Assessing vegetation
change using vegetation-plot databases: a risky business. Applied Vegetation Science, 17(1),
41. http://doi.org/10.1111/avsc.12050
Daniëls, F. J. A., de Molenaar, J. G., Chytrý, M., and Tichý, L. 2010. Vegetation change in
Southeast Greenland? Tasiilaq revisited after 40 years. Applied Vegetation Science, 14, 241
*Dillon, M., Fortier, D., Kanevskiy, M., and Shur, Y. 2008. Tomodensitometric analysis of basal
ice, in Kane, D. L., and Hinkel, K., eds., Proceedings of the Ninth International Conference
on Permafrost, Volume 1: Fairbanks, AK, Institute of Northern Engineering, University of
Alaska Fairbanks, p. 451- 456.
Ebersole, J. J. 1985. Vegetation disturbance and recovery at the Oumalik Oil Well, Arctic
References - 2

Coastal Plain, Alaska. Ph.D. thesis. University of Colorado, Boulder.
Elmendorf, S. C., Henry, G. H. R., Hollister, R. D., Björk, R. G., Bjorkman, A. D., Callaghan, T.
V., et al. (2011). Global assessment of experimental climate warming on tundra vegetation:
heterogeneity over space and time. Ecology Letters, 15, 164–175.
http://doi.org/10.1111/j.1461-0248.2011.01716.x
Elmendorf, S. C., Henry, G. H. R., Hollister, R. D., Björk, R. G., Boulanger-Lapointe, N.,
Cooper, E. J., et al. 201). Plot-scale evidence of tundra vegetation change and links to recent
summer warming. Nature Climate Change, 2(6), 453–457.
Everett, K. R., and Parkinson, R. J. 1977. Soil and Landform Associations, Prudhoe Bay Area,
Alaska. Arctic and Alpine Research 9:1–19.
Everett, K. R., Webber, P. J., Walker, D. A., Parkinson, R. J., and Brown, J. 1978. A
geoecological mapping scheme for Alaskan coastal tundra. Pages 359–365 in Proceedings of
the Third International Conference on Permafrost, Edmonton, Alberta, 10-13 July 1978.
National Research Council of Canada, Ottawa, Canada.
*Farquharson, L., Mann, D.H., Grosse, G., Jones, B.M., and Romanovsky, V.E. 2016. Spatial
distribution of thermokarst terrain in Arctic Alaska. Geomorphology, 273, 116–133
*Farquharson, L. M., Romanovsky, V. E., Cable, W. L., Walker, D. A., and Kokelj, S. 2019 (in
review). Nature Geoscience.
*Forbes, B, C. and Kofinas, G., with contributing authors Beach, H., Brattland, C., Kankaanpää,
P., et al. 2015. Chapter 7 - Resource Governance, in Arctic Human Development Report II,
editors G Fondal and and J Nymand Larsen. Pages 253-289.
Forbes, B. C., Stammler, F., Kumpula, T., Meschtyb, N., Pajunen, A., and Kaarlejärvi, E. 2009.
High resilience in the Yamal-Nenets social-ecological system, West Siberian Arctic, Russia.
Proceedings of the National Academy of Sciences, 106(52), 22041–22048.
http://doi.org/10.1073/pnas.0908286106
*Fortier, D., Kanevskiy, M., and Shur, Y. 2008. Genesis of reticulate-chaotic cryostructure in
permafrost, in Kane, D. L., and Hinkel, K. M., eds., Proceedings of the Ninth International
Conference on Permafrost, Volume 1: Fairbanks, AK, Institute of Northern Engineering,
University of Alaska Fairbanks,, p. 451-456.
*Fortier, D., Kanevskiy, M., Shur, Y., Stephani, E., Dillon, M., Jorgenson, T., 2012.,
Cryostructures of basal glacier ice as an object of permafrost study: observations from the
Matanuska Glacier, Alaska. In: Proceedings of the Tenth International Conference on
Permafrost, June 25-29, 2012, Salekhard, Russia. The Northern Publisher, Salekhard,
Russia. Vol. 1: International contributions. Hinkel, K.M. (ed.): 107-112.
Fraser, R. H., Kokelj, S. V., Lantz, T. C., McFarlane- Winchester, M., Olthof, I., and Lacelle, D.
2018. Climate sensitivity of High Arctic permafrost terrain demonstrated by widespread icewedge thermokarst on Banks Island. Remote Sensing, 10:954.
*French, H., Shur, Y. 2010. The principles of cryostratigraphy. Earth-Science Reviews 110, 190–
206..
*Frost, G. V., Christopherson, T., Jorgenson, M. T., Liljedahl, A. K., Macander, M. J., Walker
D.A., and Wells, A. F. 2018. Regional patterns and asynchronous onset of ice-wedge
degradation since the mid-20th century in arctic Alaska. Remote Sensing 10:1312.
*Gerlach, C., Loring, P. A., Kofinas, G., and Penn, H. 2017, Resilience to Rapid Change in
Bering, Beaufort, and Chukchi Sea communities, Chapter 6 of Adaptation Actions for a
Changing Arctic (AACA) Bering/Chukchi/Beaufort Region Report. AMAP. 155-176.

