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Abstract

A study was undertaken to assess the post-fire microclimate and geomorphic responses of a
subarctc upland forest underlain by permafro: The study site was a simulated transport corridor
located near Tulita, NWXT. Microclimate data were collected for air and soil temperatures, wind
speed, relatve humidity, radiaton fluxes and snowpack charactenistucs. Soil cores were used for
texture and moisture content analysis. Actve laver depth was measured by the probing method.
Surface subsidence was assessed using topographic leveling techniques and ground penetrating radar.
In burned treatments tree canopyv removal and surface albedo lowenng led to increases in net
radiaton and warmer soil temperatures. Post-fire snowpacks were thinner and denser than pre-fire
values. Soil moisture decreased after fire. Post-fire increase in actve laver depth and seasonal/long
term subsidence was inversely proportional to the degree and age of the disturbance. Subsidence and

thaw depth were maximal in the trench, right-of-way and burned forest respecuvely.
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Chapter I: Introduction, site descriptions, thesis objectives and thesis outline

Introduction:

A growing body of literature exists concerning permafrost and northern development. The
study of environmental disturbances and their effects on permafrost terrains and ecosystems has
received growing attention. The main body of literature on this subject was produced during the later
part of the 1960’s and up to the middle of the 1970’s. It coincided and was likely driven by the
increase in northern development, the proposals for hvdrocarbon development and transport
corridors and the numerous northern exploraton projects that were initiated during this period. The
majority of ‘benchmark’ literature on the subject was written during this ume.

Disturbance studies in the Subarctic have focused on the two main rypes of perturbatons
that can affect permafrost areas: anthropogenic disturbances and natural disturbances. During the
peak of northern development, it was quickly recognized that the presence of permafrost, and
particularly the presence of thaw-susceptble ice-nich substrates, presented unique problems for
engineering. Anthropogenic disturbances, such as the construction of roads. pipeline cornidors and
buildings were studied extensively and much has been learned on the construction and remediation
techniques necessary for construction on permafrost terrain (Brown 1970, Wright 1981).

The study of natural disturbances has been ongoing but the body of literature on the subject
is much less voluminous than that associated with geotechnical engineering. One obvious reason for
this disparity is the periodicity of these naturally occurring events and the logisucal complexites
associated with northern research. The main focii of natural disturbance studies have been nver
flooding (Viereck 1973) and wildfires (Hegginbottom 1973, Mackav 1968.1995. Viereck 1982).
Although there is widespread literature on forest fires in the Subarcuc. most have focused on the
biological effects rather than the abiotic/physical effects that also induce biological change.
Benchmark studies have been done on the long-term changes in permafrost after the Inuvik, NWT
fire of 1968 (Bliss and Wein 1971, Hegginbottom 1973, 1971, Mackay 1970. 1995). These studies
constitute the majority of the geomorphic information available on the post-fire response of areas
underlain by continuous permafrost. Similar, studies have been carried-out in areas of disconunuous
permafrost within Alaska (Hall er o/ 1978, Racine 1979, Viereck 1982). There is a lack of informanon
concerning the effects (long- and short-term) of wildfires in areas of disconunuous permafrost
within Canada, as well as the effects of wildfires on anthropogenic disturbances such as transport

corridors.



Previous post-fire investigations in permafrost terrain

Changes in permafrost are mainly the result of microclimanc vananons. Degradanon and
aggradation of the permafrost as well as seasonal actve laver depth is largely governed by the
temperature at the ground surface and the soil heat flux (Rouse 1982, 1983. Williams 1982, Williams
and Smith 1989). Changes in the ground thermal regime will generally result in fluctuauons of the
active laver, causing an increase of its depth (Brown and Grave 1979, Brown and Péwe 1973,
Williams and Smith 1989). The ground thermal regime constrtutes a fragile. dvnamic balance berween

vegetation. topography and microclimate.

Effect of burning on_microclimatc conditons:
Following a wildfire, the ground thermal regime will be modified by the removal of

vegetauon. In most cases, the heat from the fire will not generate changes in the permatrost (Viereck
1982, Kershaw and Rouse 1976). This is party due to the speed at which the fire travels and its brief
residence ume (Mackav 1995). The burning intensity is directly proportional to the amount and
moisture content of fuel available. and this is often scarce in Subarctc environments (Kershaw and
Rouse 1976, Liang er 4. 1991). Consequendy. post-tire permafrost terrains will often have decreased
surface reflectivity and increased radiation absorpuon forcing a marked increase in soil temperatures
and evaporation rates (Liang er @/ 1991. Rouse 1976. Rouse and Mills 1977, Haag and Bliss 1974).
This can be coupled with a decrease in the relative humidiry. Increased air temperatures favour
higher rates of evaporaton which tend to dry the soil and alter permatrost conditons. The decrease
in relatgve humidity affects the growth of vegetaton by retarding its regenerauon. Rouse and Mills
(1976) found that absorbed solar radiatuon increased by 15°0 on burned sites and net long-wave

radiaton loss increased by a factor of 2.3.

Changes in seasonal thaw depth and surtace subsidence

The varadon in acuve laver depth after fire is an index of the change in the permafrost
environment (Liang ef a/. 1991, Hegginbottom 1973). Increases in acuve layer depth have also been
associated with the removal of vegetation (Hegginbottom 1973), increased snow accumulatons
(Nicholson 1978) and the presence of standing or running water (Kerfoot 1973). Often associated
with variations of thaw depths is a change in surface morphology. Generally, thermokarst subsidence
occurs as a result of the meldng of ice-rich, thaw-susceptble permafrost (French 1976,
Hegginbottom 1971, Rowe er a/ 1975, Wein 1975). This melung can be the result of an
environmental disturbance (natural or anthropogenic) (Evans er a/ 1988). It can also result from an
increase in the annual amplitude of the temperature at the ground surface, which does not necessarily

imply a change in the mean ground temperature (Williams and Smith 1989).
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Quanarauvely, the amount of thaw subsidence depends on the increase in thaw depth and
the amount and distribution of pre-exisung ice (French 1976, Williams and Smith 1989). The
thawing of ground ice involves a decrease of volume by 9%0, followed by an addinonal volume loss
due to drainage of melrwater (Willilams 1982). The final settlement will be a functuon of the effecuve
stress between soil parucles (Mackay 1995). Additonally, thermokarst subsidence can be a “self-
perpetuatng” process where inital ground subsidence allows the entrapment of water which favours
thawing to progress deeper into the ground. leading to further subsidence. Rates of subsidence will
vary depending on the ume since disturbance, soil characterisucs (mamly parucle sizej and the rate at
which melrwater is evacuated from the soil. In Inuvik, Hegginbottom (1971) observed a ground
subsidence of 33%0 durnng the first summer after the fire. Laboratory tests of the same ice-rich
permafrost have shown subsidence varyving between 40-90° 0 of the onginal thickness of the frozen
maternial (Mackay 1995). At the SEEDS site, following clearing, total subsidence berween 1986 (ume
of clearing) and 1990 was 31 cm and 57 cm for the ROW and Trench treatments respecuvely (Nolte

1991).

Effects of snow accumulaton on ground temperatures and acuve layer thickness

Snow has an important influence on ground temperatures because its insulatng eftect
reduces winter heat loss (Nicholson and Grandberg 1973). The insulatuon 1s proportional to the
thickness of the snowpack as well as its thermal conducuvity, which varies with depth and density
(Kershaw 1991). Shallow snow accumulanons offer less insulation, contributng to the maintenance
and/or growth of permafrost (Mackav 1995). Other factors also influence ground temperature such
as substrate texrure, soil moisture, vegetatuon cover. aspect and relief. There 1s a close relauonship
berween snow depth and relief and berween snow depth and vegetation (Nicholson and Grandberg
1973). Furthermore, dense vegetauon will create a barrier to winds that can scour and redistnibute
snow (Kershaw 1991, Rouse 1982, 1983), enhancing the insulaton of the ground where snow
accumnulates (Kind 1981). However, snow accumulation under tree cover is mitigated by retention by
tree branches and shrubs which can reduce the snow cover on the ground. thus lowenng winter soil

temperatures (Viereck 1963, 1973 from Tyvrukov 1959).

Influence of vegeration cover on permafrost distributon:

Vegetation influences active laver depth by changing the net radiauon and the convecuon-
conduction relations of the surface boundary. Evaporation and transpiraton cause a cooling of the
organic layers due to heat dissipaton (Brown 1983). Soil surface temperatures. subsequent to the
removal of a tree canopy can increase by 60 to 70°0. Even after 25 vears. surface temperatures can

-
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remain 30 to 40°0 warmer than in unburned environments (Kershaw and Rouse 1976). The thawing
of the upper permafrost can compensate for the release of moisture that 1s favourable to the
regeneration of plants (Mackay 1995). It is speculated that, as the vegetauon regenerates. the acuve
laver should become progressivelv thinner unal it eventually reaches its pre-burn thickness (Viereck
1973, 1982). Mackav (1995) has observed that 25 vears after the Inuvik fire. permatrost aggraded
causing ground uplift as a result of the aggradauon of ice.

Site description:

The study site was the Szudies of the Environmental Effects of Disturbances in the Subarcttc (SEEDS)
research site (64° 58’ N, 125° 36" W), located approximately 10 km north of Tulita (Fort-Normanj).
NWT (Figure 1-1). The SEEDS site was established in 1985 and consisted ot a simuladon of a
northern transport corridor (pipeline, winter road. high-tension electrical line, etc.). The simulated
transport corridor was a hand-cleared, 690 m-long S-shaped right-of-way (ROW) 1n a Piea mariana
stand that burned in June 1995. The north-south oriented clearings were numbered as ROW’s 1, 2
and 3 from west to east. and the connecung parts were called North and South hnks (Figure 1-2). In
1985, ROW's 1 and 3 as well as the North link were cleared, and in 1986 ROW’ 2 and the South link
were added. A buried pipeline was simulated by excavaung a 533 m-long. 2 m-wide and 50 cm-deep
trench which was back-filled with the excavated mineral and organic matenial ‘Kershaw 1988 b). The
main objectves of the SEEDS project were to collect biotc and abiouc data prior to disturbance and
to monitor the effects of such a disturbance. Addinonally. the site was used to test and monitor
various long-term reclamation treatments (Kershaw.1988 a). In order to assess the impacts of various
tvpes of disturbances and the influence of natural environmental changes. monitonng programs were
carried our in both disturbed (trenches and ROW's) and undisturbed areas that were used as controls
(uncleared forest berween each ROW) (Figure 1-2). These include a relanvely complete, 11-vear
record of soil and permafrost characteristics (moisture/ice contents. particle size. actve laver
thickness) as well as microclimatic characterisucs (Kershaw, unpublished data). Various disturbance
studies have been carried out at the site and they include work on the ecological effects of crude ol
spills (Seburn 1993, Seburn er u/. 1996. Seburn and Kershaw 1997), and permatrost degradanon as a
result of anthropogenic disturbance (Gallinger 1990, Gallinger and Kershaw 1988, Nolte 1990, Nolte
and Kershaw 1998).

In 1993, a wildfire swept over the SEEDS area burning over 58 500 ha. This provided an
ideal opportunity to assess the fire-induced changes in microclimauc and permafrost conditons, in

an area of discontnuous permafrost. These new objecuves will be addressed in this thesis.
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Geology and soils

The SEEDS site 1s situated within an area of flat. to gendy sloping glacio-lacustrine plain.
Local relief is generally by hummocky micro-relief (Reid 1974, Zoltai and Tamnocai 1973). The
regional geology consists of Devonian dolomitic and limestone breccias with depths to bedrock of
over 5m (Hughes er a/ 1973, Maclnnes ¢ o/ 1989, Reid 1974). A thick (~10 m) accumulaton of
deltaic sand and silt were deposited in the area by the extensive Glacial Lake Mackenzie during the
late Wisconsinan {Smith 1990).

Unal the 1970’s the soils of the Mackenzie valley remained unclassified (Pettapiece 1975).
Evans er a/ (1988). Kershaw and Evans (1986) classified the pre-fire soils of the SEEDS site as
Gleysolic Turbic Cryvosols with organic soil horizons 13-30 cm thick. These organic honizons sustain
a layer of live moss and lichen three to five cm thick. Soil pH was found to decrease with depth,
reflectung the acidic nature of the peat. The soil texture was described as silty loam. with an average
clay fracnon of 20°0 and a fine sand fracnon varving from 4°0 t0 55° 0 (Kershaw and Evans 1986). A
disconunuous coarse sand/ pebble laver is present within the glaciolacustrine sequence berween 132
and 225 cm below the surface.

Permatrost 1s widespread at the SEEDS site (Kav er 4/ 1983, Maclnnes ez ai 1989).
According to Brown (1970) and Nixon erai (1983) the site falls within an area where approximately
85°0 of the terrain is underlain by discontunuous permatrost. Permafrost thickness does not exceed

50 m (Judge 1973).

Climate:

The climate of SEEDS has been classified as Subhumid High Boreal (Ecoregions Working
Group. 1989). The Tulita meteorological record shows that winters tend to be long with
temperatures reaching -20°C or less dunng five months of the vear. The summers are short with
only three months averaging over 10°C (Atmospheric Environment Service 1982). Annual
precipitaton is relauvely low (mean annual precipitavon i1s 460 mm). the majonty of which
accumulartes in winter as light snowfalls. Snowcover is generallv present from late October to early
Mayv. However, 45°¢ to 55°0 of the total precipitation occurs between June and September, when
rainstorms are frequent. The thaw season averages 95 to 125 days and extends from May to

September.



Vegetation:

Prior to the 1995 fire. a boreal forest community dominated. by larch /Lurx furiing) and
black spruce (Pues martuna) approximately 300 vears old (Kershaw 1985. 1986). The open-canopied
forest ranged in height from 46 m. Tree morphology was characterized by single crown or small
groups of trees with crown cover of approximately 8°o (trees greater than 2 m in height) (Kershaw
1988, Schotte 1988). The dominant shrub species were the litde tree willow Sulx arbuscuioides.
shrubbv cnquefoil (Porentilla fruticosd) and dwarf birch (Betuia giundiiosa). Understory vegetauon
consisted mainly of Labrador tea (Ledum groenlandicum), bearberry (.-1rctostaphyios rubra), bog cranberry
(1 “accnium rvitis-idaea). bog blueberrv (I ucdnium uliginosum) and crowberry (Empetrum nigrum). Non-
vascular species provided. with exception of the trench, an almost conunuous cover on the ground
surface. Common moss species included the feather moss (Hywcomnium spiendens) as well as
Tomenthypnum nitens and _-luiacomnium paiustre. Lichen species were domuinated by the genus Cludonia

(Kershaw L. 1988).
The complete burning of the black spruce. the shrubby species. and part of the understory

greatly altered the vegeration. Most of the black spruce were killed and only burned trees were left
standing. Tree crown density was reduced to nil. The understory was not completely consumed
during the fire and regrowth has been ongoing since 1995. In post-fire condiuons, there has been a
proliferation of the shrubby species (5. urbuscuivides). The mean total vegetauon cover in the post-fire
control treatment was 115°0. The dominant species were Ciudina mitis (29° o cover) and Pred murtana
(18°%0 cover). Other dominant species included [ weznium ritis-idaea, 1. nizginosum. -rctostaphyios rubra.
Tomenthypnum nitens. .-luiacomnium  palustre. Salix mirtilijolia. Ledum groeniandicum. Betuia glanduiosa. and
Helyocomnium spiendens. Acrocarpous and pleurocarpous bryophytes accounted for 8° o and 2°6 cover
respectvely (Kershaw. unpublished data)

In the burned treatments. vegetation was only present below 30 cm. Mean rtotal cover in the
burned forest was 3°» with no species conuibuting more than 1°0 to totl cover. On the burned
RONW", mean total cover was 18%. This was dominated by non-vascular species such as Muarchantiu
polymorpha, (8%0 cover) and acrocarpous brvophvtes (7°0 cover). The prevalent vascular species was
Eptlobium angustitolium (1° o cover) (Kershaw, unpublished data).

