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ABSTRACT

Observations and measurements were made of physical and ecological changes that have occurred
since 1985 at a tundra site near Healy, Alaska. Air temperatures decreased (1985 through 1999) while
permafrost warmed and thawed creating thermokarst terrain, probably as a result of increased snow
depths. Permafrost, active layer and ground-ice conditions at the Healy site are the result of the
interaction of climatic, ecologic and other factors. The slow accumulation of ground ice in an
intermediate permafrost layer formed by upward freezing from the permafrost surface leads to
long-term differential frost heave and microrelief. When ground ice in the permafrost melts, the
ground surface settles differentially resulting in thermokarst terrain (pits, gullies). Windblown snow
fills the thermokarst depressions causing further warming and thawing of the underlying permafrost
a positive feedback effect that enhances permafrost degradation. Thermokarst-induced changes in
relief alter the near-surface hydrology and ecological processes. Changes in vegetation included
differential tussock growth and mortality and a shift in moss species abundance and relative
productivity, depending on microtopographic position created by the thermokarst terrain. Water
redistribution towards thermokarst depressions caused adjacent higher areas to become drier and
resulted in increased moss mortality and shrub abundance. Copyright ©) 2009 John Wiley & Sons, Ltd.

KEY WORDS: permafrost; thermokarst; climate change; ecology; vegetation

INTRODUCTION

Permafrost regions occupy 20-25 per cent of the
exposed land surface of the northern hemisphere
(Zhang et al., 1999) and 80 per cent of Alaska
(Jorgenson et al., 2008). Much of this permafrost is
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warm, within a few degrees of thawing. Climate in
Alaska warmed beginning in the late 1800s coincident
with an increase in global air temperatures (Hansen
and Lebedev, 1987). During the 20" century, air
temperatures increased until about 1940, decreased
during the third quarter and increased sharply at the
beginning of the fourth quarter (Bowling, 1990).
Temperatures from the late 1970s to the end of
the 20 century mostly warmed, but some stations
show little or no warming or even a cooling
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(Osterkamp, 2007a, 2007b, 2008). The first few years
of the 21* century have been warmer.

Permafrost in northern Alaska responded to the
century-long warming of air temperatures and changes
in snow cover by warming about 2 to 4°C at its surface
beginning in the early 1900s, although a few sites
showed little or no change or cooled (Lachenbruch and
Marshall, 1986; Lachenbruch et al., 1988; Zhang and
Osterkamp, 1993; Osterkamp and Jorgenson, 2006).
Sparse data on thermokarst indicate that this warming
also occurred in Interior Alaska (Osterkamp, 2005).

During the last quarter of the 20" century,
permafrost appears to have warmed statewide with
some exceptions (Clow and Urban, 2002; Osterkamp,
1994, 2003a, 2005, 2007a, 2008; Osterkamp and
Romanovsky, 1999). At the surface of the permafrost,
the magnitude of this warming was 3 to 4°C for the
Arctic Coastal Plain, 1 to 2°C for the Brooks Range
including its northern and southern foothills and 0.3 to
1°C south of the Yukon River. The warming was
seasonal (primarily in winter) with little change in
summer conditions and active-layer thicknesses. Snow
cover effects account for about one half of this
permafrost warming at Barrow (Stiegliz ef al., 2003)
and have been partially to almost totally responsible
for permafrost warming at other sites (Osterkamp,
2007a, 2007b).

Climatic change since the mid-1800s has resulted in
widespread thermokarst terrain in the relatively
‘warm’ zone of discontinuous permafrost (Osterkamp
et al., 2000; Jorgenson et al., 2001). In the Arctic, in
the colder zone of continuous permafrost where
permafrost has been regarded as stable, new evidence
indicates there has been a recent and abrupt increase in
the degradation of ice wedges (Jorgenson et al., 2006).
If the climate warms another 5—8°C over the next
century, then most of the permafrost in Alaska will be
degrading.

Permafrost thawing can be initiated by climatic
change (e.g. warming air temperatures, Snow cover
effects, changing precipitation) (Froese et al., 2008)
and surface disturbances (e.g. wildfire, flooding,
human activities). Thawing of ice-rich permafrost
results in thermokarst terrain that causes substantial
ecosystem and human impacts (Washburn, 1978).
Thermokarst in forests in lowland areas can lead to the
partial or wholesale conversion of ecosystems from
terrestrial to aquatic or wetland ecosystems, and in
upland areas can influence slope stability resulting
in landslides and erosion (Osterkamp ef al., 2000; Vitt
et al., 2000; Jorgenson et al., 2001; Huscroft et al.,
2004; Shur and Osterkamp, 2007). Human impacts
include changes in the habits and type of animals used
as food sources and loss of infrastructure integrity
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(Brown and Grave, 1979; Huntington, 1992; Oster-
kamp et al., 1997).

Permafrost formation and degradation are processes
in which climate plays an important role; however,
ecosystem processes also play a significant role (Shur
and Jorgenson, 2007). The upper permafrost evolves
along with vegetative succession, accumulation of soil
organic matter, thinning of the active layer and
accumulation of ground ice (Shur, 1988). Upon
thawing, the patterns, extent, and rates of physical
and ecological changes associated with thermokarst
are closely related to the dynamics of ground-ice
evolution. Modes of permafrost degradation and the
ecological consequences depend on the interaction of
slope position, soil texture, hydrology and ice content
(Jorgenson and Osterkamp, 2005).

A permafrost observatory was established near
Healy in 1985 for the purpose of investigating the
response of permafrost to climate (Osterkamp,
2003b). Initially, it consisted of an access hole for
deep temperature measurements. Provisions were
made later for air, ground surface and permafrost
surface temperature measurements. Detailed ecologi-
cal studies were initiated in 2003 (Schuur ef al., 2007)
and soil and ground-ice studies in 2005. A unique
feature of this site is that there was no thermokarst
terrain in the immediate area of the borehole in 1985;
however, new thermokarst terrain developed there and
in adjacent areas during the period of observations.
This has resulted in a rare opportunity to investigate
the complex interactions between ecological pro-
cesses and permafrost and thermokarst dynamics at a
site where thermokarst terrain has developed and
continues to do so.

