BIOCOMPLEXITY OF SMALL PATTERNED-GROUND ECOSYSTEMS IN
THE ARCTIC
Annual Report to NSF for Grant No. OPP-020736, November 1, 2005
By Skip Walker
INTRODUCTION

Figure 1. Non-sorted circles at Howe Island, AK.

Figure 2. Earth hummocks, Mould Bay, NWT.

Figure 3. Small non-sorted polygons, Howe Island, AK.

Figure 4. Turf hummocks, Green Cabin, NWT.

Our project is studying soil biogeochemical and hydrothermal processes, and vegetation
patterns in small patterned-ground ecosystems along the arctic bioclimate gradient in
North America. The patterned ground features studied here include non-sorted circles
(frost boils), earth hummocks, small non-sorted polygons, and turf hummocks (Washburn
1980) (Figs. 1 to 4). Non-sorted circles and earth hummocks are 1 to 3-m diameter, often
circular, patches that are caused by frost heave and are spaced from 1 to 10 m apart.
Small non-sorted polygons are caused by contraction cracking within the active layer,
either by desiccation or by frost cracking. Turf hummocks generally occur on slopes and
are small non-sorted polygons that have been modified by eolian deposition and erosion.
These features are a significant component of nearly all arctic landscapes. Prior to this
study, these features have been studied by geomorphologists but their role in ecosystems
has not been emphasized up until now. These features have recently been linked to a wide
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variety of important ecosystem properties including sequestration of carbon in the
permafrost, the flux of energy, water, and nutrients to the land surface, watersheds and
the atmosphere (Bockheim et al., 1998; Nelson et al, 1998; Walker et al, 1998) and even
the forage quality for wildlife (Walker et al, 2001). The project is focusing on how
climate influences the interactions between vegetation, soils, and patterned ground
formation in order to better understand how climate change might affect these
interactions.
This report describes the major field activities during the first four years of the project,
including research expeditions in to Green Cabin on Banks Island NWT (2003), Mould
Bay on Prince Patrick Island, NWT (2004), and Isachsen on Ellef Ringnes Island (2005).
It also describes the major educational activities (1 post-doctoral students, 5 graduate
students, 4 REU students, and 25 undergraduate students). The project has received 3
supplements for Research Experience for Undergraduates. This report describes results
from several aspects of the field and modeling studies that will be used to develop a
monograph on the ecology of arctic patterned-ground ecosystems.
METHODS
The studies were conducted along an 1800-km transect
through Arctic Alaska and northern Canada (Fig. 5).
This transect includes sites in all 5 Arctic bioclimate
subzones (Walker et al. 2005) and one site in the
northern boreal forest. During the first two years of the
project (2001-2002), research focused on frost-heave
features (non-sorted circles and earth hummocks) in
the Low Arctic along the Dalton Highway in northern
Alaska. In 2003-2005, the primary focus of the
research moved to the High Arctic, where small nonsorted polygons caused by cracking of the soils are the
dominant features.
Figure 5. The North American
Summer 2002
Arctic Transect includes seven
During June 10-July 1, 2002 field season all the
locations in northern Alaska and
investigators and students involved in the project met
four in Canada.
at Prudhoe Bay and presented results and plans for
research and visited all the Biocomplexity sites along the Dalton Highway. We mapped
maximum snow depth, maximum active layer thickness, and plant communities on all the
sites. Frost heave was monitored at all sites using a specially designed frame. Air and
ground temperatures and snow cover were monitored continuously. Vegetation and soils
were characterized at all the sites. Nitrogen mineralization experiments were started,and
detailed studies of biomass, leaf-area index, and the normalized difference vegetation
index were conducted along transects at each site. During July 14-July 31, 2002. Skip
Walker, Bill Gould and Grizelle Gonzales did a site selection reconnaissance by flying
from Inuvik to Mould Bay and Satellite Bay on Prince Patrick Island.
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Summer 2003
During 28 Jun to 20 Jul 2003 nearly all
the project members participated in an
expedition to Green Cabin on northern
Banks Island. The expedition included
13 scientists and 6 students in the
Arctic Field Ecology course. The work
involved the same activities as those on
the Arctic Slope, Dalton Highway sites.
We also spent half a day at Mould Bay,
Mould Bay Grid
Prince Patrick Island (Bioclimate
Subzone B). Extensive ecosystem,
snow, and ground-temperature data
were available from several sites in this
region (Romanovsky and Osterkamp,
1995, 1997). In Northern Alaska,
twelve 10x10-m grids were established
along a bioclimate gradient at 6
locations (Howe Island, West Dock,
Deadhorse, Franklin Bluffs, Sagwon,
and Happy Valley). A data report and
Happy Valley Grid
addendum describe the field activities
in detail (Munger et al. 2004; Raynolds
Figure 6. A total of 22 10 x 10-m research grids have
been established to monitor active layer, snow-depth, and
2005). Work also continued on the
vegetation at the research sites along the NAAT. Two
Arctic Slope with field trips in April to
additional grids have been established on the Kolyma
measure and monitor snow cover and
River in Russia.
ground surface temperatures, and a trip
in August to finish the vegetation sampling and continue work on the thesis research of
Anja Kade and Alexia Kelley.
Summer 2004
During July 11-28, 2004, 24 people from the University of Alaska Fairbanks and other
organizations worked at Inuvik, NWT and Mould Bay, Prince Patrick Island, NWT. The
field party consisted of 11 research scientists, 1 teacher participating in the TREC
(Teaachers and Researchers Exploring and Collaobrating) program, 5 graduate student, 4
students in an Arctic Field Ecology course, 2 native hunters from the village of Sachs
Harbor, and cook. The main objective of the reserch was to examine the small patterned
ground features that are more common in the High Arctic including turf hummocks and
small non-sorted polygons, along with larger hummocks. A data report describes the field
activities in detail (Munger et al. 2005).
Cape Thompson expedition
Another expedition went to Cape Thompson in northwestern Alaska, 22-26 Jun 2004, to
revisit the frost-boil study sites of Dr. Al Johnson, who has turned over his legacy of
research to the project and to the Arctic LTER site. The expedition consisted of Al
Johnson, Skip Walker, Corinne Munger, and Carrie McCalley. Photos of all his study
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sites and the hand-written data sheets have been digitized and stored on CD-ROMs, and
archived with the Arctic LTER data manager. During the 3 days in the field, we visited
several of the old study sites, and photographed the plots. This valuable data set is one of
the oldest (1960s) most complete vegetation studies in Alaska, and one where it would be
possible to revisit and photograph the exact localities of photos taken in the 1960s of 325
non-sorted circles. It would be highly desirable to resample all the vegetation plots. This
will require a proposal, a willing graduate student, and close collaboration with the
villagers at Point Hope.
Summer 2005
The 2005 expedition to Isachsen was the largest
collaborative group of researchers to ever visit this
remote outpost, located on Ellef Ringnes Island in
the Sverdrup group of islands in the Canadian
Archipelago. Of the four Biocomplexity
expeditions to the Canadian Islands, the one to
Isachsen was logistically the most difficult
because of the size of the group (25 scientists,
students, and support staff), and remoteness of
Ellef Ringnes Island. Two reconnaissance flights
in 2004 were unable to land at Isachsen because of
poor weather. This year, a preliminary group
preceded the the main expedition so that groundbased weather reports could be provided from
Mould Bay and Isachsen to the Ken Borek pilots
coming from Inuvik. The research camp was
supported by VECO Polar Resources (Figs. 7 to
9), and the expedition went flawlessly until the
very last flight out of Isachsen, when a DC-3 got
stuck in mud, and it took two days of digging to
free it.
Isachsen is near the extreme cold end of the
summer temperature gradient in Canada. It was the
site of a joint U.S.-Canadian climate station from
1948 until 1971, when the United States withdrew
its participation at the site. This led to Isachsen's
decommissioning in 1978. An automated weather
station was placed at the site in 1989 and is
monitored by satellite. Isachsen is the only North
American facility that is within Bioclimate
Subzone A on the Circumpolar Arctic Vegetation
Map. Subzone A is characterized by very low
summer temperatures and low biological diversity
and productivity. The mean July temperature at
Isachsen is 3˚ C, and only 51 species of vascular
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Figure 7. Main research camp at Isachsen supported
by VECO Polar Resources.