In 1985 and 1987 mean cover in the undisturbed forest at the SEEDS site was 148%0 and
144% respecuvely. P. marnana cover was 18°0 in 1985 and 17° in 1987 (Kershaw 1988). The post-
fire control treatment had a tree stem density of 1.11 stems m? (Kershaw. unpublished data) which
was comparable to the pre-fire stem density of 1.06 stems m = from the SEEDS treatments (Schotte
1988). Mean cover in the post-fire control was less than in the pre-fire control. However. P. muriana

cover was comparable. making the post-fire control an adequate analogue of pre-fire condituons.



Structure of thesis and research objectives:

The thesis has been subdivided into five chapters. Chapters 1 and 5 are introductory and
concluding chapters respectively and Chapters 2, 3 and + deal with the microclimatc changes
accompanving wildfire, the changes in soil characterisucs and actve laver depths and. the

geomorphic response of a fire-affected permafrost terrain respectvely.

Chapter 1 is an introduction to the thesis structure as well as an introducton to the subject matters
explored in chapters 2. 3 and +. It contains a brief literature review of permafrost research and of
the effects of disturbances on permafrost-affected terrains. Particular emphasis is placed on the
effects of wildfires in Subarctic regions. Additionally, a general overview of the SEEDS research site

and project has been outlined and the general site attributes of the research area are described.

Chapter 2 has been ttled “Microclimatic responses to a Subarctic upland forest following
wildfire”. The main objecuves of this chapter are:

i) Perform a qualitatve comparison of the post-fire microclimate conditons for four

surface treatments on the SEEDS site (Right-of-Wayv, Trench. Bumed forest and

Control).

#) Quantfv the changes in the microclimate factors that are determinant in the energy

balance of the surface.

iti) Compare the values obtained for these parameters for each of the SEEDS treatments in

post-tire condinons.

Chapter 3 has been ttled “ Soil properties and thaw depths following wildfire in a2 Subarctic
upland forest and on a simulated transport corridor”. The objecuves are:

i Quantify the post-fire changes in thaw depths and soil moisture contents for the various

SEEDS treatments.

ii) Compare the pre- vs. post-fire thaw depths and moisture content for the SEEDS

treatments.

Chapter + has been utded “Thermokarst subsidence and seasonal /long-term terrain
modifications following fire and anthropogenic disturbance”. It is complementary to the two

previous chapters and incorporates these data in a geomorphic analysis. The objectves are:



¢} Compare and quantfy the 1997 seasonal surface change in each SEEDS treatment.
#Z) Determine the degree of total surface subsidence resulung from burning and /or clearing

since the initial clearing (1986) and the last topographic survey (1990).

Chapter 5 “Conclusions”, contains a brief summary of the thesis.
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Chapter 2: Microclimatic responses to 2 Subarctic upland forest following wildfire.

Introducdon:

Changes in permafrost mainly result from the modificanon of microclimatc conditons and
the heat exchange at the ground surface. Degradatuon or aggradaton of permafrost as well as
seasonal development of the acuve laver depend on these ground surface conditons (Rouse 1982,
1983; Wilkams & Smuth 1989). In turn, this energy exchange is gready affected by the nature of the
ground surface, and any perturbations of surface condinons will have direct repercussions on the

ground thermal regime (Brown and Grave 1975; Brown and Péwé 1973; Willlams and Srmuth 1989).

Wildfires are one tvpe of disturbance which cause changes in the ground thermal regime.
During the actual burning, little modificaton of permafrost conditons occurs (Brown 1983). The
immediate effects of burning are negligible because the direct input of heat to the soil is small
because both mineral and organic lavers are poor conductors. Van Wagner (1970), found
temperature gradients of 10°C mm ! in mineral soil and 28°C mm ' in partdy decaved organic
material. \ temporarv surface temperature of +50°C would therefore have little effect below 3 cm
depth (Brown 1983). Post-tire modifications of permafrost occur in the months and vears following
burning. as the surface energy balance is changed. The degree to which permafrost s modified
largelv depends on whether the fire burns onlyv the tree crowns. or the trees and the undergrowth to
the ground surface. or whether the surface organic matter 1s parually or completely destroved
(Brown 1983). Where post-fire vegetauon recovers rapidly. the impacts on permafrost can be
miugated by the shading effect of new vegetauon (Tsvtovich 1975). Addiuonally. the albedo waill

increase as vegetation [ECOVErY progresses.

Objectives:

The objecuves of this study were to:

i) Perform a qualitatve descripuon of the post-fire microclimate condinons for four surtace
treatments on the SEEDS site (Right-of-Way. Trench, Burned forest and Control).

#) Quantfy and compare the changes in microclimate condituons berween burned weatments and
control.

#) Determine the importance of the radiation budget components in modifving the surtace energy

exchanges in burned and unburned surfaces.



Factors affecting permafrost and the ground thermal regime

-Pre-ire (undisturbed) energy exchanges and permarost equilibrium:

In undisturbed. pre-fire conditions, the thermal state of permafrost is in equilibrium with the
prevailing microclimate. In areas of discontunuous permafrost. the “summer” period (following
snowmelt) is charactenised by thawing of the upper laver of the ground. This thawed matenal - the
acuve laver- will vary in thickness according to the amplitude of summer temperatures. Acuve laver
development is not restricted to areas of discontunuous permafrost, as it is also present in areas of
conunuous permafrost but its thickness can be much less.

The seasonal development of the actuve laver is determined by the temperature regime at the
ground surface, the thermal properues of the ground and the water/ice content of the acuve laver.
Atmospheric mass and energy flows and the geothermal heat flux are boundarv condinons
accountng for the equilibrium berween permafrost and its surrounding environment, with the
vegetation canopy, snowcover and the surface organic laver acung as buffers berween the

atmosphere and the mineral soil (Riseborough 1985).

-Effects of vegetation on the radiation budger und the ground thermai regime:

The importance of vegetation in controlling the energy exchanges of the ground can be
divided into rwo categories. according to vegetauon architecture: the overstory vegetauon (tree
canopy) and the brvophyte laver at the ground surface.

In forested areas. the physical characterisucs of the canopy are determining factors in the
energy exchanges berween forest-atmosphere-permafrost. Trees intercept a large poruon of the daily
solar radiauon. therebyv reducing the net solar tlux below the canopy (Munn er 4/ 1978, Luthin and
Guymon 1974, Brown and Pewe 1973, Haag and Bliss 1974 a). Some of the short-wave incoming
radiation 1s reflected back to the atmosphere as a funcuon of the albedo of the tree crowns or leaves
(Lafleur and Adams 1986). Another portion of this incoming radiaton is absorbed by the canopy. At
the same ume, trees act as a source of long-wave radianon as the absorbed heat is re-radhated to the
atmosphere as well as towards the ground. Trees also affect air temperatures near the ground by
reducing wind flow within and below the canopy (Haag and Bliss 1974 a). The impeded wind flow
cannot dissipate sensible heat as readily as open areas and thus promotes higher air temperatures.
Secondary roles also include the intercepuon of rain and transpiration by the canopy. This atfects the
ground thermal regime by modifving the thermal conducuvity of the soil and the albedo of the

organic laver as a functon of the soil moisture contents.
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The surface organic laver is often referred to as a buffer laver between the near-surface soil
energy exchanges and atmospheric inputs of energy. Three factors cited for this are: /) the low
conducavity of organic soils relauve to muneral soil, i) the effect of the seasonal variadon in the
moisture content of the organic soil on its conducuvirty and, #7) the seasonal evaporauve regime of
the surface, as controlled bv climatc factors (Luthin and Guvmon 1974, Fitzgibbon 1981 from
Riseborough 1985). Because of these buffering characterisucs, the organic (moss and lichens) laver
has been credited with the persistence of permafrost in the southern margin of the disconunuous
permafrost zone. Nakano and Brown (1972) demonstrated the importance ot the properues of the
surface organic laver to the ground thermal regime using a computer model of the thermal regime at
Barrow. Alaska. They concluded that the thickness and the moisture content affecung the latent heat
exchange of the organic laver exerted the greatest influence on the progression of the frost hne
through the soil. A similar simulavon by Ng and Miller (1977) indicated that the thermal conductvity
of the surface laver was the most sensiuve parameter. while organic laver thickness was less

important than some parameters (e.g. albedo) related to the energy balance of the surface.

-Effects of snowpack characteristics on the ground thermal regime:

Snow has an important influence on ground temperatures because of its insulaung effect
that reduces winter heat loss (Nicholson and Grandberg 1973). The effecuveness of the insulaton is
proportional to the thickness of the snowpack as well as 1ts thermal conducuvity, which varies with
snow density (Kershaw 1991). Shallow snow accumulagons offer litde insulation. contribuung to the
maintenance and/or growth of permafrost (Mackay 1995). Addiuonally. tree cover has a direct effect
on the depth and durawon of the snowpack (Kershaw 1991, Rouse 1982, Kind 1981, Brown and
Pewe 1973). Dense vegetauve cover will create a barrier to winds that scour and redistnibute snow
accumulanons (Kershaw 1991, Rouse 1982, 1983). Addinonallv. these barriers will promote the
deposituon of wind-transported snow:, enhancing the insulauon of the ground (Kind 1981). However.
snow accumulauon under tree cover is mitigated by the retenuon effect of tree branches and shrubs

which can reduce the snow cover on the ground. thus lowering soil temperatures.

-Post-fire energy exchanges and effects on permafrost equilibrium::

It 1s generally agreed that post-fire permafrost experience a deepening of the acuve laver as a
result of the disruption of the thermal equilibrium. The partal and/or complete removal of both the
overstory vegetanon and the surface organic laver lead to increases in the amount of energy
penetraung the ground and thus lead to actve laver deepening. The removal of the trees by fire

eliminates their role as interceptors of incoming radiation. This leads to increases in the net solar flux
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at the surface as short-wave radiaton 1s no longer reflected by tree crowns and long-wave radiauon
cannot be absorbed by the canopy. Even if the surface organic cover is not completely removed by
fire, the blackening of the surface dramaucally lowers surface albedo. This leads to an increase in the
absorption of short-wave radiaton resulting in increased surface temperatures. Changes in the
albedo of burned surfaces have been reported. but consistency of values within a parucular cover
type are difficult to obtain due to vanadons in surface moisture contents at the tume ot observauon
(Brown 1983). For this reason. specific values of albedo are not available. Nonetheless, there seems
to be an agreement that albedos of burned surfaces varv berween 5-15°¢. Early work by Jackson
(1939) and Davies (1962) reported values of 9°0 in areas of burned spruce-lichen woodland. In
burned lichen-tundra. the post-fire albedo has been observed to varvy berween 7o (Petzold and
Rencz 1975, Rouse and Mills 1976) and 15°0 (Rouse and Mills 1976). These post-fire values
consttute differences of 50° 04000 over the albedos of similar unburned surfaces (Petzold and
Rencz 1975, Rouse and Mills 1976, Oke 1987). Kershaw ez a/. (1975) reported a rapid post-fire drop
in albedo from 20°¢ to 5%, thus giving a fresh burn the lowest albedo of anv terrestnal surface.
Canopy removal and increases in albedo can lead to increases in soil and surface tmperatures. Soil
surface temperatures have been reported to increase by 60-70° o subsequent to canopy removal. Even
after 25 vears. surface temperatures can remain 30-40°¢ warmer than in unburned environments
(Kershaw and Rouse 1976).

Another consequence of lowering albedo is an increase in net radiaton over freshly burned
surfaces (Kershaw er 4/ 1975, Haag and Bliss 1974 b). However. contradictory results have been
reported by Kershaw and Rouse (1976) where burning led to a reducuon in summerume net
radiadon of 13°0-19°0 over burned surfaces of various ages (0. 1. 2. 24 and 81 vr.). This was
attributed to differental surface heaung berween sites of different ages, which increased the amount
of outgoing long-wave radiatdon. These authors noted an immediate decrease in net radiauon of 20°
which remained at least 10° o lower than unburned surfaces after 50 vears. They concluded that the
low albedo of freshly burned surfaces does not necessarily lead to an increase in net radianon. Rouse
and Mills (1976) also found that nert radiaton decreased by 11°0 over burned areas as a result of
greater long-wave loss offsetung the increased solar radiadon absorpton.

Finally, tree removal affects the distribution and charactensucs of the snowpack. Open
burned areas allow for greater snow erosion by unchecked winds. This leads to thinner. denser
snowpacks that favour frost penetration to deeper depths than in undisturbed areas. Consequently.
snowpack thinning can lead to colder winter ume soil temperatures that mayv parually offset the

summertume deepening of the acuve laver.



Methods:
Microclimate

Microclimate stations and sensors were re-installed in 1996 by Dr. Kershaw and raw data
were extracted from the data archrve for analysis here. The tnital installauons were placed on site in
1985, 10 vears prior to the 1995 wildfire.

Microclimate data were collected at four locanons within and adjacent to the SEEDS site: 1)
burned forest. 2) burned ROW’, 3) burned trench and 4) control. All SEEDS weauments were
instrumented from 1986-1995 when a wildfire destroved most of the equipment. In 1996, new
stations were erected and data collection has been ongoing since. At each station. sensors monitored
soil and air temperatures. wind speeds, relauve humidiry, precipitation and incoming solar radiation
throughout the vear. Addinonally, “seasonal” sensors were installed duning the spring and summer
months. In 1997, these were used to measure net radiaton, soil moisture and outgoing short-wave
radiation. Data were collected and stored on microloggers.

Soil temperatures were measured using +h-gauge. npe-T (copper-constantan)
thermocouples. made according to Johnston (1973) and attached to a 25 mm diameter wooden
dowel. Thermocouples were positioned at depths of 5 em. 10 em, 50 cm. 150 cm and 200} cm. This
setup was used at the trench, ROW" and control stanons. Air temperatures at +30 cm and +150 cm
were measured with thermustors installed in the relauve humudity probes (see below).

Incomuing and outgoing short-wave (solar) radianon was measured with LI-COR (model

2005-L) pvranometers installed at a height of 150 cm on each stauon. Outgoing short-wave
radiaton sensors were inverted so that the sensor head was oriented towards the ground surtace.

Net radiavon was measured with 27 (Radiaton and Energv Balance Svstems Inc.) net
radiometers. As was the case with the measurement of outgoing short-wave radiauon. extreme care
was taken to ensure that the surface below the sensors was not disturbed during installavon and data
collecnon. All the sensors measuring energy fluxes were installed within or below the canopy. No
instruments were deploved above the canopy height. Outgoing long-wave radiation was calculated
from surface temperatures using equation (4). Finally. incoming long wave radiation was obtained by
calculaung the residual value from equatons (1) and (2).

At each stanon. wind speed was measured at two standard heights: 150 cm and 300 cm using
MET-ONE anemometers with a programmed offset of 0.447 m~. Addivonally. Cumpbel! Sientific
(Model 207F) and Vaisala (Model HMP 35C) temperature and relauve humudity probes were
installed at heights of 50 cm and 150 cm. The data were recorded on a combination of Cumpbel/

Scentific automated dataloggers (Models CR10X and 21X with attached memory modules). These



units were powered by 12 V batteries that were kept charged conunuously with solar panels. Loggers

and power supplies were housed in protective shelters.

Snow course measurements:

Snow sampling was performed during the week of 17 February 1997. Sampling sites were
established in 1985 with pre-fire results reported in Kershaw (1991). The same sites were used in
1997 since they were selected to provide representauve samples from each SEEDS teatments
(Figure 2-1). Additonally, 60 sites were randomly sampled in the control treatment. Leading edge

burned forest sites were within the burned forest, less than 15 m from the ROW’ edge.
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Figure 2-1: Snowpack sampling sites on the simulated transport corridor, SEEDS, Tulita, NWT. Sampling sites
have been categorized as burned forest (sites 1, 2, 10, 11, 21, 22, 24 and 20), transport corridor (sites 3, 4, 5, 0,
7,8,12,13,16, 17, 18, 19, 20 and 23) and leading edge of forest (sites 9, 14, 15 and 25) (Kershaw 1991).
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At each site, 5 snow core samples were extracted with an Adirondack snow corer. The sampling
technique used is outlined by Adams and Barr (1974). Analysis was based primarily on the depth and
density data derived from this data set. The major site differences resulting from exposure to wind
were noted. During the winter. prevailing wind direction was from the west-northwest striking the
three 150-m long ROX's at an oblique angle (Figure 2-1). The two 125-m long east-west corndor
segments were positoned at approximately 30° to the prevailing winter wind direcuon (Kershaw

1991).