References - 3

*Grosse, G., Goetz, S., McGuire, A. D., Romanovsky, V. E., and Schuur, E. A. G. 2016.
Changing permafrost in a warming world and feedbacks to the Earth system. Environmental
Research Letters, 11, 040201.
*Grosse, G., and B. Jones 2018. Remote sensing leads to better understanding of polar regions,
Eos, 99,
Gryc, G. 1988. Geology and exploration of the National Petroleum Reserve in Alaska, 19741982. U.S. Geological Survey Professional Paper 1399, 940 (plus maps).
Hinzman, L.D., Bettez, N.D., Bolton, W.R., Chapin, F.S., Dyurgerov, M.B., Fastie, C.L.,
Griffith, B., Hollister, R.D., Hope, A., Huntington, H.P. and Jensen, A.M., 2005. Evidence
and implications of recent climate change in northern Alaska and other arctic regions.
Climatic change, 72(3), pp.251-298.
Hinzman, L. D., Deal, C. J., McGuire, A. D., Mernild, S. H., Polyakov, I. V., &and Walsh, J. E.
2013. Trajectory of the Arctic as an integrated system. Ecological Applications, 23(8), 1837–
1868.
Hjort , J., Karjalainen , O., Aalto, J., Westermann, S., Romanovsky, V.E., Nelson, F.E.,
Etzerlmüller, B. and Luoto, M. 2018. Degrading permafrost puts Arctic infrastructure at risk
by mid-century. Nature Communications 9: 5147
IASC (International Arctic Science Committee). 2016. ICARP3 - Integrating Arctic Research - A
Roadmap For The Future. Retrieved September 2, 2018, from https://icarp.iasc.info/
IPCC (International Panel on Climate Change). 2018. Global Warming of 1.5°C, an IPCC
special report on the impacts of global warming of 1.5°C above pre-industrial levels and
related global greenhouse gas emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development, and efforts to eradicate
poverty. Intergovernmental Panel on Climate Change.
*Jorgenson, M. T., M. Kanevskiy, Y. Shur, N. Moskalenko, D. R. N. Brown, K. Wickland, R.
Striegl, and J. Koch. 2015. Role of ground ice dynamics and ecological feedbacks in recent
ice wedge degradation and stabilization. Journal of Geophysical Research: Earth Surface
120:2280–2297.
Jorgenson, M.T., Shur, Y.L. and Pullman, E.R. 2006. Abrupt increase in permafrost degradation
in Arctic Alaska. Geophysical Research Letters, 33(2).
Kade, A., Bret-Harte, M. S., Euskirchen, E. S., Edgar, C., and Fulweber, R. A. 2012. Upscaling
of CO2 fluxes from heterogeneous tundra plant communities in Arctic Alaska. Journal of
Geophysical Research Atmospheres, 117(G4), G04007.
*Kade, A., Walker, D. A., and Raynolds, M. K. 2005. Plant communities and soils in
cryoturbated tundra along a bioclimate gradient in the Low Arctic, Alaska: Phytocoenologia,
v. 35, no. 4, p. 761-820.
Kaiser, M. 2015. Process based hydrological modeling of the Imnavait basin (Alaska). Msc
Thesis, Technical University of Munich, Munic, Germany.
*Kanevskiy, M., Fortier, D., Shur, Y., Bray, M., and Jorgenson, T. 2008. Detailed
cryostratigraphic studies of syngenetic permafrost in the winze of the CRREL permafrost
tunnel, Fox, Alaska, in Kane, D. L., and Hinkel, K. M., eds., Proceedings of the Ninth
International Conference on Permafrost, Volume 1: Fairbanks, AK, Institute of Northern
Engineering, p. 889-894.
*Kanevskiy, M., Shur, Y., Jorgenson, M.T., Ping, C.-L., Michaelson, G.J., Fortier, D., Stephani,
E., Dillon, M., Tumskoy, V. 2012. Ground ice in the upper permafrost of the Beaufort Sea