Figure 8. Field camp for the Arctic Field Ecology
course at Isachsen.

Figure 9. Lecture yurt where nightly evening
seminars were presented.

plants grow there. There are no sedge species, nor any woody species growing on zonal
sites. There were few birds and animals present while we were there, but there were
tracks and sign of polar bears, muskoxen, Peary caribou, wolves, arctic foxes, arctic
hares, and weasels. Collared lemmings were common around camp.
The expedition included 5 students that participated in the Arctic Field Ecology course
taught by Bill Gould and Grizelle Gonzalez through the University of Minnesota. The
students actively participated in the research and attended nightly lectures conducted in a
large yurt that was the camp's center of activity. Participants in the expedition came from
Russia, Canada, France, Germany, Puerto Rico, Switzerland, and the US.
The expedition members were: Robin Austin (Antioch New England), Fred Daniels
(Germany), Howard Epstein (University of Virginia), Grizelle Gonzalez (US Forest
Service, Puerto Rico), Bill Gould (US Forest Service, Puerto Rico), Anja Kade (UAF),
Alexia Kelley (University of Virginia), Manny Kudlak (Sachs Harbor, NWT), Constance
Lareau (France), Greta Lewanski (Evergreen State College), Trevor Lucas (Sachs
Harbor, NWT), Nadya Matveyeva (Russia), Olga Makarova (Russia), Gary Michaelson
(UAF), Corinne Munger (UAF), Jordan Okie (Carleton College), Chien-Lu Ping (UAF),
Martha Raynolds (UAF), Maria Rivera (University of Puerto Rico), Vladimir
Romanovsky (UAF), Sharon Rae Spain (VECO Polar Resources), Charles Tarnocai
(Canada), Ina Timling (UAF), Corinne Vonlanthen (Switzerland), Skip Walker (UAF).
Field activities were the same as those in earlier years except with the addition of
expanded soil fauna studies with the participation of Dr. Olga Markorova from the
Severtsov Institute of Ecology and Evolution in Moscow, and expanded vegetation
analysis studies by Dr. Nadya Matveyeva from the Komarov Botanical Institute in St.
Petersburg, Dr. Fred Daniels of the Institue of Plant Ecology at the University of
Muenster, Germany, and Dr. Corinne Vonlanthen from the University of Bern,
Switzerland. These people allowed for a much expanded sampling of the vegetation and
soil fauna at this northern extreme of the gradient.
Education activities
Arctic Field Ecology Course (Bill Gould and Grizelle Gonzalez) Bill and Grizelle:
Please update with information from the 2005 field season.
Arctic Field Ecology class has involved 16 students from the United States, Canada,
France, Brazil, Germany, and Puerto Rico. The class has also involved two graduate
teaching assistants and five Inuit natives including one village elder from Omingmaktok,
Canada in the project. The class has visited the Alaskan Inupiaq village of Nuiqsut,
established a remote camp with local Inuit in the Bathurst Inlet area of Canada, and we
are in the process of developing a youth-elder-science camp for 2005 near Bathurst Inlet.
Seven posters have been presented by students or instructors at national and international
meetings, three students have been invited to present research results at scientific
meetings (Adriana Quijano, Patrick Kuss, Francisco Rivera), three students have been
asked to participate with the research team as graduate and postdoctoral students or as
field assistants.
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The class has offered seminars on the following topics:
The Arctic landscape: Climate, geochemistry, and topography – hierarchical controls on
landscape patterns.
The Arctic ecosystem: The role of temperature, light, nutrients, disturbance, and organisms in above and
belowground ecosystems.
Vegetation ecology: Landscape patterns and ecological controls on community composition.
Cryoturbation: The influence of glaciers, permafrost, snow cover, and freeze/thaw cycles on landforms,
soils, vegetation, and ecosystem processes.
Soil ecology/biology: Soil development and classification, ecosystem processes and soil organisms.
Traditional Ecological Knowledge: Understanding "Nuna" (the land) from Inuit/Inuvialuit/Inupiaq
perspectives.
Global change research: Climate and land-use, detecting environmental change.
Arctic transitions: Extrapolating in space and time – from field measures to modeling.
Biocomplexity: Understanding complex biological systems in the Arctic.
Vertebrate ecology: Behavioral and physiological adaptations to the arctic environment.
Human history and current affairs: Inuit land use, archaeological sites, mining, oil, recreation.