Data analysis:

The air temperature data were analysed by using a “thawing degree index” (TDI) and a
“freezing degree index” (FDI). This index is the sum of all posiuve (TDI) and negative (FDI) air
temperatures during the measurement period. The index was used as a means of companng the
differences in cumulative air temperatures over each treatment. It was also an indicator of the degree
of post-fire change in surface conditions that lead to changes in air temperarures.

The microclimate data were processed using the Microsoft Excel spreadsheet program.
Statstical analysis of the data was performed with the Jandel SigmaStat software package. Figures

and tables were produced by using a combination of Excel and Jandel SigmaPlot software packages.

Theory:
-Components of the radiation Yudger.

The radiation balance ar the top of the canopy or at the ground surface can be expressed as:

Q= = K=+L-* (1)
= (K$-KD+@-LT (2)
= Ky(1-0)+@LI-LT) 3)

where:

Q= is net (allwave) radiatnon

K{ is incoming short-wave radiation

« is albedo. the rato of reflected to incomung solar radiauon
L~ is net long-wave radiauon

L\ is incoming long-wave radiaton

LT is outgoing long-wave radiation



The computaton of this energy budget requires measurements of all energy fluxes above and below
the canopy. The mnstrumentadon ar the sites did not allow for the collection of all necessarv
measurements. The net long-wave component of equanon (3) had to be calculated. Outgoing long-

wave radianon was derived from surface temperatures as follows (Oke 1987):

LT = eoT? (4
where:
€ 1s ground surface emussivity
G is the Stefan-Boltzman constant (3.67E* Wm = °K ¥)

T is surface temperature (°K)

Since radiadon budget calculanons began on Juban Day 156, snow was not a factor in modifying
surface emussivity. The actual emussivity of the surface was unknown but narural surfaces can
generallv be assumed to have emussiviges close to umty (Eagleston 1970). Because of the varving

thickness of the organic laver and slight seasonal movement of sensors due to ground subsidence,
LT calculadons for the ROW™ and burned forest sites were computed from temperatures integrated

over the soll surface and the first five cenumeters in the burned organic mat. In the control. this
value was integrated over the soil surface. ichen mar and tree canopy (Rouse and Kershaw 1971). Li

was calculated as the restdual from equauon (3).
The solar flux retlected from the top of the black spruce canopy was not directly measured

but could be approximated by the expression (Latleur and Adams 1986):

KT =R o + K (19 as (3)
where:
T is the coefficient of solar transmussion through the canopy
Qs 1s the ground surface albedo

oy 1s the tree-crown albedo

In equaton (5). T was calculated as the rato of incoming solar radiauon above canopy and incoming
solar radiation below canopy. Because pyvranometers were not deploved above canopy, K¢
measured on the ROW’ was assumed to be an adequate surrogate measurement of K+ in the control

treatment. The close proximity of the two sites (~1.3-2 km) and the fact that K{ (also Li) is
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governed by large-scale atmospheric relationships makes this assumption valid (Oke 1987. Lafleur
and Adams 1986). The values of i« were not measured in the field. Values used for calculanons
were obtained from published literature on the albedo of subarcuc surfaces (Petzold and Rencz
1975: Price and Petzold 198+4: Wilson and Perzold 1973). Equation (3) is valid insofar as solar
transmission through the canopy is assumed to be isotropic (i.e. T is the same for solar radiation
passing upward and downward through the canopy) and muluple reflections of the tree crowns are
ignored. The open nature of the canopy with 15°0 crown closure (Kershaw L. 1988} and the
generally small albedo of the tree crowns indicate that the errors associated with the primary
assumptions are only a few percent (Latleur and Adams 1980).

In order to integrate the snow depth and density values and to compare post-fire snowpack
modifications. a heat transfer coefficient (HTC) was used. It includes the influence of depth and
densiry in an attempt to assess the potential for heat loss from the various SEEDS treatments

(Kershaw 1991). HTC is defined as:
HTC=C/d (6)

where:
C is the thermal conducuviry of the snowpack

d1s the snowpack thickness (cm;
The thermal conducuvity of the snowpack was calculated from the formula /Kershaw 1991):

C = (2.94E*« Wm °K 1){p;* 7)
where p 1s snowpack densitv (kg m %)

Results:
-Lir temperature and degree index culculations:

During the period preceding the onset of thaw (Julian days 50-115), mean daily air
temperature at +150 cm was lower than control in the trench treatment. The burned forest and
ROW’ treatments were 0.12°C. and 1.26°C warmer than the control during the same period (Table 2-
1 A). Berween Julian Davs 116-162. the burned forest and trench treatments were cooler than the

control. Differences varied from 0.1°C to 2.26°C. During the same period. temperature on the ROW’
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1.26

-0.35

+.10

50-115 0.12 0.85
116-122 0.24 1.20 046 1.82 -0.91 1.81
123-129 -0.31 045 -0.99 3.46 -2.26 3.30
130-136 -0.76 0.22 0.92 2.46 -0.10 239
137-142 -0.65 0.19 097 +4.13 -1.93 4.05
143-149 -0.40 0.39 0.30 +.49 -0.63 4.37
150-156 -0.78 047 -0.01 4.00 -0.83 372
156-162 043 0.49 -1.14 6.82 -1.49 6.64
162-204 no dara no dara no data no data no data no dara
205-211 1.25 5.30 1.68 5.29 1.20 5.18
212-218 -1.81 1.92 -1.41 1.90 -2.03 1.82
219-225 0.38 375 0.78 3.74 0.12 3.69

1.40

1.17

2.09

3.50

50-115 1.43
116-122 -1.56 1.21 0.92 1.31 2.58 1.11
123-129 -1.06 0.83 0.71 254 0.55 2.6”
130-136 -0.08 0.45 1.47 252 1.81 245
137-142 224 0.68 1.37 440 1.19 +4.06
143-149 1.24 1.01 1.65 403 2.06 3.70
150-156 1.11 215 1.18 3.66 1.68 3.78
156-162 077 091 -0.05 5.94 0.35 6.19
162-204 no data no data no data no data no dana no dara
205-211 2.11 479 1.73 +4.80 232 4.39
212-218 -0.84 1.58 -1.19 342 -0.71 1.36
219-225 0.98 3.49 0.79 3.38 1.40 3.28

Table 2-1: Mean air temperature differences and standard deviations between the control and

burned treatments at heights of A) 150 cm and B) 10 cm. Measurement periods include the "winter"
period before snowmelt (Julian Days 50-115) and weekly segments for the rest of the measurement

period. The data period between Julian Days 162-20+4 is missing due to sensor malfunction. All
temperatures are in °C.
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Figure 2-2: 1997 air temperature measurements at standard heights for A) Control treatment,
B) Burned Forest treatment, C) Trench treatment and D) ROW' treatment.



fluctuated above and below the mean control temperatures. The ROW exceeded the control
temperature on three occasions (Table 2-1 A). The maximum difference reached 0.92°C (Julian Days
130-136). The ROW was also cooler than the control on four occasions with a2 minimum
temperature difference of 0.99°C (Julian Days 123-129). During the last 20 measurement days, all
burned treatments were warmer than the control, except for the period berween fulian Days 212-
218.

Mean daily air temperature at +10 cm was much more vanable than that measured at +150
cm. During the winter period (presence of significant snowpack on the ground), up to the
commencement of thaw, temperatures were coldest on the ROW, followed by the burned forest and
trench treatments. When compared to the trench, mean daily temperatures were generally 3-4°C
cooler on the ROW and burned forest treatments. Temperatures in the control were similar to the
SEEDS values (Figure 2-2).

Mean daily air temperature at 10 cm was more variable than at a height of 150 cm. The
burned forest exhibited the most variation as standard deviaton values were 40°0-50%0 greater than
150cm values. During the winter period, the ench was the warmest burned treatment followed by
the burned forest and ROW'. Following thaw and for the remainder of the summer period. the
trench remained warmer than the control (with the exception of one week berween Julian Days 212-
218) (Table 2-1 B) (Figure 2-2).

The highest Thawing Degree Index (TDI) was recorded in the burned forest, followed by the
control and ROW' treatments. The trench had the lowest TDI. constituting a difference ot 9°o tfrom
the burned forest. The Freeszng degree Indexe (FDI) was greatest in the trench and decreased in the
control , ROW and burned forest treatments respectively. The trench FDI was 1190 greater than the
burned forest. The difference in thawing-freezing degree indexes (A) indicated a 52°0 greater

number of freezing degree dayvs tor the trench (Table 2-2).

Freezing -927.63 -965.40 -1029.29 -96+4.52
A -154.13 -227.26 -321.35 -202.85

Table 2-2: 1997 degree index calculations for the SEEDS and control treatments. The data period used for
calculations is from Julian Days 51-161 (FDI) and 204-227 (TDI).



-Relative humidity

The pattern of relative humidiry distributon was simular in all four treatment tvpes. The
principal difference was the greater amplirude of the relative humidiry in the control when compared
to the other treatments. Peaks in relative humidity in the control were 23-25°¢ greater than for the
SEEDS treatments. Minimum values only differed by 3-3°0 berween burned and unburned

weatments (Figure 2-3).

-Wind speed

The control treatment had lower mean daily wind speed than the bumed treatments. The
average for the whole measuring period indicates wind speeds that were 0.63-0.66 ms ' and 0.68-0.71
ms' lower at +300 cm and +150 cm respectvely in the control stand. Among the burned

treatments, wind speeds were slightly higher in the burned forest than on the ROW’ (0.03 ms ' at

+300 cm and +150 cm)(Figure 2-4).

-Rudiation budger
Incoming short-wave:

Levels of incoming short-wave radiation were similar on burned forest and ROW’ surfaces
(Figure 2-5 A). The difference was less than 2%e. In the control. radiadon levels were 50-200 Wm =
lower than the burned treatments. Minimum radiation levels were within 2°0 ar all treatments and the

greatest differences occurred during peaks of maximum radiauon (Figure 2-5 A).

Ourgoing short-wave:
The pattern of outgoing radiation was similar in all treatments. ROW and burned forest

exhibited similar levels of outgoing radianon throughout the measurement period (Figure 2-5 B).
During peaks. the control treatment exhibited levels that were 20-30 Wm = lower than the burned
treatments. Additonally, during periods of radiaton minima. levels were equal at all burned sites.

Radiaton levels at the burned treatments were 3-5 Wm* higher than the control (Figure 2-5 B).
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Albedo:

Albedo was highest in the control treatment. Values fluctuated berween 7°0 and 41°0. In the
burned treatments. albedo values varied between 2°0 and 18°.. Duning periods of mimima. albedo
values were similar in both burned treatments. Peaks in albedo were higher on the ROW’ for the
penod berween Julian Days 203-208. This situation was reversed berween Julan Days 217-219 when

the Burned Forest albedo was higher than the ROW’ (Figure 2-5 C).

Incoming long-wave:

Incoming radiaton was highest in the control treatment. During periods of concurrent dara.

peaks in long-wave radiaton in the control were 50-300 W' m greater than the burned treatments

(Figure 2-6 A).

Ourgoing long-wave:
Outgoing long-wave radiaton was highest in the burned forest although the control had

values that were generall within 10 W m2. In contrast, the ROW’ values were 35-50 W' m = lower.
Peaks and fluctuatons were svnchronous in the burned forest and control treatments but this was
not the case in the ROW’ treatment. This distribution was more constant with an absolute seasonal
amplitude of 50 W' m? in comparison to the ~90 W' m - amplitude in the other two treatments

(Figure 2-6 B).

Net allwave radianon:

Net radiauon was highest in the two burned treatments where the distnbuuons were
idendcal throughout the measuring period. The pattern of radiadon in the control resembled the
other two distributions, the principal difference being lower radianon levels in the control. Peaks of
net radiaton in the burned treatments frequenty reached 180-200 W' m - while corresponding peaks

in the control attained 140-150 W' m 2 (Figure 2-6 C).

-Rudiation budget comparisons between burned and control treatments:
Short-wave radiaton and albedo:

Incoming short-wave radiation in the control treatment was 21-50°c lower than in both
bumned treatments. Outgoing short-wave radiation in the bumed treatments was lower than the
control by 14-30°. Ground surface albedo was greatest in the control treatment. Values were

generally 35-67° o lower in the burned treatments (Table 2-3, Figure 2-7).

(92
(93]



g
< 91T
k-
ZEE
u.n mo
.
v 90T
]
|}
/
961
981
9Ll
991
2 961

3 = = = =]
gRSggRsfgzeR & 0§ & 2 4§ § 8 8 R °

(zws/m\) wi (zw/a) o (zw/x) uonerpes 1N

Burned Forest and
Modelled outgoing long-

v
’

Julian Days
rgy flux components for the ROW

) Calculated incoming long-wave radiaton, B)
Net radiaton. Line breaks are due to darta gap.

1997 long-wave and net ene

Control treatments; A\
wave radiadon, C)

Figure 2-6



Long-wave radiaton:
Incoming long-wave radiation was greater in the control than in both bumed treatments.

Differences varied between +33°0. Outgoing long-wave radiation was generally greater in the burned

forest, closely followed by the control treatment. With the excepton of the period between Julian

days 210-216, the ROW treatment exhibited the lowest levels of emitted long-wave radianon (Table
2-3, Figure 2-7).

210-:216

217.221

156-162 | 1279

196-202 96.” 95.8 “44
203-209 133.2 1321 1159
210-216 105.8 104.8 96.9
217-221 101.8 100.6 89.2

Table 2-3: Weekly averages of radiaron budget components for the Bumed Forest, ROW and Control
treatments during the 1997 measurement period. All radiation fluxes are in Wm.

Net radiation:
The computation of the net radiation budget revealed the highest net radiaton levels in both
burned treatments. Net radiation was generally 3-23°¢ lower in the control. Among the bured

treatments, the burned forest exhibited radiadon levels that were 0.8-1.1°0 higher than the ROW
reatment (Table 2-3, Figure 2-7).
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-Soil temperatures:
Mean monthly calculatdons of soil temperatures were obtained from the mean daily
temperature data. During “winter” months (January, February, March and Apnl), the trench was

the warmest of all reatments with surface temperatures of ~-2°C. Throughout this period, the
control treatment remained the coldest with surface temperatures of -6 to -8°C. ROW and Trench
sites had similar temperature profiles during the four winter months. The ground surface
temperature varied between -6 and -8 °C (January, Februarv. March) and -2°C (Apml). All
temperature curves converged at a depth of ~130 cm where mean temperature was below 0°C
(Figure 2-8).

During spring and summer months (May. June. July. August). surface temperatures became
positive. The control treatment was one of the coolest treatments at all depths during May and June.
This changed in July-August when the trench was the coldest treatment. In Mayv and June, all
treatments attained a temperature of 0 °C at 2 minimum depth of 50 cm (Figure 2-7}. In July and
August. trench and control temperatures remained below freezing at 90 cm depth whilst burned
forest and ROW’ treatments only reached 0°C at a depth of 150 cm. Surface temperawres gradually
increased during the “summer” period. vanng from 4-4.5°C (May; to 17-18°C (August) (Figure 2-
8).

-Snowpack characteristis:
Snowpack depth:

In February 1997, mean snowpack depth in the control treatment was 54.28 cm (#=00,
S.D.=3.62). For the same period. mean depth was only 3°¢ (1.57 cm) greater in the burned forest
than in the contol. Snowpack depth was more variable in the burned forest as standard deviauon
values were greater by 5.94 cm (Table 2-4 A, Figure 2-9 A).

