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NSF Biocomplexity in the Environment (BE)
Initiative

» Sresses the richness of biological systems and their capacity for adaptation and self-
organizing behavior.

» Emphasizes research with:
(a) a high degree of interdisciplinarity;
(b) a focus on complex environmental systems that include interactions of non-
human biota or humans; and
(c) a focus on systems with high potential for exhibiting non-linear behavior.

*Emphasi zes, quantitative modeling, simulation, analysis, and visualization methods
are emphasized, integration of research and education, and a global perspective.

*Fivetopical areas. 1. Dynamics of Coupled Natural and Human Systems (CNH); 2.
Coupled Biogeochemical Cycles (CBC); 3. Genome-Enabled Environmental Science
and Engineering (GEN-EN); 4. Instrumentation Development for Environmental
Activities (IDEA); 5. Materials Use: Sience, Engineering, & Society (MUSES).



What are frost boils?

SEETCH

Frost boil: “a patterned ground form that is equidimensional in
severa directions with adominantly circular outline which lacks
aborder of stones...”

van Everdingen 1998

* Frost “boil” is amisnomer because no “boiling” isinvolved.
* Closest term in Russian is Piyatnoe medalion - “frost
medallion”

» Moroznoe kepenie - frost churning due to needle-ice
formation.

* Also “frost scar”, “mud circle”, “mud boil”,
circles’

* Pyatneestaya tundra: “ spotted tundra’ in Russian

nonsorted

Figures from Washburn 1980
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‘Why focus on frost boils?

. They form repeating assemblages of - = " \ i
disturbed and undisturbed patches of — et —
vegetation across the entire arctic ‘ e s s e
climate gradient, and are thus ideal R
natural system to study the response — - T
of disturbed and undisturbed tundra 25 =SS =
to climate change. e,

. The role of frost boilswith respect to < aSns o
biogeochemical eycling, carbon e
sequestration and a-whole host of ST
ecosystem processes is poor ly known.

Theprocessesinvolvedintheself-
organization of frost-boail Iandscapes
are not under stood.



Frost boils change their form across the arctic temperature

gradient
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From the Circumpolar Arctic Vegetation Map, in press.




Examples of frost boils and hummocks in different climates
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Frost-boil Complexity Questions

How do frost boils form?

How do frost boils organize themselves in concert with the
vegetation?

How do frost-boils and associated ecosystems change along the
arctic climate gradient?

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

What are the emergent properties of frost-boil systems at different
scales?

How do frost boils affect trace gas fluxes, hydrological systems,
and patterns of wildlife at large spatial scales?



Sparsely vegetated frost-boil

Vegetated inter-boil
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Conceptual Model of the Frost-Boil System

Frost boil | nter-frost boil

Vegetation V egetation

/7 \\ = \\

|ce
Lenses | o

lce
Lenses | o

Elements of the system: Frost boils, inter-boils
Components of each element: Ice lenses, soil, vegetation



Frost-boil/vegetation interactions along the arctic
bioclimate gradient

Frost-boil forms

Bioclimate subzones

Number of polygons | . |ncreased size and spacing of frost-
Subzone per 10m? | poilstoward the south.
A Hundreds?
B 90-150 * Greatest contrast between the frost-
C 30-60 boil and inter-boil areasin Subzones C
D 20-30 and northern part of D.
E ?

Modified from Chernov and Matveyeva 1997



Conceptual response of the physical and biological components of
the system across the Arctic bioclimate gradient
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The | ce Lens Component

* Icelenses drive frost heave.

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

» The increased volume of the water causes heave.
» Heave also is caused by formation of ice at the

bottom of the active layer as the soil freezes
upward.
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Climate and permafrost research
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Differential frost heave: a
s function of the number and size
20 cm organlc mat ) _ ' of ice-lenses
L o - =« Deep organic layer of inter-frost-
gt ===t *% boil areasinsulates the soil
i =il reducing the active-layer thickness
P! s and hence the number of lenses and
s A e the amount of heave.
T  Cryostatic suction pulls water

fromthe interboil areasto increase
the amount of heave in the frost
boil.

= e |  oil from subzone D near Deadhorse , Alaska
X 3 Photo D.A. Walker




Differential Frost Heave (DFH) model of frost-boil self-
organization (Peterson et al. 2003)

* DFH isa physically based model that
provides considerable insight to the self-
organization process in frost boils.

» Heat preferentially escapes from the surface
at high points of small irregularitiesin the
surface. These high points then becomes sites
of increased ice-lens devel opment, and more
heave.

 The spacing of the surface mounds 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.

Frosen fringe :-_-'_"""--—-._________________._.-—--"'""'_H :
U

Femmafnos 1able

Schematic of soil undergoing top-down freezing.
Ice lenses exist in the frozen region and permafrost
underlies the active layer.