This paper summarises and integrates measure-
ments and observations of the physical and ecological
changes that have occurred at the Healy site as a result
of variations in climate that caused warming and
thawing of permafrost and the development of
thermokarst terrain. Field and remote-sensing
measurements of these changes allowed us to assess
the interactions of air temperatures and snow on
permafrost thermal regimes, the consequences of
increasing permafrost temperatures and ground-ice
distribution on active-layer dynamics and thermo-
karst, and the impacts of thermokarst terrain on water
redistribution, peat accumulation and shifting veg-
etation composition. The results provide insights
into the processes, dynamics, direction and magnitude
of the changes. However, the study is incomplete
because the processes and associated changes are still
occurring, will continue for a very long time and will
undoubtedly reveal new unexpected consequences of
permafrost degradation.
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SITE CHARACTERISTICS AND METHODS
Site Description

The observatory is located at 63° 52" 42.1” N, 149° 15/
12.9” W (elevation 690 m) in the foothills north of the
Alaska Range north of Denali National Park and about
15km west of Healy. It is north and east of the
Stampede Trail and south of Eight Mile Lake
(Figure 1) in an area of tundra that slopes gently to
the north and east. The hilltops have gravelly soils
associated with glacial till and are covered by a thin
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aeolian silt cap. The lower slopes and valleys have
thick peat accumulations over fine-grained soils
associated with colluvial deposits. Water tracks are
visible in a recent aerial photo (Figure 1). The
borehole site was placed at what later became the
intersection of two water tracks. Thaw settlement in
these water tracks and the resulting downstream
thermokarst gully indicate that the underlying soil is
more ice-rich than the adjacent tundra.

The vegetation in this area is dominated by moist
acidic tussock tundra comprised of sedge (Erio-
phorum vaginatum), deciduous and evergreen shrubs

Figure 1  Aerial photograph of the Healy site (north of Denali National Park and about 15 km west of the village of Healy) taken in 2003
showing the locations of the various thaw sites, borehole, pits and transects. The top of the figure is north.
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(Vaccinium uliginosum, Rubus chamaemorus, Betula
nana and Ledum palustre), and abundant mosses
(Sphagnum spp. and feathermoss). Areas that have
subsided due to thermokarst development tend to
have increased shrub biomass and productivity at the
expense of the graminoids (Schuur et al., 2007). This
area is at or near treeline, so Picea glauca occurs more
commonly in the riparian areas and rarely scattered
within the tundra.

The nearest meteorological station is at Healy
(elevation 454 m). Snow covers the ground from mid-
September through mid-May. For the period from
1980 to 2003, the mean air temperature was —1.3°C,
and mean of the maximum annual snow depths was
0.52m (Figure 2).

A 30-m borehole for measuring permafrost tem-
peratures was drilled in 1985 using a rotary air drill.
The soil profile consisted of about 1/2 m of peat at the
surface, 5m of ice-rich silt and 23 m of gravel with
boulders underlain by sand. A galvanised iron pipe
(2 cm in diameter) capped at the bottom was placed in
the hole to provide access for temperature logging
(Osterkamp, 2003b). Two holes (1-m depth) for
measuring permafrost surface temperatures were hand
drilled in 1995; one about 1 m from the borehole and
the other on the adjacent tundra about 5m distant.

Temperature Measurements

Borehole temperatures were measured annually,
except for 1986-88 and 1992, using a single
thermistor sensor on a cable with a maximum
sensitivity of 0.003°C and a typical accuracy of about
0.01°C (Osterkamp, 2003b). Air temperatures (in a
radiation shield at 1.5-m height), and ground surface
(2 to 5-cm depth) and permafrost surface temperatures
(0.1-0.3m below the permafrost surface) were
monitored with miniature data loggers (Osterkamp,
2003b; Osterkamp and Jorgenson, 2009) with an
accuracy of about 0.2°C. To assess differences in
ground surface temperatures associated with stable
and degrading permafrost, pairs of sensors were
placed just under the surface of the vegetation at the
Extensive Thaw site (old thermokarst terrain): one in a
thermokarst depression and one a few metres distant
on the stable tundra.

Soil and Ground Ice

Soil and ground-ice studies were used to obtain
information on permafrost and active-layer dynamics.
Three transects, 150m in length, were set up
across a toposequence of ecosystems associated with
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permafrost degradation (Figure 1). Ground and water
elevations, vegetation, soils, ground ice and perma-
frost were studied at up to three sites along each
transect. Vegetation at each plot was described by
making visual estimates of the per cent cover of the
dominant species. Soil cores and pits were used to
determine surface organic thickness, the texture of
each horizon, mineral characteristics, depth of organic
matter, depth of thaw, and visible ice volume and
structure. For determining ice volume, frozen samples
were taken every 0.2m along the cores and photo-
graphed. Samples were analysed for volumetric and
gravimetric water content, electrical conductivity
and pH. The soil was described using standard
NRCS procedures, and ground ice was described
and classified using a system appropriate for Alaskan
soils (Shur and Jorgenson, 1998).

Thermokarst

The occurrence, distribution and characteristics of
thermokarst terrain were investigated with measure-
ments of ground surface elevations, ground-ice
volumes, soil densities and time series of aerial
photography. The access pipe for temperature
measurements on Transect 1 served as a fixed datum
(about 690m) with measurements made in 1996,
1997, 2003 and 2005 referenced to the pipe datum.
Thaw settlement in pits along transects was estimated
by comparing elevations of the pits with the elevations
of surrounding terrain. Measured ground-ice volumes
and soil densities were used to calculate the potential
thaw settlement:

H, —H)$
s= =g ®

where H, and H; are the active-layer depths before and
after thermokarst and:

8= ((Vae = var)/Var) (2)

where 4 is the dry density of the frozen soil sample,
and yg is the dry density of the thawed and
consolidated sample under overburden soil pressure
(Crory, 1973). Equation 1 was derived for homo-
geneous soil or for soil that can be represented by an
average thaw strain. For the layered sequence of upper
permafrost with highly variable thaw strain, thaw
settlement was calculated using:

ASi = h;é; and AH1 = hj — hiSi (3)

Copyright © 2009 John Wiley & Sons, Ltd.

where h; is a sub-layer with uniform thaw strain, 6,
and AH; is the thickness of the sub-layer h; after
thawing and settling. Thaw settlement stops when the
combined thickness of sub-layers affected by thawing
and settling reaches the difference between old and
new equilibrium depths of the active layer or:

71

Z (hi — hi;) = Hy — H| 4

i=1

Equations 3 and 4 were used to calculate potential
thaw settlement for each core across a range of
equilibrium thaw depths to the bottom of the core.