The class has initiated the following research activities:
Frost-boil morphology. How do boil and interboil differences in thaw depth and vegetation cover vary
along the arctic climatic gradient.
Litter decomposition experiments: Linking ecosystem pattern and process in frost-boil ecosystems. How
do litter decay rates vary between boil and interboil areas, above and belowground, and along a
toposequence. Led by Grizelle González.
Biodiversity transects: How do plant biodiversity patterns vary between boil and interboil areas within a
given site and along the arctic climatic gradient. Beta diversity (plant compositional differences) between
boil and interboil areas is greatest in subzone D, where plant diversity is relatively high and barren frost
boil surfaces are distinct from vegetated interboil areas.
Phytosociology studies. Variation in plant communities along climatic and topographic gradients. Student
Patrick Kuss investigated vegetation zonation within snow beds on Banks Island.
Microbial biomass studies. Student Francisco Rivera is investigating variation along climatic gradients as
well as toposequences in microbial biomass related to boil/interboil soils. Led by Grizelle González.
Soil invertebrate studies. How do soil invertebrate diversity, functional groups, and biomass vary between
boils and interboils and along the climatic gradient. Led by Grizelle González.

Summary of REU Activities (Skip Walker and Howie Epstein):
The project has received support for four REU students. In 2002, Ms. Erin Cushing did a
field project examining vegetation and geophysical properties of non-sorted circles on
substrates with contrasting soil pH. She presented a poster at the 53rd Arctic Science
Conference in Fairbanks, entitled “Differences in vegetation and thaw depths of frost
boils and inter-boils in acidic and nonacidic tundra”. The project described differences in
biomass, leaf area index and the normalized difference vegetation index (NDVI) on
acidic and nonacidic substrates, and the information will be used in regional
characterization of the vegetation with complex frost-boil ecosystems. The second REU
student in 2002, Corinne Munger, developed project to characterize the vegetation types
on different glacial systems in the Toolik Lake vicinity. Her work involved the use of the
Toolik Lake Hierarchic Geographic Information System. She was first author on a poster
at the 54th Arctic Science Conference. She is also coauthor on a book chapter that will be
part of the Toolik LTER book. Corinne recently decided to go to graduate school and is
working on a project related to the Biocomplexity project and greening in the Arctic. In
2003, Nathen Pamperin, worked with Andrew Balsar, Toolik Lake GIS Manager, to
analyze geospatial information in the Toolik Lake GIS. His project was to develop a
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method for simulating air-photo ortho-rectification for air photos lacking fiducial marks
and camera models. He was a full participant in the scoping and planning of the field
work and analysis. The method involved collecting field data for ground control and
developing comprehensive ground-control sets on a frame-by-frame basis. A series of
higher-order polynomial transformations were tested for fidelity to the terrain. The end
product is a series of mosaicked, high-resolution air-photo lines for the Toolik Field
Station. He learned remote sensing techniques that he is now employing in his master’s
degree work at UAF.
In 2004, we received REU funds in May, but were unable to recruit a student in time for
the field season. We are still trying to recruit a minority student for this position. The
money for the 2004 REU was carried over and used for a 2005 Student. HOWIE AND
ALEXIA: PLEASE ADD SHORT SECTION ON 2005 REU STUDENT. CITE ANY
POSTERS OR PRESENTATIONS
TREC K-12 teaching opportunity
Stacy Golden participated in the 2004 expedition as a member of Teachers and
Researchers Exploring and Collaborating (TREC) program. Stacy participated in all
aspects of the science field program and prepared daily reports for her students in Sitka.
She wrote this about her experience:
I was given the opportunity to accompany Dr. Walker's research team to Prince
Patrick Island in July of 2004. The trip was amazing and has left a lasting
impression on me as a person and as a teacher. Various aspects of the trip
from the time I left Fairbanks to drive north to Inuvik to our time in
Prince Patrick, and our day trip to Banks Island have proven to be excellent
anecdotes in teaching 8th grade science. I have used a lot of the hard
work, focus, dedication, trouble shooting, and excitement by the team to
relate real world science to the kids and to teach the scientific method to
the kids. I have also used the trip in my Marine Biology class in teaching
the kids about polar areas. The most amazing thing is that although I
specifically use certain parts of the trip in a unit I constantly find
myself relating things to the journey and believe that will always continue.
Most importantly, the trip helped to rekindle my passion for science and
open my eyes to a new world of research which I hope to pass on to my
students for years to come.

Post-docotoral and graduate student studies
Three post doctoral students are wholly or partially supported by the project. Dr. Rorik
Peterson was supported for one year to help develop the differential frost heave model
(Peterson and Krantz 2003, Peterson et al. 2003). Dr. Ronnie Daanan is supported to
develop a model of hydrological processes in frost heave features. Corinne Vonlanthen,
joined the project in summer 2005. One year of her salary is supported by a grant from
the Swiss Government and the Biocomplexity grant will support her for an additional
year. She will work on the classification and ordination of the patterned-ground
vegetation in the High Arctic.
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Seven graduate students are supported. Anja Kade is nearing completion of her Ph.D.
work, which is analyzing the vegetation of patterned ground ecosystems in the Low
Arctic. Part of her thesis is experimentally altering the vegetation cover on nonsorted
circles to determine the effect of vegetation on frost heave and activer-layer thickness.
Another part of her thesis is examining the insulative value (n-factor) of the vegetation
and organic soil on patterned ground. Alexia Kelley is examining the nitrogen cycle of
patterned-patterned ground systems as part of her Ph.D. research. Ina Timling is partially
supported by the grant for her Ph.D. work on mycorrhizal associations along the arctic
bioclimate gradient. Dmitry Nickolsky is developing a Ph.D. project to model the
thermo-mechanical properties of frost-heave features. Corinne Munger has started her
masters thesis research, which is examining the spatial distribution of patterned ground
features on different-age glacial surfaces in the Toolik Lake area, as part of a project that
is examining the spatial and temporal patterns of greening in the region. Patrick Borden,
a Masters student, is examining the soil characteristics and mineralogy across the
boundary of moist acidic and nonacidic tundra at the Sagwon study site. Chunhao Xu is
examining the physical fractionation and biogeochemical character of the deep carbon in
Arctic soils.
WORKSHOPS (Howie Espstein and Skip Walker):
Annual workshops are held each year to focus on the modeling aspects of the project.
There are four major process models under development: (1) the Differential Frost Heave
(DFH) model, (2) the thermo-mechanic frost-heave model, (3) the ArcVeg model, and (4)
a model of ice formation within frost boils. In 2002, the workshop was a traveling
workshop that met at Prudhoe Bay and then visited all the study sites along the Dalton
Highway. The major goals of this workshop were to familiarize all the investigators
including the modelers with the field sites in northern Alaska and to interact with the
students to help them develop biocomplexity-related research projects.
In 2003, 2004 and 2005, three-day modeling workshops were held at the University of
Alaska Fairbanks in mid-March. The focus of both these workshops were to (1)
coordinate the field activities with the needs of the models, (2) develop linkages between
the modeling efforts, (3) develop themes for syntheses efforts in 2006, and (4) plan for
the summer field activities.
Early results of the studies in northern Alaska have been reported in several publications
(Walker et al. 2003; Kade 2005 in press; Kelly et al. 2004; Michaelson et al. in press?).
We have completed processing of the data from Inuvik, Green Cabin and Mould Bay.
Data reports are available for Green Cabin and Mould Bay, and we are in the process of
preparing a data reports for Isachsen and the Dalton Highway transect.
MAJOR FINDINGS
Summary of preliminary results:
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Strength of effect