References - 4

coast of Alaska, Cold Regions Science and Technology doi:
10.1016/j.coldregions.2012.08.002
*Kanevskiy, M., Shur, Y., Krzewinski, T., Dillon, M. 2013. Structure and Properties of Ice-Rich
Permafrost near Anchorage, Alaska. Cold Regions Science and Technology 93, 1-11
*Kanevskiy, M., Shur, Y., Fortier, D., Jorgenson, M.T., Stephani, E. 2011. Cryostratigraphy of
late Pleistocene syngenetic permafrost (yedoma) in northern Alaska, Itkillik River exposure.
Quaternary Research 75, 584-596,
*Kanevskiy, M., Shur, Y., Jorgenson, T., Brown, D. R. N., Moskalenko, N., Brown, J., et al.
2017. Degradation and stabilization of ice wedges: Implications for assessing risk of
thermokarst in northern Alaska. Geomorphology, 297, 20–42.
*Kanevskiy, M., Shur, Y., Walker, D. A., Buchhorn, M., Jorgenson, T., Matyshak, G., et al.
2016. Evaluation of risk of ice-wedge degradation, Prudhoe Bay Oilfield, AK. In F. Gunther
and A. Morgenstern (Eds.), (pp. 999–1001). Presented at the 11th International Conference
on Permafrost Book of Abstracts, Potsdam, Germany.
*Knapp, C. N., F. S. Chapin III, G. P. Kofinas, N. Fresco, C. Carothers and A. Craver 2014.
Parks, people, and change: the importance of multistakeholder engagement in adaptation
planning for conserved areas. Ecology and Society 19(4): 16.
*Kofinas, G., BurnSilver, S., Magdanz, J., Stotts, R., and Okada, M. 2016b. Subsistence Sharing
Networks and Cooperation: Kaktovik, Wainwright, and Venetie Alaska. BOEM Project
Report Number 2015-023DOI. Published by University of Alaska Fairbanks. (pp 500)
*Kofinas, G., Abdelrahim, S., Carson, M., Chapin III, F.S., Clement, J., Fresco, N., Gunn, A.,
Peterson, G., Petrov, A.N., Quinlan, A., Sommerkorn, M., and Veazey, A., 2016a. Building
resilience in the Arctic: From theory to practice in Arctic Resilience Report.M. Carson and
G. Peterson (eds). Arctic Council. Stockholm Environment Institute and Stockholm
Resilience Centre, Stockholm.http://www.arctic-council.org/arr.
*Kofinas, G., Sayer, N. 2012 (submitted). Maps and Locals: An experiment in integrating spatial
analysis and local knowledge across LTER sites to study the dynamics of social-ecological
systems. Frontiers in Ecology and the Environment
Kofinas, G. P., Chapin III, F. S., BurnSilver, S., Schmidt, J. I., Fresco, N. L., Kielland, K., et al.
2010. Resilience of Athabascan subsistence systems to interior Alaska’s changing climate.
Canadian Journal of Forest Research, 40, 1347–1359.
Kokelj, S.V. and Jorgenson, M.T., 2013. Advances in thermokarst research. Permafrost and
Periglacial Processes, 24(2), pp.108-119
Kumpula, T., Forbes, B.C., Stammler, F., 2010. Remote sensing and local knowledge of
hydrocarbon exploitation: the case of Bovanenkovo, Yamal Peninsula, West Siberia, Russia.
Arctic 63 (2), 165–178.
Kumpula, T., Pajunen, A., Kaarlejärvi, E., Forbes, B. C., and Stammler, F. 2011. Land use and
land cover change in Arctic Russia: Ecological and social implications of industrial
development. Global Environmental Change, 1–13.
Larsen, P. H., Goldsmith, S., Smith, O., Wilson, M. L., Strzepek, K., Chinowsky, P. and Saylor,
B. 2008. Estimating future costs for Alaska public infrastructure at risk from climate change.
Global Environmental Change
Lawson, D. E., Brown, J., Everett, K. R., Johnson, A. W., Komárková, V., Murray, B. M., et al.
1978. Tundra Disturbances and Recovery Following the 1949 Exploratory Drilling, Fish
Creek, Northern Alaska, CRREL Report 78-28. CRREL Report 78-28 (p. 91).