Along the north-south oriented ROW', snowpacks were deeper on the western edge and
slowly thinned towards the eastern edge where depth was 9.51 cm shallower. Vanability in
snowdepth was also greatest on the west edge as it also decreased with an eastward trend Along the
east-west oriented ROW, snow depth was greatest in the trench, closely followed by the eastern
edge. ROW’ center was 41°o shallower than the trench. Snow drifting was noted on site as evidenced

by the development of small snow ridges on the leeside of burned standing snags.
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Figure 2-8: 1997 mean monthly soil temperature profiles for the four SEEDS treatments
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The leading edge sites exhibited the greatest overall snowpack depth of all SEEDS treatments.
including the control treatment (Table 2-4 A). Mean snow depth was 3.72 cm greater than control

with only a 0.32 cm difference in standard deviauon.

Snowpack density:

When compared to the control. snowpack density was greater in all burned forest
treatments. Along the ROW, the trench, the eastern edge of the north-south oriented ROW’ and the
center and eastern edge of the east-west oriented ROW’ densities were lower than in the control.

In the burned forest, the westernmost section exhibited the highest density. This was
followed by the eastern leading edge sites. The difference berween these sites varied berween 8.1 and
29.3 kg m-* (Table 2-3 B, Figure 2-9 A).

Along the north-south oriented ROW'. snow density decreased from the western to the

eastern edge (214.3 kg m* to 149.1 kg m¥). Only the western edge and the ROW’ center had density
values greater than the undisturbed forest. The greatest overall snow density was observed at the
western edge sites. The trench sites had the lowest snow density of all sites (145.7 kg m).
The east-west oriented ROX' had snowpack densites that were generally lower than the control by
2-5.7 kg m. The only exception was the trench with density values 11.3 kg m * greater than the
control (Table 2-3 B, Figure 2-9 A).

Leading edge sites had mean snowpack densiues that were 6.1-19.2 kg m* greater than

values from undisturbed treatments.

Differences in snowpack depth and density between burned and control treatments:

Post-fire snowpack depths of disturbed sites were greater than control at only three sites:
BF\W', BRW'. BFEE (Figure 2-10 A). However, these differences were slight. averaging 1.5 - 4 cm. At
all other sites. snowpacks were thinner than the control treatment. Both tansport corndors
exhibited snowpack thinning. The greatest difference was noted in the center porton of the east-
west oriented ROW’ where the snowpack was ~25 cm thinner than the control and ~26.5 cm thinner
than the burned forest.

Sites with greater-than-control snowpacks also had greater densites. The differences ranged
from ~6-39 kg m*. Additonally, three sites with lower-than-control snowpacks had greater densiues:

BRC, BFE. BET. Differences only ranged from 412 kg m? (Figure 2-10 A).
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center position on north-south-oriented ROW; (B)NT - (bumed) north-south-onented
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Location

(B)ET - (bumed) east-west-oriented pipeline trench; (B)REE - (bumed) east edge of east-west-

oriented ROW; (B)FEE - (bumed) leading edge of forest on east side of east-west-oriented

simulated pipeline trench; (B)RE - (bumed) east edge of north-south-oriented ROW; (B)FE -
ROW.

(burned) leading edge of forest on east side of north-south-oriented ROW’ or south side of

Figure 2-9: Comparison of mean A) post-fire, February 1997 snowpack depth and density
and B) pre-fire, February 1986-1989 snowpack depth and density (Kershaw 1991) on a
east-west-oriented ROW’; (B)RCE - (bumed) center portion of east-west oriented ROW;

simulated transport corridor.
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Figure 2-10: Differences in depth and density berween snowpacks on, or affected by a stmulated
transport corridor and an undisturbed forest in A) post-fire conditions (February 1997) and B) pre-fire
conditions (February 1986-1989). See caption Figure 2-9 for explanation of location.



Heat transer coefficzent (HTC):

The lowest HTC values were recorded at sites along the transport cornidor. Al ROW HTC
values were below 0.165 W m2°K !, the lowest being 0.135 W' m= °K! at the eastern edge of the
east-west oriented ROW". The only exceptions were the centre porton of the east-west onented
ROW and the western edge of the north-south oriented ROW’' which exhibited the highest HTC
values (0.23 W m=°K'and 0.24 W m2°K! respecuvely)(Figure 2-11 A).

Burned forest and leading edge sites:

All burned forest sites had HTC values above 0.156 W' m = °K '. Within the bumned forest.
the highest HTC was recorded at leading edge sites where values of 0.2 W' m=°K ' were attained.
The second leading edge site had the lowest HTC of all burned forest sites (0.156 W' m= °K.").
However, this was higher than all but one of the ROW' sites (BRE) where there was a difference of
only 0.08 W m~=°K ! (Figure 2-11 A).

Pre- vs. post-pire differences in HTC:

Pre-fire HTC values were greater at all locadons save tor the leading edge sites on the east
side of the east-west oriented ROW /BFEE), the burned forest site /BFW7. and the west edge of the
north-south oriented ROW" (BRW). The greatest differences occurred at the ROW sites where pre-
fire HTC was at least 0.06 W' m 2 °K ! greater. The east-west oriented ROW' sites differed the most
from pre-fire values. This was particularly striking at the ROW’ centre site. the trench site and the
east edge site where differences reached ~0.18, 0.085 and 0.08 W m = °K ' respecuvely (Figure 2-11
A)

Compuarison of pre- and post-yire HTC raiues with control treatment:

Comparing HTC values of disturbed sites with their respecuve control treatments is the
most reliable method to assess the changes in snowpack conditons following fire. This comparison
eliminates the effects of seasonality of the snowpack. In post-fire conditions, control-corrected HTC
values were greater than pre-fire values at leading edge sites (BFE and BFEE), on the west edge
(BRW) and in the centre of the north-south oriented ROW’ (BRC). The greatest difterence occurred
at the BRW site where post-fire HTC difference was 600° o greater than in pre-fire conditons (Figure
2-11 B). At all other sites, post-fire control-corrected ditferences were equal to or lower than pre-fire
conditions. The greatest differences occurred on the central portions of the east-west oriented ROW

(sites BRE, BRCE and BET) (Figure 2-11 B).



A) 05

m //////%/////////////////////%ﬂ// BRAIGH m MM ARRIG)
. 3 s ,
X ) = e
5 m 1Y 2 A s da)
JHE) LHG6D
4 ouw Houle)
TLLIINY #@ i) g
,,,,,,,,,,,,,,,,,, :
y ) )
i {(4)) D)
M) M
{ ma@ A
3 3 2 3 9 ¢ 5 3 8 ° 3
1001 /7w /M) DL °© ° © ?
’ ) G182 /zw/m) OLH

undisturbed forest during pre-fire conditions (1986-1989) (Kershaw 1991) and post-fire

1989) (Kershaw 1991) and post-fire conditions (1997). B) Differences in HTC values
conditons (1997).

Figure 2-11: A) Comparison of hear transfer coefficient (HTC) values between snowpacks
between snowpacks on, or affected by, a simulated transport corndor and an

on, or affected by, a simulated transport corridor during pre-fire conditions (1986-



Discussion:

Radiation budget comparisons between burned and control treatments
Short-wave radiaton and albedo:

The lower levels of incoming short-wave radiation in the control treatment resuited from
the presence of trees which parnally blocked incoming radiation. The measured radiaton levels were
lower than results reported by Haag and Bliss (1974 b). They noted that approximately 80°. of total
incorming radiaton penetrated to a height of 2 m, the remainder being scattered or absorbed and re-
radiated by taller vegetation. In the control weatment 40-79° 0 of total incoming radiaton reached the
sensor head at 150 cm height. These lower levels may be due to differences in prevailing weather
condinons and the percentage coverage of vegetaton at the SEEDS control weatment (47.8°0)
(Chapter 1) which was 7.8° o greater than the coverage reported by Haag and Bliss (1974 a).

Lower levels of outgoing short-wave radiaton in the burned treatment were not unexpected
considering the abrupt surface darkening after the fire. The albedo values for the burned treatments
were consistent with most of the published literatrure (Rouse and Mills 1976, Kershaw er 4 1975,
Haag and Bliss 1974 b).

From the weekly averages of the radianon components. it was apparent that short-wave
radiatuon and albedo were the controlling factors on the changes in surface temperatures and. thus.
the modificauon of permafrost. In all treatments. L= (net long-wave radiaton) values were alwavs
negauve as a result of greater fluxes of outgoing long-wave radiaton. In comparison. the higher K~
(net short-wave radiadon) values in the burned treatments led to increases in surface temperatures.
Surface blackening and the lowered albedo imparted the greatest control over the parutoning of
incoming radiaton at the surface. Tree removal also conuributed to the dominance of the short-wave

radiaton component by allowing greater amounts of radiaton to reach the surface.

Long-wave radiaton:

The bumed forest site exhibited the greatest amount of ouigoing long-wave radiaton. This
was not unexpected since fluxes of outgoing long-wave radiadon vary only with surface temperatures
(Kershaw er 4/ 1975, Oke 1987). At this site, the post-fire albedo decreased, causing greater
absorpuon of solar energy. high surface temperatures and hence high emission of long-wave
radiaton (Rouse and Mills 1976). It was surprising that the ROW’ treatment had the lowest levels of
outgoing long-wave radiaton despite receiving levels of incoming short-wave radiaton that were
similar to the burned forest treatment. These results mav reflect the posiuon of the meteorological

staton and the topographic characteristics of the ROW’ itself. Throughout the SEEDS site, the
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ROW’ generally consututes a depression where rain and meltwater tended to dran. The wench.
ROW’ and adjacent areas were often waterlogged. This high moisture content mayv have reduced
surface temperatures, and hence outgoing long-wave radiauon., through increased rates of
evaporative cooling of the surface (Oke 1987). This was supported by a trend of increasing long-
wave emission during the later part of the measuring period as the surface dried and emissivity mayv
have increased (Figure 2-6 C. Table 2-1). More likely. higher wind speeds on the ROW’ would
dissipate sensible heat more efficiently through greater rates of advectuon (Haag and Bliss 1974 a).
Higher levels of incoming long-wave radiaton were recorded in the control as a result of the
tree canopyv re-radiaung absorbed energy (Haag and Bliss 1974 a, Lafleur and Adams 1986).
Additonally, the relauvely high levels of outgoing long-wave radiaton may have resulted from higher
air and surface temperatures as a result of reduced advecuon (Haag and Bliss 1974 a) and increased
wapping of energy by the tree canopy. The high absorpuvity of evergreen trees makes them
extremelv important in the radianon budget of high lautude landscapes (Oke 1987. Lafleur and
Adams 1986). Their importance is accented at low solar alurudes as the trees present their maximum
surface area for irradiaton, and their receiving surfaces are almost normal to the solar beam. Their
relauve warmth makes them sources of long-wave radiadon which is readily absorbed by

surrounding surfaces (Oke 1987).

Net radianon:

Net radianon was appreciably greater in both burned treatments than in the control. This
was in agreement with Haag and Bliss (1974 a, b) who attributed this increase to the rapid change 1n
surface albedo and a nse in short-wave absorpuon over the burned surfaces. Addinonally. the
transpiring plant canopy in the control was able to draw sub-surface moisture through its roots and
continue to dissipate a large porton of net radiaton as latent heat (Haag and Bliss 1974). However.
these findings are contradicted by Kershaw e 4/ (1975) and Rouse and Mills (1976). Kershaw ez u
(1975) reported a reducuon in summerume net radiation lasung up to 81 vears.

Most soil temperatures when the solil is frozen, prior to snowmelt. do not differ significandy
among the different surfaces. so that the high air temperatures which are achieved in early summer in
the burned treatments must be accompanied by a large increase in soil temperatures (G).
Additonally, the rates of evaporaton decreased substanually after the first vear of burning due to
lower soil moisture largelv resulung from the earlvy melting of the snowcover over the bumed
surfaces, and the lack of transpiring vegetauon, which could have tapped moisture from the deeper

soil lavers. Because the decrease in evaporauon which accompanies burning is greater than the
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decrease in net radiauon. the sensible heat flux over burned surfaces is greater than over unburned
surfaces.

In the case of the SEEDS fire this situation mayv not be directly applicable as a result of the
difference in the intensity of the fire. Haag and Bliss (1974 b) have suggested several factors which
may explain a decrease in post-fire evapotranspiraton despite higher values of net radiaton. These
included increased resistance due to surface drying, a mulching effect from ash and litter and the
removal of the transpiring plants. Although evapotranspiration was not measured at the SEEDS site,
it is possible that these three factors accounted for the higher levels of net radianon over the burned
surfaces. Also, depending on the intensity of the fire affecung the site studied by Kershaw er i
(1975), the lrter could have been completely consumed. eliminanng the mulching effect of the
ash/litter mix and increasing soil surface temperatures. Finally. the lowered evaporaton rates one
vear after burning will depend largely on the moisture and ice content of the active-laver. Surface
drying will occur at different rates as a funcuon of surface moisture and evaporaton will be
prolonged over wetter surfaces. It is possible that the high moisture content of the SEEDS acuve

layer allows evaporauon to occur well bevond the first post-fire vear.

-Snowpack depth
Control treatment:

Dunng pre-fire conditions, the sections of undisturbed torest berween each ROW’ were used
to compare snowpack depths with values from the transport corridors (Kershaw 1991). In 1997, this
area was not used as a control treatment as it had burmed and the surface condiuons were
fundamentally altered. The post-fire control treatment where microclimate stanons were erected was
also used as a control treatment during snow sampling. The lack of data concerning toral seasonal
snow accumulagon at the SEEDS site in both pre- and post-fire condituons restricts direct
comparisons of snowpack charactenisucs. Addiuonally, using snow on the ground data from the
Norman Wells meteorological staton as a common control to each site was not possible since the

locauon of the staton grossly underestimates snowpack depth (Kershaw 1991).

Burned Forest:

The greater-than-control snowpack depths and densites in the burned forest resulted from
the redistribution of snow from unchecked winds. Increased snow density in wind-scoured sites has
been reported by Rouse (1982). The removal of vegetation by fire decreased surtace roughness in the

burned forest, facilitaung snow drifting and increasing snowpack density.
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North-south oniented ROW:
Along the north-south oriented ROW'. the decrease in snowpack depth eastward was a

direct consequence of increased erosion of snow on the simulated transport corndor. Although the
removal of vegetaton in the burned forest substanually decreased surface roughness. the standing
snags sull affect the boundary laver to a greater degree than on the simulated transport corridor. This
effect was enhanced in the winter as most topographic trregulariues were infilled bv snow and erect
shrubs were incorporated in the snowpack (Kershaw 1991). Vegetaton removal has increased the
distance of fetch tor prevailing winds, thereby increasing the degree of snow deflanon awayv from the
edge of the ROW". For example, the western edge of the north-south oriented ROW’" had a mean
snowpack depth 5.36 cm less than the adjacent burned forest. This difference increased to 15.85 cm
on the eastern edge as fetch along the ROW’ was greatest at this point. This effect was parncularly
pronounced ar these sites as sampling locations were onented approximatelv parallel to the prevailing

wind direction.

East-west oniented ROW:

Kershaw (1991 reported that snow drifts accumulated on the leading edge of the forest on
the downwind side of the ROW’s. This resulted from deflanon of the snowpack on the treeless
ROWS. Leading edge snowpacks were consequently enhanced by 29.9°» and 3.4°» over the control
on the east-west oriented ROW' and north-south oriented ROW's respecuvely. This contrasted
strongly with the post-fire leading edge snow charactenisucs. The leading edge of the north-south
oriented ROW" had snowpack depths that were 30°0 less than the control treatment. Concurrendy.
the east-west ortented ROW’ exhibited only a 6° o increase over the control. Again. this increase likely
resulted from the removal of vegerauon berween the ROW's and the extended fetch distance. During
pre-fire condinons, the tree canopy and low-lving branches slowed wind trom the ROW's and torced
the depositon of transported snow. In post-fire condinons. tree removal would permur faster wind
speeds and increased snow entrainment on the ROW's and downwind ROW’ edges. This clearly
suggests that the removal of vegetauon and the associated fetch increase has transformed the forest

edges from areas of snow deposition to areas of ner erosion.
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Snowpack density:
Control treatment

Mid-winter snowpack density in the control treatment was low. but rypical of snowpacks 1n
the Subarctuc (McKay and Findlay 1971, Pruitt 1984). Addiuonally. density values were not markedly
different than dunng pre-fire conditons {see Kershaw 1991). These similarities resulted from the
open-canopied tree cover that provided surface roughness and reduced snow movement and drifung
(Jetfrev 1970, Kind 1981). These conditons permitted Qu/ (Pruitt 1958) buid-up and snowpacks

that were not overly densified by wind.