Conceptual model of small patterned ground formation (Skip Walker and Yuri Shur).
The study initially
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Fitgure 10. Strength of influence of three major processes involved in patterned
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ground formation along the bioclimate gradient.
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Alaska, we found that
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patterned ground
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polygons
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Featureless
Featureless
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Figure 11. Polygenetic origins of small patterned ground features. Pathways of
conceptual model
succession for development of the small patterned ground features (blue
lettering) vary depending on soil texture, position along the bioclimate gradient,
developed by Yuri
and time.
Shur addresses the
relationship between
the permafrost intermediate layer (an ice-rich layer at the top of the permafrost table) and
vegetation succession. We are currently formulating a conceptual model of the
polygenetic origin of small patterned-ground forms that incorporates the ideas of both the
Walker et al. and Shur models (Figs. 10 and 11). The model identifies three primary
processes that create or modify patterned ground forms: frost cracking, differential
heave, and vegetation succession. Each of these processes is strongest in different parts of
the bioclimate gradient. Contraction cracks are most strongly developed in the extreme
High Arctic (subzones A and B). Differential frost heave affects pattern most strongly in
the Middle Arctic areas (subzones C and D) where barren non-sorted circles are mixed
with well-developed inter-circle vegetation. Vegetation has the strongest effect for
stabilizing heave effects in the Low Arctic (Subzones D and E) where vegetation
completely masks contraction cracks and non-sorted circles. Soil texture influences the
form of the patterned ground features in the following ways, again using the terminology
of Washburn (1980): Sorted circles form in rocky soils; earth hummocks in clayey soils;
sorted circles without hummocks in silty soils; and sandy soils are generally featureless
without circles or hummocks (Fig. 11).
Recracking
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Air Temperature and Frost
heave (Vlad Romanovsky). Air
temperatures and ground
temperatures have been
recorded at all sites and will be
reported in a publication once
data are available from
Isachsen. Summer air
temperatures are most critical
for plant growth along the
transect. Figure 12 shows the
general trend in the summer
warmth index (SWI) using the
available data from 2004 plus
long-term means from sites
where data were not available
for 2004.