References - 5

Lawson, D. E. 1982. Long-term modifications of perennially frozen sediment and terrain at East
Oumalik, northern Alaska (No. CRREL Report 82-36) (p. 33). Hanover, NH: Cold Regions
Resaerch and Engineering Laboratory, Hanover, NH.
Lawson, D. E. 1986. Response of permafrost terrain to disturbance: a synthesis of observations
from northern Alaska, USA. Arctic and Alpine Research, 18, 1–17.
*Liljedahl, A. K., Boike, J., Daanen, R. P., Fedorov, A. N., Frost, G. V., Grosse, G., et al. 2016.
Pan-Arctic ice-wedge degradation in warming permafrost and its influence on tundra
hydrology. Nature Geoscience, 9(4), 312–318.
Marchenko, S. S. Romanovsky, V. E. and Tipenko, G. S. Numerical Modeling of Spatial
Permafrost Dynamics in Alaska, Ninth International Conference on Permafrost. Institute of
Northern Engineering UAF, Fairbanks, pp. 1125-1130.
McCune, B., Grace, J. B., and Urban, D. L. 2002. Analysis of Ecological Communities. Gleneden
Beach, OR: MJM Software Design.
McGuire, A. D., Chapin, F. S., III, Walsh, J. E., and Wirth, C. 2006. Integrated Regional
Changes in Arctic Climate Feedbacks: Implications for the Global Climate System. Annual
Review of Environment and Resources, 31(1), 61–91.
http://doi.org/10.1146/annurev.energy.31.020105.100253
Melvin, A. M., Larsen, P., Boehlert, B., Neumann, J. E., Chinowsky, P., Espinet, X., et al. 2016.
Climate change damages to Alaska public infrastructure and the economics of proactive
adaptation. Proceedings of the National Academy of Sciences of the United States of
America, 201611056. http://doi.org/10.1073/pnas.1611056113- 269.
Miller, C. A. and Wyborn, C. 2018. Co-production in global sustainability: Histories and
theories. Environmental Science and Policy.
Miller, D. L. 1995. Geotechnical exploration: Water and sewer improvements, Pt. Lay, Alaska.
Anchorage, AK: Duane Miller and Associates.
Moss, R. H., Edmonds, J.A., Hibbard, K.A., Manning, M.R., Rose, S.K., et al. 2010. The next
generation of scenarios for climate change research and assessment. Nature 463:747–756
Myers-Smith, I. H., Elmendorf, S. C., Beck, P. S. A., Wilmking, M., Hallinger, M., Blok, D., et
al. 2015. Climate sensitivity of shrub growth across the tundra biome. Nature Climate
Change, 5(9), 887–891.
National Research Council. 2014. Opportunities to Use Remote Sensing in Understanding
Permafrost and Related Ecological Characteristics: Report of a Workshop. Washington, DC:
The National Academies Press.
NSTC (National Science and Technology Council). 2016. Arctic research plan, FY2017-2021
*Nicolsky, D. J., Romanovsky, V. E., and Tipenko, G. S. 2007. Estimation of thermal properties
of saturated soils using in-situ temperature measurements: The Cryosphere Discuss., v. 1, no.
1, p. 213
*Nicolsky, D.J., Romanovsky, V. E., and Panteleev, G. G. 2009. Estimation of soil thermal
properties using in-situ temperature measurements in the active layer and permafrost, Cold
Regions Science and Technology. 55: 120-129.
*Nidowicz, B. and Shur, Y. 1998. Pavement thermal impact on discontinuous permafrost. In:
Newcomb, D. (Ed.), Cold Regions Impact on Civil Works. ASCE, 34–35.
*Nitze, I., Grosse, G., Jones, B.M., Romanovsky, V.E. and Boike, J. 2018. Remote sensing
quantifies widespread abundance of permafrost region disturbances across the Arctic and
Subarctic. Nature Communications, 9: 5423.
Nolan, M. 2019. Fairbanks Fodar. http://fairbanksfodar.com/about, Accessed 28 Jan 2019.
References - 6