Transport corrnidor
With the exception of two sites (BRW and BRC) on the north-south-oriented ROW’ density

was lower than that observed in the control during post-fire condinons. This was a remarkable
change from pre-fire conditons where all sites. exvepr RW" and RC. exhibited greater snow density
than the control (Kershaw 1991). The greatest change occurred on the western edge of the north-
south-oriented ROW', where densitv increased almost 60 fold. This change was again attnibuted to
the increased wind effects on the snowpack. The open nature of the ROW's favored higher wind
velocites at the ground level, resulung in increased rates of snow removal. Addiuonally, the ROW’s
were areas of snow depositon during periods of decreasing wind velociues. This snow was already
mechanicallv metamorphosed (obliteration of crystal arms through saltauon. etc.) and packed with
greater densitv than freshly-fallen snow. This resulted in snowpacks exhibiung decreasing depths and
densites across the north-south-oriented ROW'". This situauon was reversed along the east-west-
oriented ROW’, where snow depth and density increase eastward. Two sites along this ROW (BRCE
and BREE) had densirv values that were lower than control while two other sites had depth and
density values greater than the control. The lower post-fire densiry values can again be atnbuted to
high rates of snow erosion and metamorphism. Both sites had snow densiry values similar to the
control values (Table 2-1) vet snow depths were 8°0 and 45°0 shallower than control. This was a
prime example of the densificadon process associated with snow dnfung. [t was parucularly well
exemplified by site BRCE (site 3. Figure 2-1) located on the northern edge of the ROW' had
maximized fetch distance for the winds affecung it. For sitess BET and BFEE. the high snowpack
densitv values resulted from the length of the ROW’ and tts low surface roughness. In the case of site
BFEE. ROW length was again a significant factor in determining the density of the leading edge
snowpack since it was the distance over which the snow could be entrained and wind-eroded upwind
of the sampling site. Preferenual redeposition occurred in the first 3-4 m of the forest as tree snags

created enough surface roughness to perturb wind flow and allow deposituon. The redeposited drift
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snow had a higher density due to the modification of grain sizes during transport as well as wind-

packing effects McKay and Gray 1981).

Heat Transfer Coefficient and soil temperatures:

Along the transport corridor. the high HTC values resulted from high snow density. Despite
having considerable snow depths. Compared with other sites. these areas would be poorly insulated,
resulung in greater winter heat loss than adjacent areas. This should also result in colder near-surface
sotl temperatures and perhaps enhance frost penetration. Near-surface soil temperatures were indeed
colder in the burned forest and ROW’ treatments. The low HTC values along the trench were

suggestuve of lower rates of heat loss occurring at these sites. This is in agreement with the soil

temperature data with the trench 4+-6°C warmer that the ROW’ and burned forest reatments.

Pre- vs. post-jire comparisons of HTC railues:
1997 sites with the greatest HTC differences from the control also had the lowest difference
trom the 1986-1989 data. This was similar to density in post-fire conditons where there was a

reversal of pre-fire conditions. From equatons (6; and (7) and the relauve importance of snow

density (p). this influence was expected on the HTC values.

Conclusion:

In the third summer atter a wildtire and preceding the onset of thaw: air temperatures were
lower in the burned treatments than in the control. This siruauon was however reversed after the
commencement of thaw as the burned ROW’ and the burned forest were ~2°C warmer than the
burned trench and the control reatment.

As a result of the removal of the transpiring vegetauon. relauve humidity was lower over the
three burned treatments. Tree removal reduced surface roughness and atfected wind speeds bv
permitung greater wind velocites in the burned treatments.

Following fire. the radianon budget of the bumed surface was fundamentally altered.
Burning created decreased albedo from bumned surfaces which resulted in an increase in net
radiauon. Consequently. soil temperatures were warmer in the burned forest and burmed ROW

treatments. This prompted the movement of the 0°C isotherm 60 cm deeper than in the control

treatment.
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Burning also altered snowpack charactenistics. Snowpacks were generally thinner and denser
than during pre-fire conditions. This was a direct result of the removal of vegetauon which favored
snow redistribution and erosion by wind. Both transport corridors exhibited signs of snowpack
thinning as a result of the increased fetch distances. The most significant post-fire modificauon of
the snowpack was a reducton in the vanability of snowpack charactenisucs berween the transport
cornidors and the adjacent burned forest areas.

HTC (Heat Transfer Coefficient) values were lowest along the transport corridor. Two
exceptions were however noted: the center portion of the east-west oriented ROW’ and the western
edge of the north-south oriented ROW had the highest HTC values. Within the burmed forest sites.
the highest HTC values were recorded art leading edge sites. The highest HTC values of the burned
forest were greater than all but one of the ROW’ sites. This suggests that sites in the burned forest
and on some areas of the ROW’s would be poorly insulated and be subject to colder soil
temperatures. This would allow frost penetration to greater depths. The acuve layer and the top of
the permafrost would cool to a greater degree than other treatments. This could temporanly offset

the summertume warming that results from increased net radiauon over the burned treatments.
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Chapter 3: Soil properties and thaw depth following wildfire in a Subarctic upland forest and

on a simulated transport corridor

Introduction:

In Canada. permafrost is present in various forms over almost 30°¢ of the country
(Hegginbottom 1995) and its presence creates unique engineering problems. [t was quckly
recognized that the main concern facing northern development was the degradauon of thaw-
susceptible. ice-rich permafrost which can cause increases in acuve laver depths. thermokarst
subsidence and mass movement (Brown 1970, French 1976).

Wildfires are one of the most important disturbance atfecung permatrost and vegetanon in
the subarcde region (Viereck 1973 a). A number of studies have been conducted on permafrost
conditions following wildfire (Hall ez «/ 1978, Hegginbottom 1971. 1973, Mackay 1977. 1995,
Viereck 1973a.b. Viereck and Schandelmeier 1980) and although results have been vanable, 1t 1s
generally agreed that acuve lavers are thicker in the successional stands after fire than in the adjacent.
unburned areas MMackav 1970, 1995, Viereck 1973a, 1982).

Brown (1963. 1983) stated that the heat produced by the fire generally has little immediate
effect on the thickness of the active layer since the organic laver seldom burns to permatrost depths.
Following fire. it 1s the change in surface albedo and the removal of vegetauon that promotes
warmer soll temperatures and deeper thawing.

Published results of permafrost-wildfire studies have been mainly conducted 1n Alaska (Hall
ef al. 1978, Viereck 1973a, b. 1982, Viereck and Schandelmeier 1980. Wein 1971) and in the
continuous permatrost zone of Canada (Hegginbottom 1971, 1973, Mackay 1970, 1977, 1995, Wein
and Bliss 1973). There are no reported results concerning the effects of wildfires in the
discontnuous permatrost zone of Canada. This paper will address some of this lack of intormauon
bv presentng some results of the short-term effects of wildfire on the acuve laver thickness of a

simulated transport corridor and adjacent burned forest.

Obijectives:

The objecuves of this studyv were:

/) Compare the active laver depths and the soil moisture contents for the vanous SEEDS
treatments following burning.

#) Compare the post-fire thaw depths and moisture content changes for the SEEDS treatments.

#) Quantufy the active laver changes of 2 burned black spruce forest in disconunuous permaftrost.
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Post-fire modifications of the active layer:

In eastern Alaska. at the end of the first summer of an August fire. Lotspeich ¢ 4/ 11970)
found no significant differences in acuve laver depths. Both burned and unbumed sites had thawed
to depths of ~70cm. Wein (1971) reported an increase of 130-150°¢ in the depth of the acuve laver
in early summer after a fire the previous vear. However, this difference had declined to 115-120°0 by
the ume maximum thaw was reached in the fall. Brown er 4/ (1969), reported increases of 140-160°0
4 vears after a fire in a black spruce forest. Addinonally, they found increases of 141-152%0 in thaw
depth in a 1-vear-old burned area in central Alaska. For the Wickersham Dome fire of 1971, Viereck
(1973 b) reported no sigruficant differences in thaw depth berween burned and unburned stands
during the fall of the first summer after fire. However. during the following thaw season. thawing
progressed deeper in the burned than in the unburned stand. Although snowmelr occurred 2 weeks
earlier in the burned stand. thawing was similar in both sites unul ~ June. Bevond this date, thawing
progressed more rapidly in the burned area. A maximum thaw depth of 63cm was attained in the
burned stand by 23 August. Maximum thaw in the unburned stand was attained on 6 September and
onlv reached 40cm. Thus, thawing in the burmed stand was 157°¢ greater than in the unburned
(Viereck and Dyrness 1979).

Regarding the 1968 wildfire at Inuvik, NWT. Hegginbottom (1971) reported no significant
deepening of the acuve laver after the first summer. However, by 1970, thaw depths in the burmed
areas were 9 cm deeper than in the unburned. Mackav (1970) menuoned much greater increases in
thaw depth for the same period. By the end of the first summer after fire, the average increase of
thaw was 24.1 cm. representing a 1490 thickening. Thaw depths had increased to 34.8 cm (171°%0) by
the end of the second summer. In a follow-up study, Mackay (1995) re-examuned the onginal sites
from 1970 and found that some sites had been experiencing acuve laver increases unul 1988. He also
noted that there had been aggradaton of permafrost during recent vears, perhaps as a result of the
shading effect of the vegetanon. More importantly, Mackay showed that individual site charactensucs
plaved an important role in the development of the acuve laver. Some burned hummock sites, had
active laver increases berween 9-20 cm during the 1968-1993 period. This was less increase than in
some of the unburned sites. It 1s important to note that thaw depth was not monitored each vear and
so 1t 1s possible that the maximum post-fire thaw depth was not recorded. Permafrost may be
aggrading at the site and the values reported mv Mackay (1995) may therefore be shallower than the

maximum thaw- depth.



Post-fire modifications of soil moisture contents:

Few studies have been able to quanufy and draw definite conclusions on the soil moisture
modificadons induced by wildfire. A number of varnables affect soil moisture content and therefore
make it difficult to quanufv annual and seasonal variatons. In non-fire condiuons. soil moisture
content depends on rates and volumes of solid/liquid precipitaton, rates of snowmelt. soil texture,
etc. Addidonally, the presence or absence of vegerauon. its type and density will also affect soi
moisture through various rates of evapotranspiration. If the effects of wildfires are added to this
already extensive list of variables, the spaual and temporal distribution of soi moisture dramaucally
increases in complexity and, therefore, renders seasonal comparisons of soil moisture contents
equally complex. Comparing moisture contents quickly becomes an exercise of gross esumauon
rather than precise recording. Nonetheless, some general conclusions have been drawn from
previous studies.

The effect of fire on soil moisture content seems to depend on the sevenry of the fire, the
tpe of soil and the nature of permafrost present (Viereck and Schandelmeter 1980). A number of
studies have reported increases in soil moisture a short ume after burming. (Kane er w. 1975,
Krvuchkov 1968, Swanson 1996). It is generallv agreed that these increases are due to permaftrost
melung as a result of the rupture of thermal equilibrium. Krvuchkov (1968) argued that. in Sibena.
the increased moisture favored rapid plant growth that ultumately caused shallower acave lavers.
Kane er 4 (1975) and Kershaw and Rouse (1971) suggested the increases in free surface water were a
result of reduced evapotranspiraton that followed removal of the vegerauon. However. on sites with
lictle organic matenal remaining after fire, moisture contents mav be lower. In lichen-woodland sites.
Kershaw and Rouse (1971) found that moisture contents were lower and flucruated more than in
unburned sites. They attributed this difference to increased rates of evaporaton trom the exposed
mineral soil in comparison to lichen lavers that tend to retain moisture and reduce flux trom the soil.
Studies comparing decade-old surface disturbances found general trends of sol moisture decrease
when compared to undisturbed areas. The degree of change berween these sites was highly vanable
and depended largelv on individual site charactensucs (Lawson 1986).

More recenty. Swanson (1996) presented data suggesting thar post-fire moisture contents
do not change predictably and that one of the major controls on moisture content was microsite
characteristics. He observed that soils with permafrost on the coldest and wettest landscapes
(concave to plane, lower slope posidons and north-facing midslopes) usually failed to thaw deeply,
with no substanual changes in moisture conditions. Soils with permatrost on convexiues, crests and
shoulders and east-,west- or south-facing midslopes thawed deeply 1n some instances and not in

others, presumably as a funcuon of fire severity or frequency.
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Field methods:
Frost probing:

In 1986. four parallel frost probe transects were established at the SEEDS site. These
transects crossed the site from west to east and were used to monitor the progressive increase in
acuve laver thickness during the thaw season (Gallinger and Kershaw 1988). This serup was used
from 1986 undl the 1995 wildfire and several surveys were conducted annually. In 1996, a new
nerwork of probe sites was implemented. this ume with two transects. Addinonallv. a second
network of probe sites was set-up tn an unburned stand of Pices mariana located ~3 km north of the
SEEDS site. This area has been used as a control since the beginning of the 1996 thaw season.
Acuve laver depth measurements were collected using a solid. 2-m-long and 1-cm-wide stainless steel
rod graduated in 1 cm increments. A similar 3-m-long probe was also used in areas where acuve
laver depths exceeded the probing capabilitv of the shorter probe. The technique used is described
by Mackay (1977). where the positon of the 0° C isotherm is inferred by probe refusal. indicaung
that frozen ground has been reached. Mackay (1977} discussed the potenual errors associated with
this method. Namely that probe rejecton can occur well above or below the 0° C isotherm
depending on soil texture. To address this potenual error source. a third type of probe was used in
1997. It consisted of a hollow. 2 m-long and 1 cm-wide stainless steel rod where nwo type-T. -H-
guage thermocouples were inserted. The thermocouples were connected to a dual display digital
thermometer (model Omega HH202) (Figure 3-1). Because of the long thermocouple calibrauon
umes required. this probe was used at every fifth probe point along each transect. This permirtted the
venfication of temperatures when rejecuon depths were reached. A margin of 0.1°C was deemed a
sufficient indicator of maximum thaw depth. This margin was also considered to be within the range
at which the zero-curtain/frozen fringe effect can occur (Rouse 1976. Hinkel and Nicholas 1995,
Williams and Srruth 1989). Berween 1986 and 1993, the number of probe sites varied from 339
(1986) to 364 (1993) due mainly to the extension of the transect lengths. In 1996 and 199~ 57 probe
sites were used along each of two transects on the SEEDS site. Addinonally, 50 sites were probed in
the control treatment. Probe site spacing varied from 10 m on the ROW’s and in the burned forest to
0.5 m across the trenches. Due to ume and logistcal constraints. the thaw depth was usually not
monitored bevond the third week of August. This prevented recording of the maximum thaw depth.
Nonetheless. it has been shown that 90° 0 of acuve laver thickness 1s attained by late August and that

a very small increase usually follows (Viereck 1982).
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Figure 3-1: Permafrost probe (right) and permafrost/temperature probe (left) used to measure
thaw depth in 1997.
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Soil conng:

Soil motsture contents and partcle size/texture were determined from soil cores extracted
from the various SEEDS treatments. Coring was performed over a four day period in May and
August 1997. A toral of 32 cores were extracted duning these periods. In each treatment. sample sites
were randomly selected. A total of 8 cores were extracted from the wench, 4 from each ROW", 8
from the burned forest and +4 from the control treatment. The sampling was performed with a hand-
driven corer similar to that described by Zolrai (1978). An effort was made to extract core segments
of 10-15 cm. This was not alwayvs possible and core segment length varied from 7 to 21 cm.
Following extracton, samples were prompty bagged and kept cool. During the August coring

period, samples were weighed a few hours after extraction.
Laboratory methods:
Moisture content and texrure analvsis:

Moisture content was determined by weighing samples in the field and again after being
oven-dried at 105 = 5° C (Kalra and Maynard 1991). Moisture content was expressed on a wet
weight basis (total moisture; thereby avoiding awkward moisture contents of more than 100°0

{Tsvtovitch 1975). Total moisture was calculated using the following formula:

Moisture contenr = Moistwt (g} - Oven dry wt (g) ~ 100

Motst wt (g)

Texture analysis was performed using the Bovocous hvdrometer method as outlined in Kalra and

Mavnard (1991).
Sraosucal analvsis:

Due to the small sample sizes obtained during conng. stausucal analvsis of moisture
contents was not possible. However, the thaw depth sampling was sufficient and stausucal analysis
was performed. The data were compiled using the Microsoft Excel spreadsheet program and
staustcal analysis was performed using the SigmaStat analyvsis package. A combinaton of the Excel

and SigmaPlot programs were used to graph the data.