Figure 12. Summary of Summer Warmth index from the North
American Arctic Transect. SWI is the sum of the mean monthly
temperatures that are above freezing. Most data are from 2004,
except for starred locations where long-term means are presented
because of missing data. 2004 was generally a warm summer along
the transect. (Data from Vlad Romanovsky.)
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Very significant seasonal frost heave
Soil Heave
within the non-sorted circles on the
North Slope. The maximum heave of
25
Centers of PG
non-vegetated circles reaches 20 cm. It
features
20
Between PG
is up to ten times larger than we could
features
15
expect if the heave was generated only
10
by 10% increase of soil water during
freezing. It means that there is very
5
substantial redistribution of soil
0
moisture during the freezing and
extensive ice lenses formation within
the frost-boil system. Frost heave on
the barren silty non-sorted circles is in
Figure 13. Greatest heave was in centers of patterned
the order of 12-20 cm, compared to less
ground features and in the silty loess soils along the
Dalton Highway, (Data from Vlad Romanovsky.)
than 5 cm in well-vegetated inter-boil
areas. Preliminary studies by Su Shun
Li along the boundary between acidic
and nonacidic tundra at the northern edge of the foothills suggest that interferometry
using time sequence of SAR images may offer a means to identify areas with greater frost
heave, and by inference, regions with more frost boils.
Thaw-layer relationships (Skip Walker, et al.). Figure 14 shows the thaw-layer
thickness on and between patterned ground features along the bioclimate gradient. The
greatest thaw occurred in subzones C and D (Green Cabin to Franklin Bluffs). The
shallowest active layers occurred in Subzones A and B, and at the cold coastal site at
West Dock (Subzone C), where peaty soils overlie alluvial gravels, and there are no
patterned ground features. In the Low Arctic of Alaska (Howe Island to Happy Valley),
summer warmth was inversely related to thaw-layer thickness. The seemingly
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paradoxical relationship is
Thaw Layer Thickness
primarily caused by more dense
vegetation toward the south,
Centers of PG features
Between PG features
which insulates and shades the
soils. On Howe Island, at the
northern end of the transect where
the mean July temperature is 4 ˚C,
the mean active layer depths are
65 cm. At Happy Valley, where
the mean July temperature is
about 12 ˚C, the end-of-summer
active-layer depths are about 40
cm. The longer warmer summers
in the southern portion of the
Figure 14. Thaw-layer thickness in the centers and between
patterned-ground features along the transect.
gradient, promotes deeper moss
layers, and more diverse and more active vegetation that is better able to colonize and
stabilize the frost boils. Patterned ground formation in the foothills is consequently much
suppressed.
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Differential Frost Heave Model (Rorik Peterson and Bill Krantz). RORIK AND BILL:
ANYTHING NEW TO REPORT HERE? The differential frost-heave (DFH) model was
developed by Rorik Peterson and William Krantz (Peterson and Krantz 2003, Peterson et
al. 2003). Publications outlining the development of this model have appeared in the
Proceedings of the 8th International Permafrost Conference and in the Journal of
Glaciology. The DFH model considers geophysical self-organization owing to a
symmetry-breaking mechanism associated with seasonal or diurnal freezing of water-rich
soils. The DFH model is based on linear stability theory whereby one explores whether
the one-dimensional freezing process is stable to small perturbations. These small
perturbations could be in the form of heterogeneities in the soil properties, variations in
the ground or snow cover, or fluctuations in the ecosystem variables such as the wind
speed or air temperature. A small perturbation can cause a corrugation in the ground
surface and underlying frost-penetration front. This in turn can increase the heat transfer
from the system owing to a minute increase in the surface area. This causes a
corresponding acceleration in the rate of freezing accompanied by an increase in the
capillary suction that draws unfrozen water upward. However, a perturbation can be
unstable only under certain conditions with respect to the soil and ecosystem variables.
The DFH model can predict the conditions required for differential frost heave to occur.
The latter can be manifest in the form of frost boils, earth hummocks, sorted stone
polygons, and other forms of patterned ground. The model predicts that patterned ground
forms emanating from DFH are more likely to form in silty soils that provide an optimal
combination of permeability and significant capillary suction. The modeling work to date
has focused on linear stability theory that is capable of describing the conditions required
for the inception of patterned ground formation and the characteristics of the patterns that
initially form. Future work on the DFH model should focus on solving the evolution
equations for the nonlinear problem. It would also be of value to incorporate into the
linear DFH model the effects of the desalting that occurs upon freezing of water drawn
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up owing to capillary suction. The basic physics behind the DFH model appear to be
valid, but the current model can only be used for predicting conditions at the inception of
frost-boil formation in situations with homogeneous topography and homogeneous soil
conditions and no vegetation cover. The self organization of the frost boils into their
existing forms involves more factors than are currently accounted for in the model.
Patterned-ground forms are the product of interactions between the climate, soils,
vegetation, and ice-lenses. Once hetrerogeneities develop, the problem becomes much
more complex. We, therefore, were not able to validate the DFH model from field
observations and the focus shifted to developing a numerical model of frost heave.
Thermo-mechanical and hydrological frost heave models (Vladimir Romanovsky,
Dmitry Nickolsky, Gennadiy Tipenko, Ronnie Daanan). Strong progress has been made
on a sophisticated 2-D frost-heave
Displacement of the ground surface
numerical model with radial symmetry
No additional insulation
as part of a Ph.D. thesis project of
2 cm
Dmitry Nickolsky (Nickolsy et al.
4 cm
2004). The model addresses how
6 cm
changes in surface conditions such as
8 cm
vegetation, snow cover and climate
affect the seasonal dynamics of water
10 cm
and heat within frost-boil systems (Fig.
15). A coupled thermo-mechanical
Between
Non-sorted
model is based on principles of
circle area
circle
thermodynamic
equilibrium
and
Distance from the center of a circle, m
continuum mechanics. Comparison Figure 15. Examination of the effects of vegetation on the
between the first results of this model heave properties of silty soils. The analysis contrasts the
in the centers of non-sorted circles with varying
and measured soil temperature and heave
depths of vegetation insulation vs. the area between the
moisture dynamics show a good circles that already have deep moss insulation. (Nickolsky
agreement. VLAD: PLEASE UPDATE et al. in progress).
PROGRESS ON THE THERMO-MECHANICAL MODEL.
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Another model being developed by Ronnie Daanan, Debasmista Misra, and Howie
Epstein examines the hydrology of non-sorted circles.
The WIT3D physical relations are the non-linear Richard’s equation for liquid water
movement of variably saturated soils and Fourier’s law for heat transfer with convection.
Phase change is determined trough the General Calpeyron equation which shows the
equilibrium conditions between the liquid water temperature, liquid water pressure and
the ice pressure. When the soil temperatures change the phase change will be corrected
accordingly. When both liquid water and ice are present in the soil then the liquid water
pressure, which determines liquid water flow, can be directly related to the temperature
of the soil. The amount of ice formed is calculated through a constitutive relation
between the liquid water pressure and the liquid water saturation of the soil, also known
as the water retention curve. The result of this model is a three dimensional field of
temperatures and ice contents in the freezing active layer.
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The upper boundary is treating the air temperature with a dynamic insulation layer. The
domain boundary temperature is determined through and iterative solution of the heat
flux through the upper layer of the soil and the heat flux through the dynamic insulation
layer. The insulation layer is updated between freezing periods. These periods are 30
days for freezing under measured air temperature conditions, where the total active layer
is frozen after the 30 day period. The update is based on vegetation type biomass that was
calculated with ArcVeg. The Biomass of each square simulated for each type is converted
to an insulation factor through a unique parameter per vegetation type. Within this
insulation value it needs to be considered that each vegetation type has its own insulation
capability and each plant affects the micro climate differently. Snow is an important
aspect for insulation during the freezing period and snow is trapped by vegetation due to
its wind breaking ability.
The combination of the two models WIT3D and ArcVeg gives an opportunity to have
two processes interact: the vegetation development and the movement of liquid water
through the active layer based on differential insulation at the soil surface. Considering
the time needed for vegetation
succession, it is necessary to
simulate many freezing periods
so that the vegetation can adapt
to the calculated heave pattern
and visa versa. We will use a
variable time for development
of the vegetation. This means
that each simulation starts with
a completely randomized
vegetation development for a
single year, calculate the heave
pattern and simulate further
vegetation growth with that
particular heave pattern, the
Figure 16. 3-D simulation of formation of non-sorted circles in
using the WIT3D/ArcVeg model. The modeling visualization is
growth of vegetation increases
done in the Arctic Regional Supercomputer Center’s Discovery Lab
the insulation at the soil surface
at UAF.
and results in greater
differential cooling of the active layer and a new heave pattern can be calculated. The
pattern develops until the liquid water is distributed equally between the non-sorted
circles after freezing is complete.Liquid water movement in the active layer during the
freezing process causes areas of ice accumulation. Water and energy fluxes are limited by
the physical characteristics of the soil and therefore control where ice is formed. In a
simplified representation of the system, ice accumulation is occurs along temperature
gradients induced by the vegetation and organic matter, which act as an insulation mat
between the above- and below-ground environment. The model simulates a systematic
pattern of the vegetation, similar to a pattern found in a natural situation. Water
redistributes within the active layer during freezing. The redistribution of liquid water
from the vegetated to the bare soil causes a greater ice accumulation in the bare soil areas
and a greater amount of heave. Simulated climate warming reduces the movement of
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water in the active layer during freezing and the potential changes in vegetation reduce
the water movement even further.
Turf-hummock formation (Charles Tarnocai). CHARLES, PLEASE UPDATE. Turf
hummocks are small 11-20 cm high, 18-50 cm diameter mounds that commonly form on
slopes in Arctic terrain. They appear to be related to the small nonsorted polylgons that
form on flat surfaces. This study characterizes the hummocks and examines their genesis
and the role they play in arctic ecosystems. A hypothesis of four stages in turf-hummock
formation has been developed (Tarnocai and Walker 2005). The hummocks are initiated
from small nonsorted polygons on flat surfaces. On hill slopes the polygons develop into
small mounds through the erosion of the cracks and deposition of eolian material on the
centers of the polygons. Vegetation on the hummocks (Dryas and Cassiope and mosses)
traps eolian material, thereby increasing the relief of the hummock. Radiocarbon dates
from buried organic-rich layers in turf hummocks at Green Cabin varied from 450 to
2060 y BP.
Snow (Anja Kade and Skip
Walker). Snow depths have been
measured along the Alaska portion
of the gradient every spring for the
past four years. Snow depths
increase from the coast inland.
Average end-of-winter snow depths
at West Dock have been about 15
cm during this study, and depths at
Happy Valley have been about 50
cm. There is also inter-plot
variation in snow depth and snow
density related to the microrelief
associated with the frost boils.
Figure 16. Excavated non-sorted circle in winter at Sagwon. In
summer this same circle is flat. Note the shallow snow depth
Insulation caused by deeper snow
and thinner depth hoar (denser snow pack) above the mound,
results in warmer soil-surface
which results in colder ground surface temperatures and
temperatures during the winter of
greater heat flux on the circle.
heave features (nonsorted circles
and hummocks) and the surrounding tundra. The inter-circle areas areas generally have
thicker depth-hoar layers than the barren nonsorted circles. Dwarf shrubs and sedges
growing in the stable tundra areas between the circles create voids in the snow and appear
to promote the development of depth hoar. Consequently, the overall snow density is
lower above the stable tundra than above the heave features.
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The winter studies have also permitted examination of the heave features during winter
(Fig. 16). These features are not normally visible due to snow cover. Excavation of nonsorted circles that are flat during the summer reveals well-developed mounds in the
winter. Consequently, the maximum snow depth is generally shallower on the heave
features than on the adjacent tundra.