NPC (National Petroleum Council). 2015. Arctic Potential, realizing the promise of U.S. Arctic
oil and gas resources. National Petroleum Council.
Orians, G. H., Albert, T., Brown, G., Cameron R., Cochran, P., Gerlach, S. et al. 2003.
Cumulative Environmental Effects of Oil and Gas Activities on Alaska's North Slope.
Washington, D.C.: National Academies Press.
*Padilla, E. and Kofinas,. G. P. 2014. Letting the leaders pass: Barriers to using traditional
ecological knowledge in comanagement as the basis of formal hunting regulations. Ecology
and Society 19(2). http://dx.doi.org/10.5751/ES-05999-190207
Paine, R. T. 1969. A note on trophic complexity and community stability. The American
Naturalist. 103 (929): 91–93.
*Parazoo, N. C., Koven, C. D., Lawrence, D. M., Romanovsky, V., and Miller, C. E. 2018.
Detecting the permafrost carbon feedback: talik formation and increased cold-season
respiration as precursors to sink-to-source transitions. The Cryosphere, 12(1), 123–144.
*Raynolds, M. K., and Walker, D. A. 2016. Increased wetness confounds Landsat-derived NDVI
trends in the central Alaska North Slope region, 1985–2011. Environmental Research
Letters, 11(8), 085004.
*Raynolds, M. K., and Walker, D. A. 2018. A raster-based circumpolar arctic vegetation map.
Presented at the 48th Annual International Arctic Workshop, Boulder, CO, USA.
*Raynolds, M. K., D. A. Walker, K. J. Ambrosius, J. Brown, K. R. Everett, M. Kanevskiy, G. P.
Kofinas, V. E. Romanovsky, Y. Shur, and P. J. Webber. 2014. Cumulative geoecological
effects of 62 years of infrastructure and climate change in ice-rich permafrost landscapes,
Prudhoe Bay Oilfield, Alaska. Global Change Biology 20:1211–1224.
*Raynolds, M. K., Walker, D. A., Buchhorn, M., and Wirth, L. 2014. Vegetation changes related
to 45 years of heavy road traffic along the Spine Road at Prudhoe Bay, Alaska. Presented at
the Arctic Change 2014, Ottawa, Ontario, Canada.
*Raynolds, M.K., Walker, D.A. et al. 2019 (submitted). A raster-based circumpolar Arctic
vegetation map. Remote Sensing of the Environment.
Reynolds, D. B., Nakazawa, A., and Connor, B. 2016. Point Lay, Kali, village sustainability:
snow, surface water, permafrost and utilities. University of Alaska Fairbanks, School of
Management. Fairbanks.
Romanovsky, V., Isaksen, K., Drozdov, D., Anisimov, O., Instanes, A., Leibman, M., et al. 2017.
Changing permafrost and its impacts. In AMAP (Ed.), Snow, Water, Ice and Permafrost in
the Arctic SWIPA 2017 (pp. 66–102). Oslo, Norway.
Rowland, J. C., Jones, C. E., Altmann, G., Bryan, R., Crosby, B. T., Hinzman, L. D., et al. 2010.
Arctic landscapes in transiton: Responses to thawing permafrost. Eos, 91(26), 229–230.
http://doi.org/10.1029/2010EO260001
Schaeffer, J. Q., Rittgers, A., Johnson, P., Davis, A., Grunau, B., Hebert, J., & Doyle, M. (2019).
Pektayiinata = We are Resilient:Oscarville Tribal Climate Adaptation Plan. Oscarville,
Alaska: 58.
Schulla, J. 2017. Model description WaSiM. Zurich, Switzerland.
Shaver, G.R., Street, L.E., Rastetter, E.B., van Wijk, M.T., and Williams, M. 2007. Functional
convergence in regulation of net CO2 flux in heterogeneous tundra landscapes in Alaska and
Sweden. Journal of Ecology 95: 802-817.
*Shur, Y., Kanevskiy, M., Jorgenson, T., Dillon, M., Stephani, E., Bray, M., and Fortier, D.
2012. Permafrost degradation and thaw settlement under lakes in yedoma environment. In:

