
Biocomplexity of frost-boil ecosystems �
�


Frost boils on Howe Island, AK 

Principal collaborators:

Donald A. (Skip) Walker, 

University of Alaska 
Fairbanks

Howard E. Epstein, 
University of Virginia

William A. Gould, 
International Institute of 
Tropical Forestry, San Juan, 
PR

William B. Krantz, University 
of Cincinnati

Genadiy Tipenko, Univerisity 
of Alaska Fairbanks

Chien-Lu Ping, Uinversity of 
Alaska Fairbanks

Vladimir Romanovsky, 
University of Alaska 
Fairbanks

Marilyn D. Walker, 
University of Alaska 
Fairbanks



Geomorphology of frost-heave patterned ground forms

Frost boil: “a patterned ground form that is equidimensional in 
several directions with a dominantly circular outline which lacks a 
border of stones…”  

van Everdingen 1998 
. 

Sorted circles

Nonsorted circles
Figures from Washburn 1980



Frost boil ecosystems: central goal
To better 
understand the 
complex linkages 
between frost 
heave, 
biogeochemical 
cycles, vegetation, 
disturbance, and 
climate across the 
full Arctic summer 
temperature 
gradient in order 
to better predict 
ecosystem 
responses to 
changing climate 
and land use.

Frost boils in a network of ice-wedge polygons 
Howe Island, Alaska 

 



Satellite Bay, Prince Patrick I. 

Bernard R., Banks Island 

Mould Bay, Prince Patrick I. 

Kurishka, Kolyma R., Russia 

Examples of frost boils and hummocks in different climates



Why focus on frost boils?

1.  The processes involved in the self-organization of frost-boil 
landscapes are not adequately understood. 

2.  The complex linkages between ice-lens formation, soil 
biogeochemical cycling, vegetation, and climate are poorly 
understood. 

3.  The role of these systems at regional and global scales has not 
been studied. 



Complexity questions
•  Self organization.

–  How do patterns of frost boils and vegetation form?
–  How do frost-boils and associated ecosystems change along the 

arctic climate gradient?
•  Complex adaptive systems.  

–  How has the vegetation adapted to difference in temperature and 
the level of disturbance along the climate gradient?

–  How does the vegetation affect the microclimate, ground ice, 
disturbance, and soils of frost boils along the Arctic climate 
gradient?

•  Scaling issues. 
–  What are the emergent properties of frost-boil systems at different 

scales. Important controls and effects at different scales?
–  How do frost boils affect trace gas fluxes, hydrological systems, 

and patterns of wildlife at large spatial scales? 



I. Self-organization of frost boils:�
 Frost heave features and vegetation change their form across the arctic 

temperature gradient 

A
B
C
D
E

Arctic bioclimate subzones Sub-
zone

Mean 
July 

tempera-
ture (˚C)

Dominant plant 
growth forms

A 2-3 Cushion forbs,
mosses, lichens

B 3-5 Prostrate dwarf 
shrubs

C 5-7 Hemi-prostrate 
dwarf shrub, 

sedges
D 7-9 Erect dwarf 

shrubs, sedges 
mosses

E 9-12 Low shrubs, 
tussock sedges, 

mosses

From the Circumpolar Arctic Vegetation Map, in prep. 



Hypothetical series of “frost-boil” forms along the �
arctic bioclimate gradient

Modified from Chernov and Matveyeva 1997 

II III IV V Va VI VII VIII
Frost-boil forms

Bioclimate subzones
A D ECB

     Number of polygons
Subzone   per 10 m2


A  Hundreds?
B  90-150
C  30-60
D  20-30
E  ?

•  Increased size and spacing of frost-
boils toward the south.

•  Greater contrast between the frost-boil 
and inter-boil areas toward the south.



“Spotted” tundra of Subzones C and D �
•  Best developed where the mean July 

temperature is 5-9˚ C. 
•  These features are best developed in silty 

soils. 
•  1-3 m diameter circles.
•  20-30 frost boils/ 10 m2

Subzone C, Howe Island, Ak 

Subzone D, Kuparuk oil field, Arctic Coastal  
Plain, Alaska 



Ice lenses drive frost heave 

•  Numerous closely spaced lenses form as 
the soil freezes downward from the surface. 

•  The increased volume due to the ice causes 
heave.

Ice lenses



Differential frost heave: a 
function of the number of 

and size of ice-lenses

Inter-
boil

Frost�
boil

20 cm organic mat
•  Deep organic layer of inter-
frost-boil areas insulates the soil 
reducing the active-layer 
thickness and hence the number 
of lenses and the amount of 
heave. 
•   Cryostatic suction may pull 
water from the interboil areas to 
increase the amount of heave in 
the frost boil. 



Differential Frost Heave (DFH) model of frost-boil self-
organization (Peterson and Krantz 1998)

Figure 8. Soil movement as a result of differential frost heave within a

frost boil, as predicted by the DFH model (Peterson and Krantz, 1998).

Arrows indicate direction of soil movement, with a net soil migration to

the boil surface.

•  DFH is a physically based model that provides 
considerable insight to the self-organization process 
in frost boils.
 
•  Heat preferentially escapes from the surface at high 
points (bumps) in the surface. These high points then 
becomes sites of increased ice-lens development, and 
more heave. 

•  The spacing of the surface bumps are controlled 
by mechanical properties of the  soil (e.g., texture, 
active layer thickness).

•  Theoretically, frost boils should be more closely 
spaced in shallowly thawed soils.

•  Vegetation and/or snow cover can affect the amount 
of heave and the spacing of frost boils by changing 
the soil surface temperature and the active layer 
thickness.