C-Stores (kgOC m3)

Soils (Chien Lu Ping and Gary
Michaelson) CHIEN-LU AND GARY:
PLEASE ADD ANY NEW
INFORMATION
Cryoturbation plays a controlling role in
carbon sequestration across a bioclimate
transect from Subzone A to the boreal
forest in Arctic Canada and Alaska. The
forms of cryogenic surface
features/patterns that are expressed at the
surface result in differing carbondistributions throughout the soil profile.
Figure 16. Soil pit dug to 1 m depth in Subzone E showing
that over half of the total organic carbon is in the profile is
The soils of hummock features tend to
in the permafrost. This carbon has been moved by
store more C in the upper permafrost than locked
crytoturbanion from the suface.
in the active layer whereas carbon
Recent Findings (Ping et al., 1992-2005)
60
sequestered in nonsorted circles is more evenly
50
divided between the upper permafrost and the
Active Layer
40
Permafrost
surface active-layer. This could result in
30
differing impacts and feedbacks to the carbon
20
balance of these ecosystems under changing
10
0
climate conditions.
A
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Two types of heave features occur at the
southern end of the gradient. The first are
small, less than 30-cm diameter, barren patches
that form between tussocks. These are often
wet sites, and boils have abundant cryptogamic
crusts composed primarily of liverworts (e.g.,
Anthelia juratzkana). The other forms are wellvegetated relatively large 1-2-m diameter,
stable hummocks. The latter appear to be
remnants of formerly large active frost boils.
These features have soils with thin A horizons
and relatively shallow O horizons compared to
the inter-frost boil areas. Active layer depths
on these features is over 50 cm compared to
about 30 cm in the inter-hummock areas. Frost
boils were once probably much more common
in the southern portion of the region when the
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Figure 17. Past estimates of carbon stores in moist
zonal sites have been in the neighborhood of 20 kg OC
m-3, but these estimates are based on information from
only the active layer. Estimates from pits dug to 1-m
depth (standard SCS protocols) in subzones C, D, E
(upper diagram) indicate that there is at least twice as
carbon in these soils, and there is also considerably
more carbon in the dry and sparsely vegetated sites
than has been previously estimated.