References - 7

Hinkle, K.M. (Ed.) Proceedings of the Tenth International Conference on Permafrost,
Salekhard, Russia, 25-29 Jun 2012, Vol. 1, 383–388.
*Shur, Y. L., and Jorgenson, M. T. 2007. Patterns of permafrost formation and degradation in
relation to climate and ecosystems. Permafrost and Periglacial Processes, 18(1), 7–19.
*Shur, Y., M. Kanevskiy, D. A. Walker, M. T. Jorgenson, M. Buchhorn, and M. K. Raynolds.
2016. Permafrost-related causes and consequences of Sagavanirktok River flooding in Spring
2015, Abstract 1065. Pages 1014–1016 in F. Gunther and A. Morgenstern, editors. Potsdam,
Germany.
Stammler, F. 2005. Reindeer Nomads Meet the Market: Culture, Property and Globalisation at
the “End of the Land. Halle Studies in the Anthropology of Eurasia.Vol. 6. Münster: LIT
Publishers.
Streletskiy, D., Shiklomanov, N., and Hatleberg, E. 2012. Infrastructure and a changing climate
in the Russian Arctic: a geographic impact assessment. In Proceedings of the Tenth
International Conference on Permafrost, Salekhard, Russia, 25-29 Jun 2012, Vol. 1 (pp.
407–412). Salekhard, Russia: The Northern Publisher.
Toniolo, H., Stutzke, J., Lai, A., Youcha, E., Tschetter T., Vas, D., Keech, J., and Irving. K.
2017. Antecedent conditions and damage caused by 2015 spring flooding on the
Sagavanirktok River, Alaska. Journal of Cold Region Engineering 31:05017001–1–19.
Transport Canada. 2015. Evaluation of the northern transportation adaptation initiative: Final
Report. Transport Canada, Evaluation and Advisory Services.
Tichý, L. 2002. JUICE, software for vegetation classification. Journal of Vegetation Science,
13(3), 451–453.
UMIAQ. 2014. Areawide alternatives to direct bury water and sewer. Areawide alternatives to
direct bury water and sewer (UMIAQ project no. 70113.13) (p. 59). Anchorage: UMIAQ.
van Everdingen, R. O. (Ed.). 2005. Multi-language glossary of permafrost and related ground-ice
terms (pp. 90–figures). Boulder, CO: National Snow and Ice Data Center.
Vaughn, L.J.S., Conrad, M.E., Bill, M. and Torn, M.S. 2016. Isotopic insights into methane
production, oxidation, and emissions in Arctic polygon tundra. Global Change Biology 22:
3487-3502. doi: 10.1111/geb.13281.
Villareal, S., Hollister, R. D., Johnson, D. R., Lara, M. J., Webber, P. J., and Tweedie, C. E.
2012. Tundra vegetation change near Barrow, Alaska (1972–2010). Environmental Research
Letters, 7, 015508 (10pp).
Vincent, W. F., Lemay, M., and Allard, M. 2017. Arctic permafrost landscapes in transition:
towards an integrated Earth system approach. Arctic Science, 3(2), 39–64.
Walker, D. A. 1985. Vegetation and Environmental Gradients of the Prudhoe Bay Region,
Alaska, CRREL Report 85-14. Page 240 CRREL Report 85-14. U.S. Army Cold Regions
Research and Engineering Laboratory, Hanover, NH.
*Walker, D.A., Buchhorn, M., Kanevskiy, M., Matyshak, G.V., Raynolds, M.K., Shur, Y.L. and
Wirth, L.M. 2015. Infrastructure-Thermokarst-Soil-Vegetation Interactions at Lake Colleen
Site A, Prudhoe Bay, Alaska. Alaska Geobotany Center Publication AGC 15-01. University
of Alaska Fairbanks, Fairbanks, AK, 92 pp.
Walker, D. A., K. R. Everett, P. J. Webber, and J. Brown. 1980. Geobotanical atlas of the
Prudhoe Bay region, Alaska. CRREL Report 80-14. Hanover, NH.
Walker, D. A., Kanevskiy, M., Shur, Y., Raynolds, M., Buchhorn, M., and Matyshak, G. 2017.
Rapid transitions caused by infrastructure and climate, Prudhoe Bay Oilfield, Alaska, USA
(p. 171). Presented at the Arctic Science Summit Week, Prague, 31Mar–7 Apr.
References - 8