Thermokarst features were mapped for 1954, 1981
and 2005 based on photo-interpretation of associated
microtopographic and vegetative patterns. The 1954
and 1981 airphotos were scanned by the USGS Eros
Data Center, and the 2005 airphotos were obtained
using a fixed-wing aircraft. Once georectified,
thermokarst features were delineated by onscreen
digitising using ESRI ArcMap software and classified
according to the system of Jorgenson and Osterkamp
(2005). Further details regarding methods for the soil,
ground ice and thermokarst studies are given in
Osterkamp and Jorgenson (2009).

Vegetation

Another vegetation survey was conducted to determine
the ground area occupied by different vascular and non-
vascular plant species at each of three sites (Minimal
Thaw, Moderate Thaw and Extensive Thaw, Figure 1)
that differed in quantity and age of thermokarst terrain.
Twelve large quadrats per site distributed in pairs across
a40-m transect were sampled usinga0.7 x 0.7 m frame.
A line-intercept method was used to quantify the
abundance of five dominant moss groups and the
vascular plant species E. vaginatum. Other vascular
plant species were not quantified here because they
grow up out of the moss understory and do not occupy
ground area to the exclusion of other species. A
description of vegetation biomass and productivity can
be found in Schuur ez al. (2007).

Dead moss samples were collected during the
summers of 2003 and 2005 and analysed for radio-
carbon to determine the age at death. While both sets
of data are useful for overall site interpretation, the
2003 sampling effort likely oversampled the Minimal
Thaw site with the least dead moss, whereas the 2005
sampling effort was randomly distributed and more
representative of each site.

Living Sphagnum spp. samples were collected as
isotope reference samples at each site. Live and dead
moss samples were processed for cellulose extraction.

Permafrost and Periglac. Process., 20: 235-256 (2009)
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Individual moss bodies from a sample were divided
into 0.5-cm segments starting at the moss surface
(defined as the top of the capitulum). Segments were
isolated from individual moss bodies and correspond-
ing segments were combined within a sample that
typically consisted of 20 to 50 individual moss bodies.
Each of the segments for all moss samples was
subjected to sequential extraction procedures that
removed C compounds, producing holocellulose
(Gaudinski et al., 2005). Cellulose extraction was
done to isolate the structural C from more recent
photosynthate in order to determine the final year of
growth. The 14C results are expressed as AYC after
correcting for any fractionation of 13C (Stuiver and
Polach, 1977) yielding A'C measurements that vary
only as a function of age. Radiocarbon measurements
of dead moss were used in combination with the
change in the atmospheric radiocarbon content over
the last 40 years to infer the age at death for these
mosses (Levin and Kromer, 1997).

RESULTS AND DISCUSSION

An interacting sequence of permafrost and ecological

ground-ice characteristics and active-layer dynamics.
Permafrost degradation altered surface topography,
surface and ground water levels, and channelisation of
surface runoff. The differential thaw settlement and
redistribution of water caused shifts in vegetation and
peat accumulation in response to wetting and drying.
The timing of these vegetation changes was assessed
using radiocarbon dating of dead mosses. These
interactions are described in more detail below.

Air Temperatures and Snow Cover

A comparison of air temperatures measured period-
ically at the site with those at Healy show that the site
was typically colder than Healy from March through
October and warmer from November through Feb-
ruary (Figure 3). Annual mean air temperatures at the
site averaged —2.4°C (1996-98), about 0.7°C less than
Healy. A linear fit to the data (Figure 2) for the period
from 1985 through 1999 shows a decrease of 1.5°C or
about 0.1°C per year, although 1993 was an unusually
warm year. In contrast, the 4 years from 2000 to 2003
were very warm because of warm winters.
Snow depths were not measured at the site, although
occasional estimates made during the 1990s indicate a

changes in response to changing air temperatures and
snow cover was found. The timing and amount of
permafrost degradation was closely associated with
changing permafrost temperatures and snow covers,

range of about 0.1 to 0.5m with larger depths
predominant. Measured snow depths at Healy
(Figure 2) and throughout Interior Alaska were much
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greater during the 1990s compared to the 1980s
(Osterkamp, 2007a).

Ground Surface Temperatures

Figure 4 and Table 1 show data from a paired site
(thermokarst depression and nearby tundra). Ground
surface temperatures on the tundra in the Extensive
Thaw site remained significantly below freezing,
typically from early October to late April. There were
multiple freezing and thawing events for several
weeks prior to and after this period. Annual mean
ground surface temperatures in the old thermokarst
depressions ranged from 2-4°C warmer than on the
nearby tundra. This was a result of mean winter
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temperatures that were close to 0°C, 3—-6°C warmer in
the depressions compared to the tundra. These large
differences were attributed to surface characteristics
and snow. Thermokarst depressions were generally
filled with vegetation (sedges and moss), with sedges
extending 0.1 m or more above the wet moss or water
surface (up to 0.4m below the surrounding tundra
surface). Winter observations showed that snow was
redistributed by wind, filling the depressions. The
increased snow thickness in depressions provides
additional insulation for the ground surface causing it
to be warmer than the surrounding tundra (Stieglitz
et al., 2003; Kershaw, 2008), retarding and reducing
ground freezing and enhancing permafrost warming
and thawing and talik development (i.e. the formation

30—

Undisturbed
Tundra

fan
o

Y
[
T

Temperature (°C)
<

10 L .
.20 .
30 T T T T y T T T T
 Thermokarst 1
__ 20 F Depression ]
ot .
g F -
3 | -
s |
8- e et
: ! |
2 10| .
.20 ; ! . 1 . I ; i ;
7171996 1171997  7//1997  1/1/1998  7/1/1998

1/1/1999

Date

Figure 4  Ground surface temperatures measured five times per day in the Extensive Thaw site in an old thermokarst depression and on the

adjacent undisturbed tundra.
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Table 1