vegetation was less dense (e.g., late-Pleistocene). C14 dates from the base of the organic
horizons are not yet available.
Cryptobiotic crusts composed of lichens, small mosses, liverworts and algae species of
are of considerable importance for stabilizing the barren soils and for nitrogen fixation.
Studies of the taxonomy of the crusts and characterization of the soil properties have been
initiated (Michaelson et al. 2002, and 2005 submitted). Soil mineral substrates and their
chemical character have important influences on the nature of soils under both
cryptobiogic crusts and for bare-surface soils. Crusts developed on boils with calciumrich (nonacidic) substrates as those found on the coastal plain accumulate Ca salts at the
surface of the crust and in vegetated areas whereas the bare areas of the boil show even
distribution of Ca near the surface consistent with more active and mixing of seasonal
frost processes. Areas with significant sodium in soil substrates (i.e., coastal areas or
other areas with marine sediments) show salt redistribution effects with frost boil
formation. This redistribution of salts could be contributing to persistence of the surface
vegetation pattern with accumulation of sodium in the bare boil centers and segregation
of calcium under crusts developed on the edges and inter boil areas. Perhaps the most
important impacts of crust and vegetation mat establishment result from the accumulation
of OC, N, acidity and nutrients in the soil system affecting soil fertility. An important
direct and immediate result of SOM cycling in crusts is the release of soil acidity
(protons). In soils from more temperate regions these processes work primarily from the
surface down or a static horizontal layering of soil horizons. But for systems associated
with nonsorted circles, the surface effects are mixed to depth (down as far as the top of
the permafrost table) and affect the physiochemical dynamics of the whole active layer
over a longer time.
Two students are developing soils theses. Patrick Borden is examining soils on deposits
across the boundary of Moist Acidic Tundra (MAT) and Moist Non-Acidic Tundra
(MNT) in Alaska’s Arctic Foothills. The differences seen today in soil exchange
complexes, mineralogy and clay mineralogy of corresponding soil horizons can be
attributed to changes caused by acidification, biochemical and physical weathering. The
natures of the soil exchange complexes and clay mineralogy are affected by nonsorted
circle (frost boil) development and vegetation succession between the MAT and the
corresponding horizons of MAT and MNT. Chunhao Xu is examining the the distribution
and turnover rates of deep soil organic carbon in arctic tundra soils. Soil organic carbon
storage in arctic tundra soils was found to be nearly double the amount estimated in
previous studies due to increased excavation depth to include the cryoturbated carbon in
lower active layers and upper permafrost at 60-120 cm. The turnover rates are estimated
by using stable isotope 13C, 15N, 13CNMR spectroscopy and the 14C dating, coupled with
physical and chemical fractionation.
Vegetation (Anja Kade, Skip Walker, Tako Raynolds). Vegetation analysis has been
completed for the Low Arctic portion of the gradient (Kade et al. 2005 in press).
Vegetation cover, biomass, and the normalized difference vegetation index increase along
the temperature gradient from north to south (Walker et al. 2003). Landscape
heterogeneity is maximum in Subzone C. where non-sorted circles have large barren
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patches 1.5 m in diameter, with only a few widely scattered high-arctic forbs and grasses
and the inter-circle areas At the southern end of the gradient (subzone E), the mean size
of frost boils is 30 cm, are generally well vegetated with many hypoarctic shrubs and
mosses. The percent cover of recognizable frost boils (bare soil and vegetation associated
with the rims of nonsorted circles) decreases from about 70% at Howe Island to about
10% at Happy Valley. Bare soil decreases from about 25% to less than 1%. Vascular
plant diversity and height increases toward the southern portion of the coastal plain. Moss
biomass increases from 100 g m-2 at West Dock to nearly 500 g m-2 at Sagwon. The
tussock tundra at Happy Valley has much taller plants (30-40 cm) compared to the sedge,
prostrate dwarf-shrub tundra at the coast (less than 10 cm). There is greater cover of nonsorted circles north of the major vegetation boundary at the northern edge of the foothills.
This boundary is also a boundary between acidic and nonacidic soils.
We established 117 relevés in frost-heave features and surrounding tundra and classified
the vegetation according to the Braun-Blanquet sorted-table method. We identified four
communities and five associations, three of which are newly described. We used
Detrended Correspondence Analysis to analyze relationships between vegetation and
environmental variables. The ordination displayed the vegetation types with respect to
complex environmental gradients. The first axis of the ordination corresponds to a
bioclimate/pH gradient, and the second axis corresponds to a disturbance/soil moisture
gradient. Frost-heave features are dominated by lichens, whereas the adjacent tundra
supports more dwarf shrubs, graminoids and mosses. Frost-heave features have greater
thaw depths, more bare ground, thinner organic horizons and lower soil moisture than the
surrounding tundra. The morphology of frost heave-features changes along the climatic
gradient, with large, barren nonsorted circles dominating the northern sites and vegetated,
less active earth hummocks dotting the southern sites.
We experimentally studied the influence of the plant canopy and plant functional types
on cryogenic activity (Kade et al. 2005a, and submitted). We selected twenty-eight
similar nonsorted circles at a moist nonacidic tundra site in northern Alaska. An area of
0.5 m2 was marked in the center of each plot and received one of four treatments. (a)
Vegetation removal. (b) Vegetation removal and graminoid transplants. (c) Vegetation
removal and transplanting a moss carpet. (d) No manipulation. We monitored soil-surface
temperature, frost heave, thaw depth and soil-surface stability. Vegetation removal led to
greater heat fluxes at the soil surface, increasing frost heave by 4.2 cm and thaw depth by
3.1 cm when compared to the control plots. The soil-surface stability was reduced. In
contrast, moss plots showed reduced soil temperatures in the summer and delayed
freezing and thawing. When compared to the control plots, moss treatments decreased
frost heave by 5.0 cm and thaw depth by 8.8 cm, and the soil-surface stability was
increased. The sedge seedlings in the graminoid plots did not expand their root systems
during the experiment, presumably due to frost heaving and needle-ice formation. This
study suggests that biomass increases due to global warming could suppress frost heave
and active-layer thickness significantly in parts of the bioclimate gradient, especially
where canopy cover is currently open.
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A study of the insulation effects of the vegetation and soil organic matter has used a