*Walker, D.A., Kanevskiy, M., Shur, Y.L., Raynolds, M.K., Buchhorn, M. and Wirth, L.M.
2016. Road effects at airport study site, Prudhoe Bay, Alaska, Summer 2015. Alaska
Geobotany Center Publication AGC 16-01. University of Alaska Fairbanks, Fairbanks, AK,
74 pp.
*Walker, D.A., Kanevskiy, M., Shur, Y., Raynolds, M., Peirce, J.L., Buchhorn, M., Ermokhina,
K. and Druckenmiller, L.A. 2018. Snow, thaw, temperature, and permafrost borehole data
from the Colleen and Airport sites, Prudhoe Bay, and photos of Quintillion fiber optic cable
impacts, North Slope, Alaska. Alaska Geobotany Center Publication AGC 18-01. University
of Alaska Fairbanks, Fairbanks, AK, 74 pp.
*Walker, D.A. and Peirce, J.L. (eds.) 2015. Rapid Arctic Transitions due to Infrastructure and
Climate (RATIC): A contribution to ICARP III. Alaska Geobotany Center Publication AGC
15-02. University of Alaska Fairbanks, Fairbanks, AK.
*Walker, D. A., M. K. Raynolds, M. Buchhorn, and J. L. Peirce, editors. 2014a. Landscape and
permafrost change in the Prudhoe Bay Oilfield, Alaska. Pages 1–84 AGC Publication. Alaska
Geobotany Center, University of Alaska, AGC 14-01, Fairbanks, AK.
*Walker, D.A., Raynolds, M.K., Kumpula, T., Shur, Y., Kanevskiy, M.Z., Leibman, M.O.,
Khomutov, A., Ambrosius, K., Buchhorn, M., Epstein, H.E., Forbes, B.C., Kofinas, G.,
Matyshak, G.V., Romanovsky, V. and Wirth, L. 2014b. Rapid arctic transitions in relation to
infrastructure and climate change: comparison of the permafrost and geoecological
conditions in the Bovanenkovo Gas Field, Russia and the Prudhoe Bay Oil Field, Alaska.
Presented at AGU Fall Meeting. San Francisco, December 15 - 19.
*Walker, D. A., Shur, Y., Kanevskiy, M., Raynolds, M., Kofinas, G., Romanovsky, V., et al.
2019 (in review). Cumulative effects of infrastructure and climate change in ice-rich
permafrost ecosystems. Frontiers in Ecology and the Environment.
Walker, D. A., Webber, P. J., Binnian, E. F., Everett, K. R., Lederer N. D., Nordstrand E. A., and
Walker, M. D. 1987. Cumulative impacts of oil fields on northern Alaskan landscapes.
Science 238:757–761.
Walker, M. D., Wahren, C. H., Hollister, R. D., Henry, G. H. R., Ahlquist, L. E., Alatalo, J. M.,
et al. 2006. Plant community responses to experimental warming across the tundra biome.
Proceedings of the National Academy of Sciences, 103(5), 1342–1346.
Warwick, F. V. , Lemay, M., and Allard, M. 2017 Arctic permafrost landscapes in transition:
towards and integrated Earth system approach. Arctic Science 3:39-64.
Washburn, A. L. 1980. Geocryology: A Survey of Periglacial Processes and Environments.
Halsted Press, John Wiley and Sons, New York.
Westhoff, V., and Van der Maarel, E. 1978. The Braun-Blanquet approach. In R. H. Whittaker
(Ed.), Classification of Plant Communities (pp. 287–399). Den Haag.
Whiteman, G., Forbes, B. C., Niemelä, J., and Chapin, F. S. III. 2004. Bringing feedback and
resilience of high-latitude ecosystems into the corporate boardroom. Ambio 33:371–376.
Wullschleger, S. D., Epstein, H. E., Box, E. O., Euskirchen, E. S., Goswami, S., Iversen, C. M.,
et al. 2014. Plant functional types in Earth system models: past experiences and future
directions for application of dynamic vegetation models in high-latitude ecosystems. Annals
of Botany 114:1-16.
Zhang W, Witharana, C., Liljedahl, A. K. and Kanevskiy, M. 2018. Deep convolutional neural
networks for automated characterization of Arctic ice-wedge polygons in very high spatial
resolution aerial imagery. Remote Sensing 10:1487.

References - 9

*Zhou, J., Prugh, L., Tape, K.D., Kofinas, G., and Kielland, K. 2017. The role of vegetation
structure in controlling distributions of vertebrate herbivores in Arctic Alaska. Arctic,
Antarctic, and Alpine Research, Vol. 49, No. 2, 2017. 291–304.

References - 10