» The model successfully
predicts order of magnitude
heave and spacing of frost
boils, and can account for the
circular motion of soilswithin
the frost boils.

*Other predictionsinclude
effect of soil texture, air
temperature, snow depth on
magnitude of heave.

» Modification of the model is
needed to account for the
observed variation along the
climate gradient that appear
to be the result of complex
Interactions between frost
heave and vegetation.

DFH Mode Predictions

Position of groﬁnid surface and
freezing fronts

Soil creep

Particle trajectories over
several hundred years

Time to stabilization












Biogeochemical cycling and carbon
seguestration within frost boils

Co,

Bio-Activity:
N-release Active Layer
& geochem. (organic soil)
nutrient release

Active Layer
(mineral soil)

\ Ilce lense heave
3

permafrost changes over time

Permafrost

Based on Ping et al. 2002
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Buried carbon in the
Intermediate layer of
permafrost table

Courtesy of Gary Michaelson




Fine spatial scales. Needle-ice formation
(Pipkrakes)
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Vegetation on frost boils

Unique plant
species and

growth form
assemblages

Bill Seere collecting Bryum wrightii on a frost
boil at Prudhoe Bay
July, 1971.

Vertical and
horizontal structure
of frost-boil plant
communities

Matveyeva - Maps of frost
boils on the Taimyr
Peninsula, Russia




Frost-boil grids
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Late-August 2002 thaw depth on the
10x10 m grids, Alaska

Subzone C
Thaw Depth (cm)
Howe Island 0O 10 20 30 40 50 60 70 80 90
Subzone D 1
-
Deadhorse Franklin Bluffs §aqwon MNT
[‘-'- AR ) S' . ] ManTevDpth
. + 1 | sﬁ + | |Losion |Fost kg Iréboi EiieGid
‘ L B L Fove 70 | 65| 67
| - o

Subzone E T - ﬁ o | Wsldck | - - 25
’ . % Dadm | 70 | 68 | 63

' * | . i o Al
pe FanklB | 66 | 59 | 61

v SyoMN 48 | 45 | 46
W - | ""’"\mmﬂm 46 | 29| 31
__-_-_‘_

2! Hpoyly| 39| 29| 30

Sagwon MAT Hap py‘VaIIéy




Experimental alteration of vegetation canopy to examine

effects of vegetation on active layer and frost heave
Ph.D. project of Anja Kade

Response Variables: Frost Heave, Thaw Depth, Soil Moisture, Soil Temperature
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CRYOTURBATIO
C Mineralizatio

ArcVeg Modd (Epstein et al. 2000)

Soil
Organic :
Carbon

Soil
Organic
Nitrogen

Climate
CRYOTURBATIO

N Mineralization
N Immobilization

Plant-Available
Nitrogen

N2-fixa1ionT l N loss

Climate
CRYOTURBATION
Current PlantBiomass

w

JRecruitment

Nutrient
Resorption

Senescence/
Mortality

Plant Uptake/
Growt

Plant Carbon /

Nitrogen by
Functional Type
in Foliage, Roots
and Wood

Climate

Current PlantBiomass

Plant Attributes

« Smulates the interannual dynamics of tundra plant community composition and biomass.

» Parameterized for up to 20 plant growth forms.

 Based on nitrogen mass balance among pools of soil organic and inorganic nitrogen, and live plant

nitrogen in live phytomass.

* Changesin temperature drive changes in net N mineralization and the length of the growing season

and thereby alter the community biomass and composition.
» Climate and disturbance are stochastic forcing variables.



Vegetation Component
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Remote sensing: manifestation of frost boils at regional scales

Acidic/nonacidic
soil boundary

Subzone D g
-

MaxNDVI

<0.03
0.03-0.14
0.15-0.26
0.27-0.38
W 0.39-050
0.51-0.56
0.57-0.62
- >0.62

» Boundary between bioclimate subzones C and D corresponds to a major spectral boundary on
remotely sensed images.
 North of the boundary:
* Higher soil pH
* Morefrost boils
» Fewer shrubs, and shorter plants

Maxium NDVI 1992 and 1995
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Effects of frost boils on a variety of
ecosystem properties

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

Deeper active layers

Greater heat flux

Less CO, uptake

L ess methane flux

More diversefloras

L ess 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)



Linkages between the frost-boil system and components of the
greater Arctic system and biosphere

Frost-boil system

Vegetation

s\

Ice Lenses _’-
2

PN

wildlife Hydrologic Atmosphere
System

S

Humans




Education component




Photo: Heather Fuller
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Arctic Coastal Plains Regian
Innuitian Region

Arctic Lowlands Region
Intericr Plains Regson
Canadian Shield
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Oxytropis arctica
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