Ground surface temperatures during summer (5/1 to 9/30) and winter (10/1 to 4/30) for four paired sites with

measurements made on tundra (T) and in thermokarst depressions (D). These data are for the Extensive Thaw site (old
thermokarst) for 1996 to 1998 and for the Moderate Thaw site (borehole site, new thermokarst) for 1995 to 2003

Winter mean Annual mean

Site Summer mean
Moderate Thaw T

Moderate Thaw D 6.7°C
Extensive Thaw 1T 8°C
Extensive Thaw 1D 9.6°C
Extensive Thaw 2T 8.5°C
Extensive Thaw 2D 7.8°C
Extensive Thaw 3T 8.3°C
Extensive Thaw 3D 8.0°C

-5.2°C

—-1.2°C 2.0°C
—6.4° —-0.5°C
-0.6°C 3.6°C
—6.7°C —0.4°C
—-0.8°C 2.8°C
—4.3°C 1.0°C
—1.0°C 2.8°C

of thermokarst terrain). This indicates that the effects
of any climatic change that result in the onset of
thermokarst depressions will be enhanced by snow
accumulation in them, a positive feedback effect for
permafrost degradation. In the summer, differences
between tundra and depressions were small with two
of the thermokarst depressions colder (0.3°C and
0.7°C) and one warmer (1.6°C) than the nearby tundra.

Permafrost Surface Temperatures

A comparison of permafrost surface temperatures
between undisturbed stable permafrost and degrading
permafrost shows a distinct difference in the patterns of
winter temperatures. On undisturbed tundra adjacent to

the borehole, the permafrost was warm during 1995-98
(annual mean surface temperature —0.5°C) with
minimum winter temperatures typically —2 to —3°C
and cooler during 1999-2000 with minimum winter
temperatures less than —3°C (Figure 5). The permafrost
was colder during 2000-01 (—1.1°C) and 2002-03
(—0.9°C). Active-layer freeze-up required 3 to 4 months
(mean 104 days) with completion of freeze-up occurring
from 10 January to 4 February.

Figure 6 shows temperatures in the depression at
1-m depth about 1 m northwest of the borehole that
indicate there was a thin talik between the active layer
and the top of the permafrost. Temperatures in the talik
were 0°C in winter with summer temperatures <1°C.
During winter, the talik was bounded by two-phase
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Figure 5 Permafrost surface temperatures measured five times per day in undisturbed tundra near the borehole at the Healy site.
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Figure 6 Time series of temperatures measured five times per day at the Healy site adjacent to the borehole at 1-m depth in the talik between
the active layer and the permafrost surface. The solid dark areas and step-like changes are a result of resolution of the logger, about 0.15°C.

boundaries (bottom of the seasonal freezing layer and
top of the permafrost) that constrained temperatures in
this region to 0°C. This decoupled the underlying
permafrost from the cold atmosphere so that it could not
cool by conductive heat transfer to the surface. Some
upward freezing during winter from the permafrost
surface into the talik is expected analogous to
upward freezing into an active layer during refreezing
(Osterkamp and Romanovsky, 1997). Upward freezing
would decrease with the decreasing thermal gradient in
the underlying permafrost as it warms toward 0°C.
During summer, after the seasonally frozen layer
thawed, temperatures in the talik increased (Figure 6)
allowing for downward heat flow for thawing and
warming the underlying permafrost. In the presence of
a thin talik, the annual mean permafrost surface
temperature remains at or near 0°C and, except for
seasonal upward freezing at the permafrost surface, the
permafrost can only warm and thaw. Once a talik
becomes thicker, the heat flow from it during winter to
the active layer above and the permatrost below is
insufficient to allow it to cool back to 0°C (T. E.
Osterkamp, unpublished work), at which point the
permafrost can only warm and thaw.

Deep Permafrost Temperatures
Selected borehole temperature profiles measured

during summer (Figure 7) show that the annual mean
surface temperature of the permafrost was about

Copyright © 2009 John Wiley & Sons, Ltd.

—1.4°C in 1989, although it is difficult to determine in
such a shallow hole. Annual mean surface tempera-
tures determined from the temperature profiles are
spatial averages around the borehole and cannot be
compared to point measurements at the surface
(Figure 5). There was a net cooling of the permafrost
between 1985 and 1989 followed by a strong warming
trend at the permafrost surface that began about 1989
or earlier (Figures 7 and 8). The timing of this
warming and the rate of temperature increase are
similar to those observed at other sites in Interior
Alaska (Osterkamp, 2007a). Various extrapolation and
curve-fitting methods (Osterkamp, 2005) were used to
determine the magnitude of the surface warming
(about 1°C) from the measured temperature profiles.
The permafrost warmed for a decade (until 1998) and
then cooled in general agreement with the point
measurements of permafrost surface temperatures.
During this decade, new thermokarst terrain was
observed forming throughout the area. This warming
and thawing of the permafrost with the formation of
new thermokarst terrain was coincidental with
decreasing air temperatures for the decade
(Figure 2), indicating that snow cover or other effects
were responsible.

There were increased snow depths during the 1990s
(Figure 2) with 6 of 10 years greater than the 1981 to
2001 mean, a condition common throughout Alaska
during the late 1980s and early 1990s. Since air
temperatures and snow cover effects are the primary
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Figure 7 Selected measured temperature profiles (for clarity) at the Healy site for 1985, 1989 and later odd years.

factors controlling ground temperatures, given the
decreasing trend in air temperatures, snow COVer
effects must have played a primary role in warming

additional factors may have contributed in the
immediate vicinity of the borehole including thawing
and settling of the ground surface and the eventual

the permafrost (Osterkamp, 2007b). However, formation of a talik there. The formation of new
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Figure 8 Time series of measured permafrost temperatures at the 10, 20 and 27-m depths at the Healy site.
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thermokarst terrain away from the borehole must have
been a result of snow cover effects. At other
permafrost observatories in Alaska, borehole and
meteorological data suggest that both snow cover
effects and increases in air temperatures were
responsible for permafrost warming during the last
quarter of the 20™ century (Stiegliz er al., 2003;
Osterkamp, 2007a, 2008).