The data were first tested for normality using the Kolmogorov-Smirnoff test for goodness-of-fit.
Non-normal distnbuuons were /r (narural logarithm) transformed to meet cniteria for parametric
staastcal analysis. One-wayv analysis of vamance (ANOV.A) was used to test for significant
differences in mean maximum thaw depths in the three SEEDS treatments. When significant
differences existed. muluple companson tesung (Tukev’s test) was used to isolate the differences

berween groups. Both pairwise and rs.control tesung was used.

Results:

Seasonal post-ire moisture content and differences from the control treatment.

In 1997, during the spring coring penod. the majoritv of samples exhibited some rvpe of
visible ice, generallv comprsed of small crystals or flakes. In a few isolated cases. longer (7-8 cm
long) core segments were enurelv compnsed of “clean ice” (Appendix A). These ice lavers were
observed in cores onginaung from the burned forest and the ROWs. No ice lenses/veins were
encountered during coring of the trench sites, although small ice crystals. were seen . In the control
area, no ice lenses. were encountered. During the late summer coring period. ice of anv rvpe (veins,
interstnal, etc.) was conspicuously absent from cores extracted from the ROW’ sites. Cores for thus
period usually did not exceed ~150 cm. These were enurely within the acuve laver. However. frozen
sits and individual ice crystals were present in cores from the burned forest. where they penetrared
the permafrost table. All cores exhibited high amounts of excess free water in the upper 90-100 cm.
The only excepuon was the control treatment where excess water was present 1n the upper 33 cm of
the soil column (Figure 3-2 D) (Table 3-1).

The burned forest exhibited maximum moisture content in the upper 60 cm where moisture
varied berween 72% and 30°.. Below 60 cm. moisture content remained berween 20°0 and 40°
(Figure 3-2 A). The upper 10 cm were 3°0 drver than the control. However. berween 20-110 cm.

moisture content was at least 12°0 higher than the control (Table 3-2).
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30 12 8 -

40 16 20 22
50 19 31 28
60 15 31 29
0 20 30 28
80 32 25 22
90 28 26 22
100 28 no dara 19
110 27 20 20

Table 3-2: 1997 post-fire differences in moisture content (*o) berween the burned treatments and the
control at vanous depths.

In the ROW cores, maximum moisture contents reached 56°o in the top 50 cm (Figure 3-2 B). A
steady decrease followed to a depth of 140 cm (20°% moisture). ROW moisture in the upper 10 cm
was 19% less than the control (Table 3-2). Below 20 cm, ROW’ cores were wetter than control. The
maximum difference occurred at 60 cm depth (31°%0)(Figure 3-2 B).

In the trench, moisture contents decreased more rapidly than for the ROW. A maximum
moisture content of 66°o was recorded at 20 cm and decreased to 290 at 110 cm (Figure 3-2 C). The
upper 10 cm of the trench were 15°0 drver than the control. Below 20 cm, moisture contents
exceeded the control values by at least 7°0 (Table 3-2).

The newly-established control treatment had moisture contents that steadily decreased with
depth. Maximum moisture was 74°o in the upper 10 cm (Figure 3-2 D). Surface moisture (0-10 cm)
was greater than all bumed treatments. However, below 20 cm, the control treatment had lower

moisture contents than the burned treatments (Table 3-2).

Pre- vs.post-fire changes in motsture content.

The small sample sizes obtained from soil coring did not permit rigorous staustical tesung
of the data. Nonetheless, a graphical representaton of the results permitted visual assessment.
Following fire, moisture contents generally decreased for ROW and burned forest treatments while
there was an increase in the trench (Figure 3-3). For all three burned sites, moisture content in the
upper 15 cm decreased by at least 10% from pre-fire values. [n the 15-30 cm depth range, moisture
contents for ROW and trench were again lower than in pre-fire conditions (-11° and -3°%

respectively), whilst only the burned forest had increases in moisture content.
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Below 30 cm, trench moisture content was greater than pre-fire values. A\ maximum increase of
~18% was reached in the 105-120 cm depth range (Figure 3-3). The burned forest had lower post-
fire moisture contents below 45 cm depth. A maximum decrease of ~12° was atrained in the 60-
75cm range. Finally, post-fire moisture in the ROW’ cores decreased throughout the soil column.
Below 60-75 cm, moisture content was similar to pre-fire conditons with differences of -3% to

0.8%.

Post-fire seasonal variations in mean maximum thaw depth.

In 1996, mean maximum thaw depth for the burned forest, ROW and trench were 82 cm,
113 cm and 112 cm respectively (Table 3-3) (Figure 3-4). In 1997, mean maximum thaw depth had
increased to 93 cm for the burned forest, 136 cm for the ROW and 156 cm for the trench. This
constituted an increase of 11% for the burned forest, 21°% for the ROW’ and 38°% for the trench
over the 1996 values (Table 3-3) (Figure 3-4). Thaw depth was 143%, 211% and 241°6 greater than
the control for the burned forest, ROW and trench treatments respecuvely. A series of t-tests were
used to compare thaw depths berween treatments for both post-fire thaw seasons. In order to
compare the two datasets, the last probing of 1996 (7 August) and the second-last probing of 1997

(8 August) were used. There were significant differences in thaw depth for burned forest and trench

sites. No significant difference existed berween vears on the ROW (Table 3-4).

R e R e e R T 2R N
Burned Forest 1996 vs. Bumed Forest 1997 . 135.00
ROW 1996 vs. ROW 1997 2.00 +41.00 0.05 No
Trench 1996 vs. Trench 1997 347 38.00 0.001 Yes

Table 3-4: Results of s-fest comparing thaw depths of each burned treatment for the vears 1996-1997. Values
are /n (natural log.) transformed. 1996 data are from Kershaw (unpublished).

Pre- vs. post-fire variations in mean maximum thaw depth.

All post-fire SEEDS treatments had increases in active layer depth. The 1997 probe depths
were corrected for surface subsidence, thereby increasing the absolute thaw depth values. When
compared to 1986 values, mean maximum thaw depths for 1997 were 243.3%, 258.8% and 203.3%
greater for the burned forest, the ROW’ and the trench respecavely (Table 3-3).

One-way analysis of variance (ANOVA) revealed significant differences in mean maximum
thaw depth among all three treatments (p<0.001) during post-fire vears (Table 3-5). Subsequent

multiple comparison testing revealed significant differences berween thaw depths in trench and
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Depth range (cm)

120-135

135-150

B Trench
B ROW
B Bumed Forest

0 10

% Moisture difference (1991-1997)

Figure 3-3: Differences in mean soil moisture contents between 1991 (Nolte 1991) and 1997
for the SEEDS treatments
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burned forest sites and between ROW and burned forest treatments (p<0.05) (Table 3-6). No
significant difference existed berween trench and ROW’ treatments. In 1997, subsidence-corrected
values as well as raw values were used for testing. [n both cases, patterns similar to that observed in
1996 emerged: pairwise testing of ROW’ vs. burned forest as well as trench vs. burned forest revealed
significant differences in thaw depths whilst no significant difference existed berween ROW vs.

trench pairs.

Residuals
Total

Table 3-5: ANOI "~ results comparing 1997 mean maximum thaw depths among Bumed Forest,
RO, Trench and Control treatments. Values are lr (natural log.) transformed.

Trench vs. Control 0.927

2 4 ;
Trench vs. Bumed Forest 0.545 4 9.982
Trench vs. ROW 0.15 4 2257
ROW’ vs. Control 07" 4 14.16
ROW vs. Bumed Forest 0.395 4 ~.509
Burned Forest vs. Control 0.382 4 9.559

Table 3-6: Multiple comparison test (Twkey s fest) for pairs of mean maximum thaw depths in the three
burned treatments (Bumed Forest, ROW’, Trench) and the Control treatment. All comparnsons are
based on /n (ratural log.) transtormed data.

Discussion:

The graphic representation of the active laver in late summer (1996-1997) indicated that
parterns of thaw were relatively constant during these two post-fire years. The prncipal difference
being the magnitude of thaw which was greater for the latter vear. Each point on the graph
represented the mean maximum thaw depth for each probe site averaged for the two transects. The
vears 1996 and 1997 were plotted with values that were not corrected to account for total
subsidence, since these data were not available in 1996. This generalization of the positon of the
frost table is probably not an accurate representation of the actual field conditions. The averaging of
values between transects has certainly attenuated some of the micro-site related vanability of the

thaw depth.
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Pre- vs. post-fire changes in mean moisture content.

Following fire, the moditied energy balance at the ground surface usually triggers the melung
of ground ice. This is particularly pronounced in areas of thaw-suscepuble. ice-rich permafrost such
as that present at the SEEDS site. Associated with this melung is an expulsion of ground-ice
meltwater and 2ssociated ground subsidence (Collins ez 4/ 1994, Mackay 1993). The thawing of ice-
rich permafrost adds water to the botrom of the acuve laver. This amount of water is thought to be
approximately equal in volume to the amount of ground subsidence (Mackay 1995). In summer. pore
water from the thawing acuve laver can migrate downwards under a temperature gradient and
refreeze around the position of the seasonal permafrost table (Parmuzina 1978. Cheng 1982. Mackay
1983, Burn 1988, Williams and Smith 1989).This results in an increase of ground ice at these depths.

This mechanism can explain the changes in moisture content observed at the SEEDS site.

-Post-fire differences in moisture content between freatments:

The decrease of post-fire moisture content below the organic laver (<15 cm) followed the
progression of the deepening of the acuve laver. The significant differences in moisture content
berween the trench/burned forest and ROW'/burned forest were the result of the age of the
disturbance and the tme since thaw progressed bevond the pre-disturbance acuve laver depth. The
age of the disturbance also explained the lack of signifcant differences berween ROW/Trench. Both
sites were affected by a disturbed energy balance for 8-9 vears more than the burned forest. Because
of this, permafrost melted and meltwater drained from these areas in greater amounts and for longer

pertods than in the burned forest.

=Post-fire differences in moisture content between burned and contro/ treatments.

The differences in moisture berween the control and burned treatments resulted from the
post-fire modificauon of the evaporanve regime as well as shght differences in the parucle size
distribution of soils among the sites. The moisture decrease in the burned treatments was related to
the thickness and colour of the remaining organic laver. In the burned forest and the ROW’s, there
was a thinning of this moss/peat laver as a result of being consumed/oxvdized by fire. Addiuonally,
the decrease in albedo led to increased surface temperatures and greater rates of evaporauon, thereby
lowering the moisture content of these organics (Rouse and Mills 1977).

Since both of these treatments sull contained their organic laver. it would be reasonable to
expect similar levels of moisture within this laver. Why. then, were the moisture contents so

markedly different? The greater decrease in moisture of the ROW was likely related to the near-
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surface ground ice content. It is important to remember that this comparison was based on rwo
datasets collected 7 vears apart and that the ROW's were undergoing permafrost degradauon before
the fire. Consequently. the melting of excess ground ice and the runoff of this melrwarter lowered the
moisture contents of the ROW’ treatments. The difference in pre-/post-fire moisture contents for
this treatment did not indicate a large decrease. Although there 1s no wav of evaluaung the runoff
that has occurred, the amount of ground subsidence observed between 1990 and 1997 (Chapter 4)
confirmed that excess ice has been removed. In the trench. the organic laver was eliminated during
constructon and cannot be invoked as a controlling factor on near surface moisture contents. As
was the case for the ROW’s, ground subsidence suggested that excess ice melted from the upper soil
column, party expiaining the lowered post-fire moisture contents for these depths. More likely, the
lower post-fire moisture was a result of a sampling bias. During corning, core segments could not be
extracted from water-logged areas as suction developed because of meltwater filling the whole. This
restricted coring to elevated (and therefore drver at the surface) sites within the trench where a core
hole could be started without collapsing. As this was the only wav of extracung cores trom the
rench, the method had to be used despite the bias. This explains the presence of lower moisture 1n
the top 10 cm of the trench.

Below 20 cm, all bumed treatments were wetter than the conrtrol as a result of a difference
in parucle size. The SEEDS treatments were composed primarly of silts and clavs, someumes
containing fine to coarse sand (Appendix A). In the control treatment. the silt-clav fracoon was
lower and coarse sand was more abundant. The finer matenal in the burned treatments offered
opumal conditons for water saturation and the development of segregated ice. The poor drainage

imparted by these marenal tvpes favoured higher moisture in the SEEDS treatments.

Pre- vs. post-fire variations in thaw depth.
Burned Forest/ Pre-pire Contro/

Since the creaton of the SEEDS site in 1986, there have been significant differences in thaw
depths among the three treatments (Gallinger 1990, Nolte 1991). In 1989, the control forest
(undisturbed by clearing) had attained thaw depths that were almost 20 cm deeper than the 1986
measurement. Nolte(1991) and Seburn (1993) reported an apparent stabilizing trend for the forest
sites as early as 1988. This stabilizaton was reladvelv constant from 1989-1992. Seburn (1993)
reported no significant change in mean maximum thaw depth for this period. The iniual increase in
thaw depth (1986-1987) may have been a product of the establishment of the first probe nerworks

where localized footpaths developed. This resulted in 2 compaction of the surface organic cover.



thereby increasing the bulk density and thermal conducuvity of the soil (Goodrich 1983. Lawson
1986). This would seem plausible, more so since the same footpaths were sull visible following the
fire. An increase in thaw depth in the burned forest was recorded duning the two thaw seasons
following fire. In 1996, thaw depth reached 82 cm. an increase of 23° ¢ over the last recording (1992)
and 91°%6 over the inital 1986 values. In 1997, thaw depths reached 93 cm. represenung an increase
of 37°0 over the 1992 pre-fire probing. These values did not take into account surface subsidence at
the site. Only the 1997 values could be corrected for subsidence. Mean subsidence in the forest was
calculated at 28 cm (Chapter 4). Mean subsidence-corrected thaw depth became 121 cm.
representing a 208%0 increase over the 1986 thaw depths. Since subsidence has most likely been
ongoing at different temporal and spatal rates. only a comparison with pre-clearing values 1s valid.
The lack of data on the degree of subsidence that has occurred annually berween 1987 and 1996
renders any companson with 1997 darta precarious. However. given the reduced rate of thaw depth
increase and the lower moisture content with depth. it mayv be safe to assume lrtle subsidence
berween 1990 and 1995 prior to the fire. If one accepts this. then all increases in thaw depth were
due to the 1995 wildfire and took place over three thaw seasons.