modified version of the n-factor (Kade et al. 2005b, and submitted). ANJA and TAKO,
PLEASE MODIFY THIS AND INCLUDE CITATIONS FOR YOUR
PRESENTATIONS AT EUCOP AND AGU, AND THE PAPERS YOU HAVE
SUBMITTED. THERE NEEDS TO BE MENTION OF THE MAPPING EFFORT. A
COUPLE GOOD FIGURES OF RESULTS WOULD BE A GOOD ADDITION.
Dr. Nadya Matveyeva from the Komarov Botanical Institute in St. Petersburg, Dr. Fred
Daniels of the InstituTe of Plant Ecology at the University of Muenster, Germany, and
Dr. Corinne Vonlanthen from the University of Bern, Switzerland participated in the
2005 vegetation studies at Isachen, which allowed a much expanded sampling of the
vegetation at this northern extreme of the gradient. The focus of research in the coming
year will be classification and ordination of the High Arctic vegetation, and synthesis of
the data from the full gradient.
Nitrogen cycling (Alexia Kelley and Howie Epstein). Studies of the nitrogen cycle in
non-sorted-circle ecosystems along the arctic bioclimatic gradient are quatifying nitrogen
in important pools (such as soil organic nitrogen, plant-bound nitrogen, and available
nitrogen in the soil) as well as important fluxes (such as nitrogen mineralization and
fixation). To date we have visited seven sites and have collected and begun processing
samples from all of these sites. Initial results indicate large differences between nitrogen
content in non-sorted circles as compared to the adjacent inter-circle tundra. Rates of net
nitrogen mineralization vary between non-sorted circles and inter-circle tundra and also
along the bioclimatic gradient. The differences appear to be driven by organic matter
content as well as climate (with greater microbial-driven mineralization and
immobilization in the inter-circle tundra and at the lower, warmer latitudes). Plant
biomass is greater in the more southern sites, and also in the inter-circle tundra (as
compared to the on the non-sorted circles). HOWIE AND ALEXIA, PLEASE UPDATE.
Remote sensing (Howie Epstein). HOWIE: PLEASE ADD YOUR NDVI DATA. A
GRAPH WOULD BE GREAT.
Decomposition (Grizelle Gonzalez). Litter decay rates are surprisingly high at the cold
High Arctic sites. At Mould Bay, Luzula nivalis decayed significantly over time (10 %
mass loss / yr) and decayed faster in the inter-circle areas than in the circles, (but not yet
significantly different at p = 0.05). At Green Cabin, C. misandra decayed significantly
over time (15 % mass loss / yr), but showed no effect of position. It decayed faster below
the surface compared to the soil surface. Total microbial biomass, using Substrate Induce
Respiration (RIS) was not significantly different for Green Cabin and Mould Bay.
Bacterial counts are greater in MB than in GC at low T (from MPN – 7 ºC). However, at
high temperatures there is no difference in bacterial counts between MB and GC (from
MPN – 25 ºC); but then differences in position could be more evident. GRIZELLE:
PLEASE UPDATE.
Mycorrhizae (Ina Timling): On Prince Patrick Island, roots of 28 vascular plant species
have been collected along a moisture gradient from dry to wet. The mycorrhizal status of
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these plant species and the identity of the fungal symbionts will be determined by
microscopy and molecular methods. Ectomycorrhizal plant species, Dryas integrifolia,
Salix arctica and Polygonum viviparum were morphotyped. Salix arctica showed the
highest diversity of morphotypes, with eight morphotypes at the mesic site and nine at the
dry site. For Dryas integrifolia three morphotypes were identified for the mesic site and
seven for the dry site, while Polygonum viviparum occurred only at the wet site, with 4
different morphotypes. On Banks Island, two ectomycorrhizhal species, Dryas
integrifolia, Salix arctica, were sampled and morphotyped. The morphotype diversity
was greater than on Prince Patrick Island, with 11 morphotypes in the dry and mesic sites
for Salix arctica and 10 (mesic) and four (dry) morphotypes for Dryas integrifolia. All
morphotypes will be identified with molecular methods (DNA extraction, PCR with
fungal specific primers, LSU and ITS sequencing). Fungal fruiting bodies were collected
on Prince Patrick Island. Eleven taxa were collected. They comprise decomposing Ascoand Basidiomycetes. INA: PLEASE UPDATE.
Invertebrates (Grizelle Gonzalez and Olga Markarova). At Mould Bay, the invertebrate
studies have found four taxonomic groups in the pitfall traps. Acari and collembolans
dominate the fauna active at the surface, and there is no significant difference between
circles and inter-circle areas in the total number or composition per trap for these groups.
However, the activity of particular groups is different in circle and intercircle areas. For
example, collembolans are more active in the circles than the intercircles, while mites
show the opposite pattern. GRIZELLE: PLEASE UPDATE AND INCLUDE
INFORMATION FROM OLGA’S STUDIES IF POSSIBLE.
The ArcVeg model (Howie Epstein). We are currently working towards incorporating
non-sorted circles into the ArcVeg model (Epstein 2005). This has been done by creating
a small program within ArcVeg that stochastically generates non-sorted circles by
following physically based rules. We have also included an “insulation” effect of
vegetation on heave, and a disruptive effect of heave on plant biomass. The next steps
will be to adjust rates of nitrogen fixation within the model and to examine the
development of plant communities both on and off of non-sorted circles as new
landscapes develop (i.e. without stored organic nitrogen). HOWIE: PLEASE UPDATE.
PUBLICATIONS
Journal publications and published abstracts (* - not included in the FastLane
Version of this report):EVERYONE: PLEASE ADD ANY NEW
PUBLICATIONS INCLUDING PRESENTATIONS AT THE 2005 AGU
MEETING.
Chappell, G. G, B. Brody, P. Webb, J. Chord, V. Romanovsky, and G. Tipenko, Virtual
Reality Visualization of Permafrost Dynamics Along a Transect Through
Northern Alaska, Eos Trans. AGU, 85(47), Fall Meet. Suppl., Abstract C43B0231, 2004.
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* Epstein, H.E., J. Beringer, C. Copass, W. Gould, A. Lloyd, F.S. Chapin III, C.L. Ping,
G. Michaelson, S. Rupp and D.A. Walker. 2004. The nature of spatial transitions
in arctic ecosystems. Journal of Biogeography, 31:1917-1933.
* Epstein, H.E., M.P. Calef, M.D. Walker, F.S. Chapin III, A.M. Starfield. 2004.
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decadal time scales. Global Change Biology 10:1325-1334.
Gould, W.A., A. Quijano, G. Gonzalez and D.A. Walker. 2003. Variation in frost-boil
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Eos Transactions. AGU Fall Meeting Supplement, 85: F277.
Jia, G. J., Epstein, H. E., and Walker, D. A., 2003: Greening of arctic Alaska, 19812001. Geophysical Research Letters, 30, 2067, doi: 10.1029/2003GL1018268.
*Kade, A., V. E. Romanovski, and D. A. Walker. 2006 submitted. The Nfactor along a climate gradient in patterned-ground ecosystems.
Permafrost and Periglacial Processes.
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soils in cryoturbated tundra along a bioclimate gradient in the Low Arctic, Alaska.
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