Soil Characteristics

Soil properties of undisturbed tussock tundra and the
drying tundra adjacent to thermokarst pits were
similar (Figure 9). Soil moisture was lowest near
the well-drained surface, highest near the bottom of
the active layer and remained high within the
remaining ~1.5m due to high ice contents in the
permafrost. Bulk density was lowest in the fluffy moss
peat, highest in the bottom of the active layer, and
gradually increased with depth with decreased organic
matter and ice contents. Very low pH and electrical
conductivity values near the surface reveal the effects
of leaching of cations and the presence of Sphagnum
mosses. Carbon concentrations were highest in the
moss peat near the surface, lower in the thin aeolian
silt cap within the active layer and low below 1-m
depth where organic matter accumulations were
negligible.

Soil profiles from two trenches excavated to a

depth of ~1 m reveal a complex soil stratigraphy and

soil horizon dislocation (Figure 10). Depth of
seasonal thaw at the wall of the pit varied from

btoisture (% vol.) Density (g/cc)

0 50 100 00 04 08 12 3
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0.36m to 0.43m. At the wall of pit, the following
layers were distinguished: layer 1 was a contempor-
ary sod layer (moss and rootlets); layer 2 was dark-
brown peat moderately to well decomposed with a
lens of slightly decomposed yellow peat (sub-layer
2a); layer 3 was brown peat moderately decomposed,
slightly mineralised with silt and with more dark
interlayers which formed a wavy foliation (horizontal
or inclined). Sub-layer 3a extended for ~2m hori-
zontally. At the bottom of this sub-layer, horizontal
lenses of brown-grey peaty silt (sub-layer 3b) with
varied peat content were exposed. These lenses
contained abundant inclusions of gravel (up to 5cm).
At the left part of the section, the silt lens was torn in
three sections with the spaces between them filled
with peat. At the right part of the section, the silt lens
had a mushroom-like shape. Layer 4 was brown peat
moderately decomposed, mineralised with silt and
with inclusions of gravel. At several sections of the
layer, the peat transformed to peaty silt (sub-layer
4a). Layer 5 was grey loam, slightly peaty, with
abundant inclusions of gravel. The quantity of
inclusions increased with depth and the size of
gravel was up to 10cm.

The structure of the upper part (1 m) of the soil
section is a result of slope and cryogenic processes
such as solifluction, creep, frost cracking, cryoturba-
tion and others. These processes result in disruption of
the sod layer and mixing of organic and mineral
horizons within the active layer. The extensive
cryoturbation extended from the middle of the active
layer into the permafrost beyond the bottom of

pH E. C. (wem) Carbon (%)
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Figure 9 Vertical profiles of moisture, dry density, pH, electrical conductivity (E.C.) and carbon from two shallow soil cores (Figures 1

and 13) at the Healy site.
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the pits, indicating that the active layer once extended
to greater depths. In contrast, the surface organic
layers showed little disruption, although the bound-
aries were wavy. Gravel fragments were found
throughout the cryoturbated layers but not in the
continuous surface organic horizons.

Ground-Ice Characteristics

Ground ice is important in determining whether
permafrost develops thermokarst and how thaw
settlement affects surface topography and ecosystem
responses. Total ice content, distribution with depth
and morphology of ground ice all affect surface
readjustment. Volumetric water contents in core
samples were relatively low in the unsaturated surface
organic horizons and uniformly high (mostly 70-80%)
in the upper permafrost (Figure 9). Ice contents in the
permafrost remain high even with increasing density
and mineral content of soils with depth.

Cryostructures in the upper permafrost were classi-
fied into five types (Figure 11) and reveal differing
formative environments. Pore ice occurs in ice-poor
frozen soil at the base of the active layer. This soil was
occasionally subject to thawing during years of
unusually deep summer thaw. Organic-matrix ice was
found in the organic-rich silt (muck). In strongly
mineralised sections, cryostructures included lenticular,
layered and reticulate. The thickness of the ice layers
was typically 0.1t00.2 cmandupto0.7 cm with spacing
between ice layers varying from 0.1 to 0.3c¢m. The
cryostructure of the loam was sub-horizontal wavy
lenticular to layered. Ice-layer thicknesses were
typically 0.1 to 0.4cm and up to 1.0cm. Spacing
between ice layers varied from 0.1 to 0.5cm with a
maximum of 1.0cm. The visible ice content reached
50 per cent.
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The distribution and amounts of ground ice (ice
contents) were typical of an intermediate layer, an ice-
rich quasi-syngenetic horizon in the upper stratum of
permafrost (Shur, 1977). Observed features charac-
teristic of this layer included high ice content,
prevalence of horizontal (or slightly inclined) ice
lenses indifferently crossing lithological boundaries,
distinct relatively thick ice layers (‘belts’) and ataxitic
(suspended), lenticular-layered and micro-lenticular
cryostructures. This layer was about 1 m thick and was
underlain by a thin moderately ice-rich colluvial
deposit over glacial till. It appears that formation of
the intermediate layer was caused by peat accumu-
lation at the ground surface and consequential
reduction of the active-layer thickness by upward
freezing from the permafrost surface.

Thawing of the Permafrost

Figure 12 shows the thermokarst pit that developed
around the borehole. At the time of the first temperature
measurements in 1985, there was no obvious disturb-
ance to the tundra except for the presence of a few
shovels of drill cuttings which were removed. At the
next site visit 4 years later (1989), the ground around
the pipe had settled 0.16 m and there was evidence
of thawing (small pits) away from the borehole where
there was no activity. As the site evolved, it became
clear that the borehole was located at the junction of
two water tracks at the upstream end of a thermokarst
gully that was forming as a result of natural causes.
Aerial photos (see below, Figure 15) and ground
observations show that these gullies grow by enlarging
and extending upstream along water tracks. Site
activities were limited to a few hours annually, largely
for gathering temperature data and surveying. While it

Figure 11
braided) and layered ice. Each core is about 8.8 cm in diameter.

Copyright © 2009 John Wiley & Sons, Ltd.