The post-fire increase in thaw depth was not unexpected. The disturbance created by the
fire modified the energy balance of the surface and the resulung increase in thaw depth was an
expression of these microclimatic modifications. The 1995 fire did not consume all of the organic
mat. The degree of burn was varable throughout the site and an organic laver (10-15 cm thick)
remained in the forest and on parts of the ROW's. The principal modificauon to this surface was a
substandal increase in albedo (Chapter 2). The insulating properties of the organic mat have been
discussed by numerous authors (Luthin and Guymon 1974, Zoltai and Tarnocai 1975. Riseborough
and Burn 1988) who agreed that the persistence of sporadic and some disconunuous permatrost
was closelv related to the thickness and moisture content of these organics. Following fire, decreased
albedo and increased moisture contents due to ground ice melung have increased the thermal
conducavity of this laver in the early part of the melt season (Farouki 1986. Kane er ui 1975,
resulting in the observed increased thaw depths. Additionnally. this increased thaw depth was linked
to the removal of the tree canopy and the ensuing increase in incoming shortwave radiauon. The
open-canopied forest present before fire was completely removed. Although sparse, the pre-fire tree
cover buftered the incoming radiauon by possibly absorbing and/or reflecting berween 40°0-76° o of
this shortwave radiation (Chapter 2) (Haag and Bliss 1974a. Lafleur and Adams 1986. Rouse and
Mills 1977).
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Rughts-of-way

Immediatelv after clearing, Gallinger (1990) found that mean maximum thaw depth
increased from 1986 to 1989. From 1989 to 1991, Seburn (1993) also found an increase in mean
maximum thaw depths. Probe data from 1992-1993 (Kershaw, unpublished data; were again
indicadve of thaw depth increases. This suggested that the permafrost was sull degrading eight vears
after the inidal disturbance. In 1996 (Kershaw, unpublished darta)-1997. there was again an increase
in thaw depths.

The lack of signifcant differences in thaw depth after 1991 was reported by Seburn (1993).
He noted that the 1990 mean maximum thaw depth was ~10 cm deeper than the previous vear.
However, this was not a significant difference (p<0.01). In 1991, the ROW’ atrained its greatest mean
maximum thaw depth, over 15 cm deeper than 1990. This construted a significant difference from
the 1990 thaw depths (p<0.01). prompting him to suggest that the permafrost was stll degrading
five and six vears after ROW’ creavon. (Seburn e 4/ 1996

The post-fire active laver thickening of the ROW’s indicated that permafrost degraded since
1986 and that the 1995 tire had not accelerated the rate of degradaton to levels greater than those
observed in 1991. The lack of significant difference berween mean maximum thaw depth beyvond
1991 suggested that the annual progression of thaw on the ROW's had stabilized and remained
relauvely constant even after fire.

A rapid increase in thaw depth was noted from 1986 to 1990 as a result of the cleanng
disturbance (Nolte 1991, Nolte and Kershaw 1998). During ROW’ clearing. the surface organic mat
was not removed but was trampled to various degrees (Kershaw 1988). The imnal increase between
1986-1991 was probably the result of a rapid response to this thermal disequilibrium. The organic
mat buffered some of the effects of this new energy balance. resulting in a rapid (45 vear)
stabilization of the annual increase of thaw depth. Following fire, the organic laver on the ROW's was
in a state similar to that observed in the bumed forest. The lack of significant increase in mean
maximum thaw depth stemmed from the fact that the post-fire microclimauc disturbance was not
great enough to overwhelm the iniual effect of the clearing disturbance. An increase in near-surface
soil temperatures was observed following fire (Chapter 2) but the thermal “inerta” of the thawed
material of the actve layer likely dampened and bufferred (Lunardini 1981. Williams and Smith 1989)

anv warming that could potenually increase thaw depths.

Trenches
From the time of the first measurements taken at the SEEDS site. it was clear that the

trenches were experiencing the greatest increases in mean maximum thaw depth. From 1986 to 1989.
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mean maximum thaw on the trenches increased at a rate of at least 20 cm a' Nolte 1990). A
temporary period of apparent permafrost aggradaton was reported in 1990 when thaw depths were
shallower than the previous vear by 14 cm. Seburn (1993) attributed this variatuon to cooler and drver
climatic conditions, as recorded at Norman Wells. NWT. From 1991 to 1997, thaw depths remained
relatively constant. Some caution must be exercised when interpreung these data. In 1993, the
maximum thaw depth was not recorded at all probe sites. In partcular. dara were mussing from the
trench and probe lines 3 and 4. This resulted in mean values based on approximately ' « of the total
probe sites. In 1996, the final probing was performed on 7 August, the earliest of all probe dates
since 1986. It was reasonable to expect that some post-survey thawing occurred: as these values were
certainly an underestimation of the maximum thaw depth. Nonetheless. a pattern was apparent for
the trench sites. The significant differences in mean maximum thaw depth for the vears 1993 and
1996 may have occurred because of the smaller daraset. Seburn (1993) and Gallinger (1990)
suggested that permafrost degradation was decreasing as early as 1989-1990 and that thaw depths in
the trench were stabilizing. The post-tire thaw depth results supported this inital observatuon. More
importantly this indicated that the fire had a very limited effect on the thaw depths of the trenches.
It is probable that the inital clearing and trenching disturbed the surface to a degree far exceeding
the disturbance level of the wildfire. Duning trenching, the surface organic mat was completely
removed and subsequently back-filled. leaving bare muneral soil at the surface. This nvpe of surface
disturbance was ranked amongst the most damaging to permafrost (Hegginbottom 1973).
Hegginbottom (1973) also indicated that the wildfire disturbance was much less severe than the
trenching. The removal of this important thermal buffering laver. resulted in increased rates of soil
heat flux and rapid thaw progression during the first 2-3 vears (Nolte 1991}. Similar results have been
found by Hegginbottom (1973) and Viereck (1982). Both studied post-fire thaw depths following the
1968 Inuvik fire (Hegginbottom) and a fire in Alaska (Viereck). They reported thaw depths up to 50-
80°, deeper in areas disturbed by the construction of firebreaks in comparison to areas affected by
wildfire. They concluded that the removal of the surface vegetation and the soil compacton from
repeated passage of heavy machinery resulted ingreater disturbance than the fire wself. Lawson
(1986) also found similar results by using a Sererity index: (i) to quanufy the degree of perrurbanon on
areas affected by disturbances of varving degrees. Trampled vegetation had the lowest severity index
and after 30 vears, these areas had S/ values that were equal or less than before disturbance. Areas of
killed vegetation had values equal to or slightly higher (10°0) than for pre- disturbance conditons.
Sediment and vegetation removal created increases in thaw depth of 10-250°¢ (Lawson 1986). The

rates of increase observed at SEEDS fall within the upper range of Lawson’s (1986) predicted values.
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Spatial variation of thaw depth and influence of microsite characteristics

Microsite characteristics have often been recognized as determining factors mfluencing thaw
depths. In particular, the ponding of water in surface depressions has been shown to increase thaw
depths dramadcally (Linell and Tedrow 1981, Nelson and Outcalt 1982, Swanson 1996). The
importance of this fluvio-thermal erosion was invoked by Gallinger (1990) as a means of explaining
the high varability of thaw depths obtained at different sites. Water accumulauons were found to
preferendally occur in areas affected by clearing. Post-clearing surface changes resulted in the settling
and compaction of the back-filled trench materials which lead to linear depressions comprising
sections of ponded or occasionally flowing water. Because the trenches were lower than surrounding
areas, they collected meltwater, snowmelt and precipitaton runoff preferenuallr. In post-fire
conditons, numerous areas of ponded water were observed in the burned forest. while less were
present on the ROW's. Assuming that a great deal of the vanability in thaw depth was controlled by
these areas of ponded water, the degree of skewness for each site was used as a way of evaluaung the
change in distributon vanabilicv. The degree of skewness from 1986 was used as “control” values
for pre-disturbance variability to which post-disturbance/post-fire vanability could be compared.
From 1986 to 1993, all three SEEDS treatments had distnbuuons that were skewed to greater
degrees than in pre-tire condinons. Following fire, skewness decreased to pre-fire levels or less.
This was partcularly suriking on the ROW where 1993 skewness was 2.064 and 1996-1997 skewness
was 0.782 and -0.00741 respecuvelv. This suggested that the varnability in the distnbuuon of thaw
depths had decreased. likelv as a result of surface subsidence and flattening of the ROW’ surfaces.
resulting from the melung of ground-ice. In the burned forest. increased distributon vanability was
observed unul 1992. Vaniability then decreased slightly in 1993. Post-fire data showed that vanabiliry
decreased almost to pre-disturbance levels. This post-fire change may have been the result of a rapid
initial response of the bumed forest to the new energy balance. This process mayv be simular to that
observed in the trench berween 1986-1987. where vanabilitv had decreased rapidly after the first
vear, as a result of the substantal energy balance change following clearing. A rapid geomorphic
response was also observed by Codv (1964)., where surface subsidence in hummocky terrain occurred

only 4 vears after fire, as a result of ground ice melung.

Conclusion:

Following the 1995 wildfire, acuve laver response was variable throughout the SEEDS site.
The wench sites had the least post-fire active laver increases. followed by the ROW sites and the
burned forest. The tench sites were litde affected by the wildfire as thaw depths were not

significantly different from the last pre-fire measurements and the 1996 values. This suggested two
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possibilities: /j that the iniual 1986 clearing and trenching process disturbed the surface to a greater
degree than the wildfire disturbance or 4) thar the effects are sull being felt and the full response has
vet to be registered. The majority of the acuve laver depths observed in 1997 were a result of the
initial simulated transport corndor disturbances and lLkelv occurred berween 1986 and 1995. The
ROW sites had low increases in acuve laver depths. The post-fire acuve laver depths were not
significandy different from depths observed after 1991. Again. this absence of significant increase
likelv stemmed from the degree of disturbance of the minal clearing of the ROW's, that superseded
the microclimadc modifications caused by wildfire. The burned forest sites had significant increases
in thaw depths. This was a result of the modificauon of the surface energy balance resulung from the
burning of the organic mat and the removal of the tree canopy. This allowed thaw to progress deeper
into the ground.

Mean moisture contents have decreased at all sites following wildfire. Addiuonally, there has
been an increase in the vanability of moisture throughout the soil column. All SEEDS treatments
exhibited decreased moisture contents in the upper 15 cm. This was attbuted to the burning of a
portion of the organic mat and its decreased albedo which favoured greater rates of evaporadon. At
depths below 15 cm. moisture contents were again lower than in pre-fire condiuons bur there were
rapid fluctuatons in these amounts. These fluctuatuons were interpreted as ephemeral acuve layers
that resulted from the migraton of water to the freezing tront dunng each thaw season. Such areas
of supersaturated material were thought to be arufacts of the progression of thaw tollowing the

wildfire.
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Chapter 4: Thermokarst subsidence and seasonal /long-term terrain modifications following

wildfire and anthropogenic disturbance.

Introduction:

Surface subsidence as a result of thaw settlement consurutes one of the pnnapal
consideratons in northern engineering and exploraton projects. In regions of ice-rich, thaw-
susceptible permafrost. surface subsidence may follow disruptuon of the ground. Thawing may be
inidated as a result of geomorphic. vegetatonal or climatic modificauons affecung the thermal
equilibrium.

The magnitude of ground subsidence depends primarily on the severity of the iniual
disturbance as well as the amount and distabuton of excess ice (French 1976. Wiliams and Srmuth
1989). The thawing of ground ice involves an initial reduction in volume of 9%, usually followed by
an additional loss due to drainage of meltwater (Williams 1982). The ulumate amount of settlement
will depend on the effecuve stress berween soil particles. which in turn is a funcuon of the stauc
overburden pressure and the final pore water pressure (\Williams and Smith 1989).

A common manifestaton of surface subsidence 1s the development of thermokarst
depressions following rapid increases in thaw depth. Williams and Smith (1989) noted that surface
subsidence could be a posiuve feedback mechanism when it allowed thawing to progress deeper.
leading to more subsidence. As thermokarst develops. water accumulaton in surface depressions can
substanuallv increase thawing depths (Kerfoot 1973, Swanson 1996).

Past studies of wildfires and permafrost have reported varving rates of surface subsidence.
Following the 1968 fire at Inuvik. Northwest Ternitories. 1n a region of contnuous permafrost,
Hegginbottom (1971) noted subsidence of 19 cm. This was coupled with a flattening of the
microreliet as hummocks generally became less pronounced. Addidonally. the buldozing of the
surface dunng fire-break construction caused 28 cm of subsidence. Viereck (1982) also reported
substanual surface subsidence following firebreak construcuon. Ten vears after the Wickersham

Dome fire in Alaska, surfaces underlain by discontnuous permatrost had subsided by as much as 60

cm.

Surface subsidence on linear disturbances:

Following the constructon of the Norman Wells pipeline. a monitoring program was
undertaken to improve impact evaluation and mitgation in permafrost terrain (Burgess and Harry
1989). These authors reported pronounced settlement within the trench along as much as 30° of

the 869 km pipeline route. Also. a number of small, near-circular thermokarst pits and ponds up to 3
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m in diameter had developed on the pipeline nght-of-way (ROW) surface. On level stretches of
terrain, trench subsidence led to ponding within shallow linear basins. while on sloping ground 1t
facilitated water flow and erosion along the ditch line (Burgess and Harrv 1989). In the pipeline
trench, the maximum recorded settlement was over 50 cm at 14 of 17 surveved sites. with three of
these having a maximum settdement of 100 cm or more. Along the ROW' maximum setdement of
50 cm or more was observed at 8 sites (Burgess and Harrv 1989).

At the SEEDS site, seasonal subsidence rates reported by Nolte (1991) reached 9 cm and
12 cm for the ROW and trench respectvely. Mean total subsidence, 4 vears after disturbance.

artained 31 cm and 58 cm tor the ROW’ and trench respecuvely (Nolte 1991).

Ground penetrating radar as a tool for geophysical investigations:

Ground penetrating radar (GPR) surveving has been shown to be a fast. reliable and
relanvelv inexpensive technique for non-destrucuve, high-resolution mapping of subsurface matenals
to depths of 3-30 m. depending upon the electrical properues of the matenals (Davis and Annan
1989). These qualities have extended the use of GPR surveving to a wide range ot disciplines. The
technique has been used in applicatons such as fracrure mapping (Benson and Yuhr 1990):
archaeological invesugations (Toshioka er 4. 1990} and forensic applications (Strongman 1992;.

In geomorphological studies. GPR has been used in the mapping of subsurface straugraphy
{Davis and Annan 1989. Jol and Smith 1991. Smuth and Jol 1992, Moorman er a. 1991). It was
quickly recognized that GPR operated optmally in mapping the straugraphyv and ice content of
coarse-grained. perennially frozen sediments. Coarse-grained deposits containing massive ground ice
have been surveved by Dallimore and Davis (1987, 1992). Robinson ¢ w. (1992, 1993). Barry and
Pollard (1992) and Wolfe ¢ 4/ (1997). GPR techniques have also been used extensively to map
permafrost (Annan and Davis 1976, Seguin e 4/ 1989, Judge ef wi. 1991, Pilon er 24 1979, 1992) and
acuve laver characteristics (Pilon er 4/ 1985, Doolitde ez 2. 1990). Finalle. GPR was used in
geotechnical investigations of slopes along the Norman Wells pipeline (Burgess e/ «.. 1995, Moorman

et al, 1995).

Objectives:
The objecaves of this studv were:
7) Evaluate post-fire seasonal subsidence in a subarcuc upland forest underlain by disconunuous

permafrost.
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#) Evaluate total surface subsidence since ROW’ clearing (1986) and since the last topographic survey
(1990).

Methods:
Topographic Survey:

Seasonal and longer-term subsidence was determined by leveling. Two survevs were
conducted in 1997. The first surver was conducted over a period of four davs (2-6 June). as close to
the onset of thaw as possible. The second survey was carried out berween 7-10 August. For logistcal
reasons. this survey was carried out before the maximum thaw depth was reached. A tortal of 1050
points were surveved each ume. Points were numbered and marked with pin flags to facilitate the
second survey. A total of 43 points could not be relocated during the second survey. Surface
elevaton was measured to the nearest cenumeter, using a Sokkisha B2 Automatc level. During each
siung the bearing of each point was recorded. Elevatons and bearings were transferred to a grid
producing a tripletr (x.).3) of coordinates to produce contour maps and digital elevation models
(DEMs).