Measuring frost heave

Vlad Romanovsky: Proud 
inventor of heavometer 

1      2     3     4      5              6      7       8     9      10



Experimental alteration of vegetation canopy to examine 
effects of vegetation on active layer and frost heave�

Ph.D. project of Anja Kade

Control 

 

Vegetation Removal 

Moss Carpet Transplants 

Graminoid Transplants 

Response Variables:   Frost Heave, Thaw Depth, Soil Moisture, Soil Temperature
  



Soil

Vegetation Ice Lenses

II. Complex adaptive systems
The frost-boil system 



Ice Lenses Vegetation  

Soil  

I. Cold climate (subzone A) 
Frost boils Inter-frost boil 

Ice Lenses Vegetation  

Soil  

Hypothesized response 

•  Physical processes dominate in 

both frost boils and interboil 
areas.

•  Low cover of plants on frost 
boils and inter-frost-boil areas)

•  Little differential heave, poor 
development of frost boils.



Subzone A: Satellite Bay, Prince Patrick I. 

Hypothesized responses to climate:



Ice Lenses Vegetation  

Soil  

Ice Lenses Vegetation  

Soil  

II. Moderate climate (subzone C) 
Frost boils Inter-frost boil 

Hypothesized response 
•  Physical processes dominate on 

frost boils.
•  Biological processes dominate 

in the interboil areas.
•  Maximum differential heave, 

and maximum expression of 
frost boils.



Howe Island, Alaska 



Ice Lenses Vegetation  

Soil  

Ice Lenses 

Vegetation  

Soil  

Warm climate (subzone E)  
Frost boils Inter-frost boil 

Hypothesized response 


•  Biological processes dominate 
in the boil and interboil areas.

•  Plants cover both boil and 
interboil areas.

•  Little differential heave, and 
poorly developed frost boils.



Happy Valley, Alaska 

Vegetation  



Bioclimate transect spanning five Arctic 
bioclimate subzones

Alaska transect (6 sites)

•  Dalton Highway: 6 
sites spanning three 
subzones.

•  Canada: 6 proposed 
sites spanning 5 
subzones.

Cape Isachsen

Banks Island

Mould Bay

N. Tuktoyaktuk Peninsula
Tuktoyaktuk 

Satellite Bay



Arctic Slope Grids

Subzone C: 

Howe Island 

West Dock 

Subzone D: 

Deadhorse 

Franklin Bluffs 

Sagwon MNT 

Subzone E: 

Sagwon MAT 

Happy Valley 

 

Happy Valley Grid 



Mapping frost boil 
systems


Aerial Photos

Deadhorse Franklin Bluffs

Howe Island

Happy ValleySagwon MAT

Sagwon MNT(2)

Subzone C 

Subzone D 

Subzone E 



Deadhorse Franklin Bluffs

Sagwon MAT Happy Valley

Howe Island

Vegetation/Land cover

Sagwon MNT (2)



Land Cover by Site (%) 
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Interscar

Vegetated frost scar

Bare ground

Less bare ground, more homogeneous landscapes with 
warmer climate



Snow Depth
April 2001



•  Snow has a major effect on 
winter soil surface temperature 
and presumably on frost heave.

•  The DFH model predicts an 
an optimal snow depth for 
frost heave (about 20 cm)

Snow Depth (cm)

Deadhorse Franklin Bluffs

Sagwon MAT

Sagwon MNT (2)

West Dock

Subzone C 

Subzone D 

Subzone E 



August 2001

Deadhorse

Howe Island

Franklin Bluffs Sagwon MNT (2)

Sagwon MAT Happy Valley

Thaw Depth (cm)

Active-layer Depth

Subzone C 

Subzone D 

Subzone E 



Active Layer Thickness (cm) - Aug 2001  
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Active layer thickness is not well correlated with summer warmth. 



III. Scaling issues: 

Manifestation of frost-boils at different spatial and temporal scales

 Spatial-temporal hierarchy of frost boil sub-systems
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Fine spatial scales: Needle-ice formation 
(Pipkrakes)

Photos: Outcalt 1971; Davies 2001 



Cottage cheese soil

Needle-ice consequences

Braya bartlettiana and root



Individual frost-boil scale: Biogeochemical cycling within frost-boil soils 

•   Frost-boil model 
(FBM, Tipenko and 
Romanovsky) will 
examine movement 
of heat, water, and 
nutrients within 
frost boils.



Bernard River vicinity, Banks Island 

Landscape scales: diversity associated with mosaics of 
frost boils



Manifestation at regional scales

Subzone C 

Subzone E 

Subzone D 

MaxNDVI
<0.03

0.03-0.14
0.15-0.26
0.27-0.38
0.39-0.50
0.51-0.56
0.57-0.62

>0.62


Acidic/nonacidic  
soil boundary 

•   Boundary between bioclimate subzones C and D corresponds to a major spectral boundary 
on remotely sensed images.

• North of the boundary:
•  Higher soil pH
•  More frost boils
•  Fewer shrubs, and shorter plants

Maxium NDVI 1992 and 1995 



Effects of frost boils on a variety of 
ecosystem properties

•  Previous studies suggest that compared to acidic tussock tundra, frost-boil 
ecosystems have:

–  Deeper active layers 
–  Greater heat flux
–  Less CO2 uptake 
–  Less methane flux
–  More diverse floras
–  Less secondary metabolites in the plants
–  More nitrogen and calcium in the plants
–  Fewer tussocks, thinner moss carpets

Based on studies by Chapin et al. (1998), Nelson et al. (1998),  
and Reeburgh et al. (1998), Walker et al. (1998), Gough et al. (2000) 



What effect do these factors have at regional and global 
scales?  

Humans 

Atmosphere Hydrologic 
System 

Frost-boil system 

Wildlife 

Ice Lenses Vegetation  

Soil  



www.geobotany.uaf.edu/cryoturbation/