Photographs of ground-ice structures (from left to right) including pore, lenticular, organic matrix, ataxitic (platy inclusions, or
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Healy 1985

Figure 12 The borehole access pipe at the Healy site in 1985 and 2005 showing the thenmokarst pit and changes in vegetation that have
developed at the site. The pit is in a thermokarst gully at the junction of two water tracks (Figure 1). These water tracks develop into
thermokarst gullies and are a primary mode of permafrost degradation that enlarge and extend upslope with time (Jorgenson and Osterkamp,
2005). This figure is available in colour online at www.interscience.wiley.com/journal/ppp

cannot be determined with certainty if site activities or
surface disturbance during drilling played a role in the
observed thaw settlement at the borehole, it seems
likely that the location of the borehole was primarily
responsible for the settlement. Using the pipe as a
datum, measurements show that total settlement next to
the pipe was about 0.9 m (Figure 13) two decades after
the hole was drilled. At its deepest part, total settlement
in the pit was about 1.1 m.

Thaw settlement was also evident across the
broader landscape as shown by surveys along Transect
| and across the access pipe over a 7-year period

Copyright © 2009 John Wiley & Sons, Ltd.

(Figure 13). Up to 0.4 m of thaw settlement occurred
between 1996 and 2003, with an average of about
0.24 m. The amount of additional thaw to produce this
settlement was estimated from ground-ice measure-
ments obtained from shallow permafrost coring in
2005 (Figure 14) to be about 0.47 m or about 0.07 m
permafrost thawed each year.

Rough estimates of the net energy fluxes into
the surface of the permafrost at the borehole and
along the transect were made based on the amount of
thaw settlement and ground-ice contents. The mean
thawing rate at the access pipe was approximately

Permafrost and Periglac. Process., 20: 235-256 (2009)
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Figure 13 Toposequences of ecological characteristics along transects at the Healy site illustrating ground and water surface elevations,
thaw depths, soil stratigraphy and ground-ice profiles, and vegetation. Measurements of the tundra surface in 2005 were made before
maximum thaw and later thawing could contribute about 7 cm of additional settlement.

0.1 m/year. With ice contents of 60 per cent, the mean
net annual energy flux into the top of the permafrost
required to thaw this ice was 0.6 W/m®. Similarly, the
calculated average net annual heat flux into the surface
of the permafrost along the transect would have been
at least 0.4W/m?. This value does not include the
energy required to warm the permafrost to the thawing
point, warm the soil after thawing and warm the
underlying permafrost. It is most likely a result of
snow cover effects including drifting into the pit and
not a result of climatic warming. The effects of
changing vegetation on the energy balance are
unknown. For comparison, Osterkamp et al. (1994)

Copyright © 2009 John Wiley & Sons, Ltd.

calculated that a mean energy flux at the permafrost
surface of 0.6 to 0.7 W/m? was required to produce
observed permafrost temperature changes near Prud-
hoe Bay.

Distribution and Characteristics of
Thermokarst Features

Photo-interpretation of the change in characteristics
and distribution of thermokarst features on a time series
of airphotos from 1954, 1981 and 2005 showed
substantial changes in some of the five thermokarst
modes observed (Figure 15). Eight Mile Lake (8% of
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Figure 14 Estimated potential thaw settlement along two trans-
ects.

the study area) and its associated shore bogs changed
little over time. These bogs are produced by rapid
accumulation of Sphagnum and sedge peat along the
collapsing margins of ice-rich terrain. In contrast, there
was a dramatic increase in gullies, from 2.1 per cent to
4.9 per cent of the study area over the 51-year period.
The gullies showed a tendency to bifurcate while
extending and enlarging upslope (Figure 15). Thermo-

karst pits and human-induced thermokarst along trails
had small but consistent increases. The amount of gully
expansion is somewhat uncertain because of the poor
quality of the 1954 photography and the lower spatial
resolution of the 1954 and 1981 aerial photos but
several factors indicate that the increase is real. First,
individual trees (as small as 2 m across) are resolvable
on both the 1954 and 1981 photos. This indicates that
the gullies, which typically were 5—8 m across, should
be resolvable if they were present. Second, new gully
formation was observed after the beginning of borehole
temperature monitoring in 1985. Possibly, the improve-
ment in spectral and spatial quality of the photography
exaggerated the measured increase but the expansion of
gullies was a real phenomenon.

Response of Vegetation and Soil to
Thermokarst

Soil and vegetation sampling and observations made
along the upland transect (T1) and the lowland swale
transect (T4) indicated dramatic changes in ecological
characteristics of tussock tundra in response to
thermokarst (Figure 13). These changes included:
(1) enhancement of tussock growth in shallow, newly
developed thermokarst gullies; (2) replacement of
tussock tundra by bog meadows in thermokarst pits;
and (3) drying of tussock tundra adjacent to
thermokarst pits and gullies and replacement by
deciduous and evergreen shrubs. In undisturbed areas,
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Figure 15 Changes in the distribution of thermokarst features at the Healy site based on photo-interpretation of aerial photography from

1954, 1981 and 2005.
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tussock tundra was the predominant vegetation across
the gentle upland ridges and lower toe slopes of the
swales. The soil (Terric Fibristels) of undisturbed
tussock tundra (plot T1_1, Figure 13) was moderately
well drained, had water at the bottom (—0.47 m) of the
shallow (0.49m) active layer, was extremely acidic
(pH=3.7), had a thick (0.39m) surface organic
horizon and was underlain by a gravelly silt loam
developed from glacial till. Vegetation was dominated
by E. vaginatum, B. nana, V. vitis-idaea, V. uligino-
sum, Empetrum nigrum, S. lenense, Aulacomnium
palustre, Dicranum spp. and Flavocetraria cucullata.

In the new thermokarst gully (plot T1_1, Figure 13),
vegetation was still dominated by tussock tundra but
the tussocks were more robust and darker green,
indicative of higher nutrient availability. The soil
(Histic Gelaquepts) was poorly drained, had water
near the surface (—0.10m) of a deep thawed layer (up
to 1.30m) and a thick (0.51m) surface organic
horizon. The deep thaw depth indicates that a talik was
present because it was too great for typical seasonal
thaw. Vegetation was similar to that of undisturbed
tussock tundra. V. uliginosum, S. magelanicum and S.
angustifolium were the dominant mosses instead of
S. lenense.

In thermokarst pits (plot T4_2, Figure 13) in the
swale, bog meadows rapidly colonised the collapsing
surface. The soil (Histic Gelaquept) was very poorly
drained, had water at the surface (1 cm above), deep
thaw depths (>1.37m) and a thick (0.57 m) surface
organic horizon. The deep thaw depths indicate that a
talik was present. The peat stratigraphy was complex
and included layers of S. angustifolium, sedges,
S. fuscum and ericaceous shrubs that revealed
vegetation changes as the pits collapsed. Vegetation
showed a large shift in species composition relative to
tussock tundra and was dominated by E. scheuzcheri,
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Carex rotundata, Sphagnum (mostly S. angustifolium)
and Limpritchia revolvens. Surface water was abun-
dant.

Tundra areas adjacent to thermokarst pits appeared
to be drying and shifting vegetation composition due
to lowering of the water table by the settling ground
surface in the pits. Such drying also was evident
adjacent to deeper incised gullies, such as the
Extensive Thaw site. The soil (Typic Aquiturbel)
was drained, lacked water within the shallow (0.35 m)
active layer, was extremely acidic (pH = 3.7) and had
a thin surface (0.18 m) organic horizon. The abun-
dance of ericaceous shrubs and dead and poorly
growing tussocks indicate that vegetation has shifted
from tussock tundra to deciduous-ericaceous low
shrub, presumably due to lowering of the water table.
Vegetation was dominated by V. vitis-idaea, L.
decumbens, B. nana, R. chameamorus, E. vaginatum,
Dicranum spp., Cladina rangiferina and C. arbuscula.

Timing of Vegetation Changes

The timing of permafrost thaw and ecological changes
can be investigated through changes in species
abundance associated with differing degrees of
thermokarst at the Minimal, Moderate and Extensive
Thaw sites. Across these sites, abundance of live
tussock-forming sedge species E. vaginatum
decreased, and moss abundance increased with
increased permafrost thaw and development of
thermokarst terrain (Table 2; Schuur et al., 2007).
Hydrophilic Sphagnum spp. became increasingly
important where thermokarst terrain was present,
presumably because the water table in subsided
patches was nearer the soil surface. Dead moss
(mostly S. fuscum) was widespread, especially on
higher patches, most likely due to soil moisture

Table 2 Per cent ground cover of various plant groups or species within chambers at the Extensive, Moderate and

Minimal Thaw sites

Group Species Extensive Moderate Minimal
Thaw site Thaw site Thaw site
Vascular plants Tussocks 9.9 38.1 447
Non-vascular plants Hydrophilic sphagnunt 17.3 8.4 4.7
Sphagnum fuscum 5.0 9.1 13.5
Sphagnum magellanicum 18.8 5.1 0.0
Dicranum spp. 17.6 10.8 8.4
Feathermoss 1.3 9.4 0.8
Lichen 8.6 8.8 17.3
Other moss spp. 2.7 3.0 0.4
Total 713 54.6 45.1
Dead Tussocks 0.7 0.0 1.7
Sphagnum spp. 18.1 7.1 7.9

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 16 Radiocarbon content of the northern hemisphere atmosphere and radiocarbon measurements from dead moss sampled at the
Healy permafrost thawing sites in 2003 (open symbols) and 2005 (closed symbols) vs the inferred last year of growth. The estimated final
year of growth of these moss patches ranged from 1975 to 2004, with a concentration of dates between 1985 and 1995.

redistribution as a result of nearby ground subsidence.
The Extensive Thaw site had twice as much dead moss
and the proportions of S. fuscum dead in each area
were: Extensive Thaw, 78 per cent, Moderate Thaw,
44 per cent and Minimal Thaw, 37 per cent (Table 2).

Radiocarbon measurements provided an indepen-
dent estimate of when these changes in vegetation took
place by recording the year that individual moss
patches died. There was a large range in radiocarbon
content measured in surface dead Sphagnum moss
across all three sites with all samples elevated relative
to the contemporary atmosphere (Figure 16), indicat-
ing that the mosses died some years prior to the
collection period. The estimated final year of growth
of these moss patches ranged from 1975 to 2004, with
a concentration of dates between 1985 and 1995
(Figure 16). The average last year of growth for all
samples across sites was 1989, and was the same if
2003 and 2005 samples were averaged separately.
At the Minimal Thaw site, the average age of the final
year’s growth was 1985+1.9 years in the 2003
samples and 1989 + 4.6 years in the 2005 samples. At
the Extensive Thaw site, the average did not change
between 2003 (1991 £ 1.7 years) and 2005 sampling
(1991 £ 3.0 years), while the Moderate Thaw site
changed slightly, but not significantly, from

Copyright © 2009 John Wiley & Sons, Ltd.

1989 £ 2.7 years in 2003 to 1987 +2.9 years in
2005. Considering only the 2005 samples as the more
accurate age distribution, both the Extensive and
Moderate Thaw sites had a cluster of dates between
1986 and 1994, whereas the Minimal Thaw site, with
less dead moss, had only three dates that were
relatively evenly spaced through time.

Warming of the permafrost at the borehole
(Moderate Thaw site) started in 1989 or earlier in
good agreement with the final years of moss growth at
all sites. Exact agreement is not expected because the
moss measurements were made over a broad area,
while the borehole temperatures are indicative of
changes in the immediate area around the hole. These
data suggest that once ice-rich permafrost began to
degrade water was redistributed towards the subsiding
thermokarst depressions causing adjacent higher areas
to become drier. This resulted in a reduced water
supply to the moss which would have caused it to die.

SUMMARY

Observations and measurements at a tundra site near
Healy, Alaska since 1985 reveal a cascading sequence
of permafrost, ecological, hydrological and other
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changes. The timing and amount of permafrost
degradation were closely associated with changing
permafrost temperatures, ground-ice characteristics,
active-layer dynamics and accumulation of snow in
thermokarst features (pits, ponds and gullies).
Permafrost degradation altered surface topography,
surface and ground water levels, and channelisation of
surface runoff in gullies. Differential thaw settlement
and redistribution of water caused shifts in vegetation
and peat accumulation in response to wetting and
drying.

Permafrost at the site is classified as climate-driven,
ecosystem protected (Shur and Jorgenson, 2007)
because the permafrost was formed under an earlier
cold climate independent of ecological conditions and
later protected from degradation by vegetation and soil
development. Included in this concept is the modi-
fication of permafrost characteristics as ecosystems
evolved over time that increases ice contents and
makes the permafrost more sensitive to thermokarst.

Borehole temperatures measured at the site cooled
slightly from 1985 to 1989. The annual mean permafrost
surface temperature was about ~1.4°C in 1989. On
undisturbed tundra adjacent to the borehole, annual
mean permafrost surface temperatures ranged from
—0.5°C to —1.1°C (1995-2003), with the lower
temperatures occurring in the latter part of the period.
There was a warming of about 1°C (1989-98). The
period of permafrost warming coincided with a
decreasing trend in air temperatures (about 0.1°C per
year, 1985 through 1999). Decreasing air temperatures
could not have caused the increase in permafrost
temperatures or new thermokarst terrain. Snow cover
was substantially above average during this period and
must have played a significant role in warming and
thawing the permafrost and in the formation of new
thermokarst terrain (Osterkamp, 2007b). Permafrost
warming at this site is consistent with broader
observations of permafrost warming during the 20
century and during the last quarter of the century
(Lachenbruch and Marshal, 1986; Osterkamp, 2007a).

Ground-ice distribution and contents were typical for
an intermediate layer: an ice-rich quasi-syngenetic
horizon at the upper stratum of permafrost. This layer
appears to have formed as a result of peat accumulation
and consequent reduction of the active-layer depth by
upward freezing from the permafrost. The accumu-
lation of substantial amounts of excess ice in the inter-
mediate layer makes it sensitive to thaw with alteration
of surface topography by differential settlement.

Thermokarst development in response to climatic
change and permafrost thawing was evident from field
observations and remote sensing. Ground photos,
topographic surveying and temperature measurements

Copyright © 2009 John Wiley & Sons, Ltd.

253

documented the development of a thermokarst pit at
the borehole and along an adjacent transect. A talik
developed adjacent to the borehole, as indicated by
the constant measured winter temperature of 0°C. The
talik decouples the permafrost from the cold
atmosphere so that it cannot cool by conductive heat
transfer to the atmosphere and can only warm and
thaw. Topographic surveys along a toposequence
showed thaw settlement due to permafrost thawing
over a 7-year period averaged about 0.24m. This
required an average net annual heat flux into the
surface of the permafrost of at least 0.4 W/m?.
Interpretation of airphotos (1954, 1981 and 2003)
showed a substantial increase in thermokarst gullies,
from 2.1 per cent to 4.9 per cent of the study area over
the 51-year period. These gullies showed a tendency to
bifurcate while enlarging and extending upslope
(Figure 15). There was little change in shore bogs
along Eight Mile Lake. Thermokarst pits and human-
induced thermokarst along trails had small increases.
A few small thermokarst ponds were already present
in 1954 and these may have formed in the late 1930s to
early 1940s in response to warm air temperatures and
thick snow covers during that period.

Thermokarst terrain caused substantial changes in
annual mean ground surface temperatures. Tempera-
tures in thermokarst depressions were 2-4°C warmer
than nearby tundra, primarily due to winter mean
temperatures that were 3-6°C warmer and close to
0°C in the depressions. This was caused, in part, by
redistribution of snow (by wind) that accumulated in
the depressions and insulated the ground surface
from low air temperatures. Such a positive snow-
thermokarst feedback effect would enhance the effects
of any climatic change (that creates thermokarst
depressions) on permafrost.

Soil and vegetation associated with tussock tundra
have undergone dramatic changes in response to
thermokarst. These changes include: (1) enhancement
of tussock growth in shallow, newly developed
thermokarst gullies; (2) replacement of tussock tundra
by bog meadows in thermokarst pits at later stages of
thermokarst development; (3) drying of tussock tundra
adjacent to thermokarst pits and well-developed
gullies and replacement by deciduous and ericaceous
shrubs at later stages of thermokarst development; and
(4) mortality of mosses during initial stages of thaw
settlement, and a shift in moss species abundance and
relative productivity between thermokarst terrain and
undisturbed areas. Overall, abundance of live tussock-
forming sedge species E. vaginarum decreased and
moss abundance increased with development of
thermokarst terrain. Dead moss (mostly S. fuscum)
was widespread, especially on higher patches, most
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likely due to soil moisture redistribution as a result of
nearby ground subsidence.

Timing of thermokarst occurrence was evaluated
through field observations, borehole temperature
measurements and radiocarbon dating of dead mosses.
The average final year of growth of the dead moss
patches was 1989 (range 1975 to 2004), with dates
concentrated between 1985 and 1995. Small thermo-
karst pits were observed in 1989 and warming of
permafrost at the borehole started in 1989 or earlier in
approximate agreement with the final years of growth
at all sites.

Our interpretation of these observations and
measurements is that permafrost, active layer and
ground-ice conditions at the Healy site are the
combined result of the relative roles of climatic and
ecologic factors operating over a long time. Accumu-
lation of ground ice leads to long-term differential
frost heave creating a related: microrelief. When
ground ice in the permafrost melts, the ground surface
settles resulting in thermokarst terrain (pits and
gullies) that substantially modifies the relief. Wind-
blown snow fills the initial thermokarst depressions
causing further warming and thawing of the under-
lying permafrost, a positive feedback effect that
enhances permafrost degradation. Changes in the
relief alter the near-surface hydrology and ecological
processes. Vegetation changes include differential
tussock growth and mortality and a shift in moss
species abundance and relative productivity, depend-
ing on microtopographic position created by the
thermokarst terrain. Water redistribution towards
thermokarst depressions causes them to become
wetter and adjacent higher areas to become drier,
increasing moss mortality and shrub abundance.

NOTATION

h; thickness of a i’th sub-layer before thawing
and settling, m.

H, active-layer depths before thawing and
settling, m.

H, active-layer depths after thawing and
settling, m.

AH; thickness of the sub-layer h; after thawing and
settling, m.

S potential thaw settlement, m.

AS; thaw settlement of the i’th layer, m.

Ydr dry density of the frozen soil sample, kg/rn3.

Yau dry density of the thawed and consolidated
sample, kg/m>.

8 thaw strain.

8; thaw strain of the 1’th layer.
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