For both spring and late summer survevs. all elevauons were measured from a pre-
established benchmark at the SEEDS site. This benchmark was established and used as a datum in
1990 during a similar exercise (Nolte 1991). The darum consisted of three wooden dowels placed in a
triangle, 1.5 m apart and anchored to the permafrost (Nolte 1991). Although the dowels were
parually burned, enough stock remained to re-establish the benchmark in 1997. Closing errors were
corrected according to the benchmark using standard rechniques. The range of error was believed to

be within 2.3-3 cm.

From the 1050 survev points,

575 were located in the burned forest,

239 were located on the ROW's and adjacent ROW' connectors
106 were located in the trenches

40 were located along the 1975 seismic line

30 were located in the newly-established. post-tire control.
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Ground Penetratng Radar:

A total of three GPR transects were surveved in 1997. These were established in order to
adequately represent the various SEEDS treatments (Figure 4-1). The GPR data were collected using
a PulseEKKO IV GPR system (manufactured by Sensors & Software Inc) with a 400 Volt
transmitter and 100 MHz antennae. A constant antenna offset (separation) of 1 m was used in
conjunction with a 0.25 m step size. A stacked pulsed radar signal of 32 source excitatons was used
to improve the signal-to-noise rauo (Fisher e a/ 1992 a, b). Signal propagation velocities were

computed from common midpoint surveys (CMP) and were checked with published results (Barry

and Pollard 1992, Seguin er a/ 1989).
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Figure 4-1: Map of SEEDS research site and location of Ground Penetrating Radar (GPR) transects.
Modified from Kershaw (1991).
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Data processing:
Topographic data

The senies of dara triplets were used to produce two color-classed. hill-shaded digital
elevaton models (DEM) of seasonal and longer-term ground subsidence. DEMs were produced
using three programs from the TERRA FIRMA cartographyv software. The program QSURF was
first used to interpolate and generate a grid of surface elevations. This vielded a gnd composed of
565 rows and 645 columns for the longer-term subsidence model. and a grid of 735 rows and 865
columns for the seasonal subsidence model. In both cases. a gnd cell size of 0.5 m was used.
Secondly. the LIGHT program was used to create a relatve radiance file. consisung of a hill shading
of each surface. Finally, the output files generated in the two previous steps were integrated into a
single hill-shaded. color-classed surface model. The color pallet used in the classificatuon was devised

to allow three-dimensional viewing.

Statistical anaiysis:

The Kolmogorov-Smirnov normality test revealed that subsidence data were not normally
distributed. The data were /n (maturai logarithm) transformed vet the distributon remained non-
normal. Consequently. non-parametric staastical tests had to be used. Comparnsons of mean
subsidence in the treatments was evaluated using the Kuskal-Wallis ANOVA on Ranks. When
significant  differences existed between the treatments. Pairwise Mulaople Comparnisons were

performed using Dunn’s Method.

Ground Penetrating Rudar:

GPR data have the advantage of being recorded digirtally, allowing for a variery of processing
techniques to be applied. Data processing was pertormed with the pulseEKKO IV sofrware
provided by the svstem manufacturer. The three transects were corrected for surface elevauon
changes along the survev path. Additonally an SEC gain (Spreading and Exponenual Compensauon;
and DEWOW’ trace correctons were applied to the data. The SEC gain was used to compensate tor
the spreading losses and dissipation of energy in the subsurface. This gain had the advantage of
preserving the relauve amplirude informaton from the reflectors. It allowed for reliable deductions
concerning the strength of reflectors relatve to others. even after corrections had been applied. The
DEWONW’ trace correctons were applied in order to remove low frequency “WOW™ signals
superimposed on the high frequency reflections. Following corrections, the data files were exported
into PCX file formats to facilitate their manipuladon in drawing packages. Figures 4-4 through +-8

were produced by using a combination of the Corel Draw and Adobe Photoshop software packages.
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GPR data interpretation technigues:

Once GPR profiles have been plotted with the approprate filters and gains applied. results
can be analyzed. Typically. the first reflection received in each trace is called an “air wave” which
travels through the air between the transmitter and the receiver. Because the propagauon speed of
this first wave remains constant throughout the survey, it can be used as a marker for the ground
surface (Wolfe er a/ 1997. Robinson ef 4/ 1993). The second signal recerved is the ground wave,
traveling directdy from the transmitter to the receiver through the upper surface “skin” of the
ground. The propagaton velocities through the ground are always slower than through the air and
ground waves are generallv recorded with a slight delay from the armival of the air wave. However.
these signals can appear as one thicker wave signal where velocites are high. The succeeding signals
on the profiles are from interfaces within the ground and they are recorded in order of depth
{shallowest first).

The patterns of reflections on the profiles provide clues as to the nature of the subsurtace
material. Continuous line rerurns were expected from relatvely smooth. conunuous interfaces
(\Wolfe er /. 1997, Robinson e a/. 1992, 1993). Laterally continuous retlecuons generally appear from
sediment/bedrock contacts. well-developed stratigraphv and other abrupt contacts. For the SEEDS
profiles. continuous reflections could be generated by acuve-laver/permafrost contacts or
ice/thawed sediment intertaces.

Chaotic (non-continuous) reflections may reflect the presence of thin lavers ot small point
source reflectors of varving dielectric constants within the ground. These could include isolated
coarse sediments such as cobbles or small boulders (Wolfe ¢z . 1997, Pilon ¢r 4. 1992, Moorman er
ai. 1991) or ice lenses (Barrv and Pollard 1992). Finally. some reflecuons appear as combinauons of
chaotic and semi-contnuous returns and can result from more extensive ice lenses or sediment
bedding.

The subjectve nature of GPR profile interpretation dictates that some ancillary data sources.
such as cores or nearby exposures, be used. The 32 soil cores (Chapter 3) were used to verify radar
profile interpretations. Recent GPR results have shown that certain geologic conditons otten vield
predictable results. Radar propagation velocities are often high (0.09-0.16 m ns') in ice-nch
frozen materials. These higher velocides enable faster pulse reflecuons with a higher trequency
return signal to the receiver. Signal attenuation is also lessened in frozen matenal. resulung in deeper
penetration than what would be achieved in unfrozen sediment. Inversely, propagaton velocites
decrease in fine-grained. unfrozen material. This causes a pulse “drag” on the profiles resulting in a
thicker, smeared reflector. Certain materials are also known to attenuate signals more rapidly than

others. For example, penetration in silts and clavs may be limited to a tew meters. perhaps shighdy
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more if the clay is frozen (Wolfe ef u/ 1997). Finally, signal penetration and resolution will depend on
antennae frequency. Low frequency (25, 50 MHz) antennae allow deep signal penetraton but with
poor resolution of subsurface details. Inversely, higher frequency antennae (100, 200, 400 MHz)

allow shallow signal penetradon with a high resolution of subsurface details (Davis and Annan 1989).

Results:
Seasonal subsidence:
Comparison between treatments:

Mean seasonal subsidence in the unburned control was at least 54°% less than all the SEEDS
reatments (Table 4-1). The greatest difference occurred along the trench where subsidence was
276%0 greater than in the control (Table +-1). Kruskall-Wallis One Way ANOVA on Ranks revealed
significant differences in the seasonal subsidence of all treatments (H=376.6, d.t.=+, P=<0.001). All
pairwise multple comparison of the means also revealed significant differences among all treatments

except the seismic . ROW combination of treatments (Table 4-2) (Figure +-2).

Table 4-1: Mean 1997 surface subsidence for the Bumed Forest, ROW’, Trench, Seismic Line and
Control treatments. Subsidence in cm.

/ R =’ ,m ) jFna ; i -

‘Trench vs. Control 5 .

Trench vs. Burmned Forest 4 16.”8 Yes
Trench vs. ROW 3 10.85 Yes
Trench vs. Seismic Line 2 +4.52 Yes
Seismic Line vs. Control 4 8.88 Yes
Seismic Line vs. Burned Forest 3 5.72 Yes
Setsmic Line vs. ROW 2 2.50 No
ROW’ vs. Control 3 8.87 Yes
ROW’ vs. Burned Forest 2 6.59 Yes
Burned Forest vs. Control 2 6.46 Yes

Table 4-2: Results of Pairwise Multiple Comparison Procedure berween treatments using Dunn’s
Method.
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Figure 4-2: Colour-classed, hill-shaded digital elevation model of 1997 seasonal subsidence at SEEDS.
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Comparison within treatments:

Mean seasonal subsidence in the bumed forest was greatest in the area between ROW's 1-2
(Table 4-3). The difference with the lowest value was only 1.4 cm yet this consttuted a significant
difference (P<0.001) (Table ++). ROW’ 3 had the most subsidence of all ROW'’s (16 cm) this was
2cm and 0.8 cm more than ROW's 1 and 2 respectively (Table +3). However, this difference was not
significant (Table 4-4). In the trench treatment, the most subsidence occurred along trench 3 closely
followed by trench 2 which was 0.42 cm less. Trench 1 had the least amount of subsidence (Table 4-

3). These differences were statistically significant (P<0.001) (Table +-4).

P e

Burned Forest West 126 | 1187 3.0 21.80 5.60

Bumed Forest East 94 11.96 3.4 22.60 6.30
Burned Forest ROW's 1-2 145 13.27 26 19.50 ~.40
Burned Forest ROW's 2-3 156 12.33 2.4 21.40 6.70
ROW' t 59 14.08 3.1 20.10 8.30
ROW 2 54 15.28 4.0 21.70 8.40
ROW 3 81 16.07 3.1 23.20 ~.80
Trench 1 34 15.38 2.4 19.40 12.10
Trench 2 38 20.76 2.6 25.70 14.80
Trench 3 33 21.18 23 27.20 17.50

Table 4-3: Within treatment descriptive statistics of 1997 seasonal subsidence for the Burned Forest, ROW’
and Trench treatments.

<0.001

0.832

<(.001

Table 4-4: Results of One-Way Analysis of Variance on Ranks within treatments.

Total surface subsidence since 1990:
Comparison between treatments:

Since 1990, the ROW’ treatment has subsided the most (32.2 cm) followed by the trench
(32.1 cm) and the burned forest (24 cm) (Table +-3).
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Bured Forest

ROW
rench

Table 4-5: Mean total surface subsidence since the last topographic survey (1990)
(Nolte 1991) for the Burned Forest, ROW" and Trench treatments. Subsidence in cm.

Comparison within treatments:

Maximum subsidence took place along ROW’ 2, although ROW’ 3 has subsided only 0.8+ cm
less than the former (Table 4-7). ROW’ 1 subsided 23 cm since the last survey.
Within the trench, maximum subsidence occurred along trench 2, followed by wenches 3 and 1.
Trench 2 subsided 29°0 and 46°0 more than trenches 3 and 1 respectvely (Table 7). The total
subsidence along ROW’ 2 was the highest subsidence rate of all SEEDS treatments.
Subsidence in the burned forest varied between 20 (Burn 1-2) and 28 cm (Burn 2-3) (Table +-6).

These subsidence rates are comparable to the lowest rates observed along the trench and ROW.

Burned Forest East 9” 233 12.4
Burned Forest ROW 1.2 115 19.87 13.7
Burned Forest ROW 2.3 101 2767 9.4
ROW" 1 ~6 23.31 10.45
ROW 2 83 36.69 =75
ROW 3 80 35.85 9.63
Trench ( 34 24.19 11.32
Trench 2 39 +4.51 12.6
Trench 3 32 31.57 15.24

Table 4-6: Mean surface subsidence since the last topographic survey (1990) (Nolte 1991)

within each treatment tvpe at the SEEDS stte. Subsidence in cm.

Total surface subsidence since clearing (1986):

The exact location of the survey points used in 1990 could not be found after the fire. It was
therefore impossible to assess the subsidence of the ground where readings had previously been
taken. The total surface subsidence since clearing (1986) was calculated by measuring surface
elevation using the SEEDS benchmark and adding the mean total subsidence in each treatment as
measured in 1990 (Nolte 1991). The amount of subsidence since 1990 was measured by using the

benchmark and subtracting the 1990 mean total subsidence values in each treatment.
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Mean total subsidence since clearing was greatest along the trenches, followed by the ROW
and Burned Forest treatments. In 1997, total subsidence in the trench was 29°% and 68°% greater

than the ROW and Burned Forest respecuvely (Table 4-7, Figure +-3).

T T IR TR IS T T T I T T T
- 3 . ATy o
' T T

Burned Forest
ROW’
Trench 105 89.38 16.31

Table 4-7: Mean total surface subsidence since the 1986 clearing of the Burned Forest, ROW and
Trench treatments at the SEEDS site (Nolte 1991). Subsidence n cm.

Ground penetrating radar:

The profiles and profile sections are presented with vertical axes showing two-way travel
time and reflector depth. On all profiles, the uppermost return represented the direct air wave with a
constant velocity of 0.3 m ns'. The second, and sometimes discontunuous return was the direct
ground wave. This return time was dependent on the propagation velocity of the upper soil layer.
Subsequent reflectors varied in each treatment and will be discussed separately. Soil moisture cores
and hand probing along the survey line were used to corroborate the GPR interpretations of

subsurface strangraphy.

Burned forest surveys:

Profiles from the burned forest were expected to show the most complete strangraphy. as
this treatment was the least disturbed.

Three distinct reflectors were noted in the burned forest. Addidonally, the ground wave signal was
the most sporadic at these sites. On the profiles. an intermittent ground wave was present

(Figure 4-4). These “skips” corresponded to the locadon of dry hummock tops. In the intervening,
water-logged depressions, the ground wave signal was contnuous.

Between 2.5 m and 3 m depth, the strongest and most continuous reflector was present. [t
could be followed uninterrupted for distances of 40-80 m. This reflector was generally conformable
with surface topography. Dry high points on the surface corresponded to rises in the profile towards
the surface (Figure 4-4).Below 3-5.5 m depth, radar signals became incoherent and were strongly

attenuated. These residuals were hard to distinguish on the profiles.
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Figure 4-3: Colour-classed, hill shaded digital elevation model of total surface subsidence
since clearing (1986) at SEEDS.
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ROW surveys:

The number of reflections on the ROW’ profiles varied from 2 to 3. Along transect 2
(Figure 4-3), two distinct reflectors were noted. along with a weaker signal at a depth of ~3-3.5 m.
Discontinuous groundwave reflectors were very strong. appearing as thick traces. The second
reflector at a depth of ~2m appeared prominently on the profiles. Its depth rarely varied by more
than 25-30 cm.

Signals from the third reflector were much weaker than the reflectors above. Reflections
were visible at depths of 3.5-4 m and appeared in much shorter segments than on other profiles
(Figure 4-5). In certain areas, the signal disappeared entrelv over distances of 10-15 m (see traces

255-262.5 on Figure 4-3 a) or was extremely weak (see traces 18-32 on Figure +-5 b).

The trench profiles were characterized by faint and sporadic reflectons at depth. The niual
groundwave signal was only visible in short segments. At depth. where the 2™ and 3" reflectors were
visible in the other treatments, the trench profiles had weak to non-existent signals. This was
particularly striking for the 3~ reflector on certain sections (Figure 4-6). Additonally. both reflectors

sometumes had a tendency to dip downward in simular fashion (Figure +-7).

Seismic Line and Footpaths:

Other radar signals were obtained across the seismic line adjacent to the SEEDS site and on
foothpaths on site. These sites had radar returns similar to the trenches and some poruons of the
RON". Profiles across the seismic line (Figure +8) had sporadic groundwave returns and a strong
signal from the lower reflectors. Signals from the third reflector were faint and someumes absent.
Footpaths and other areas of water accumulation also exhibited weak signals from the third reflector.

Signal attenuaton was not as pronounced as on the seismic line.

Discussion:
Surface subsidence

Seusonual subsidence:

The greatest seasonal subsidence was recorded in the trenches followed by the ROW" and
the burned forest. This situation was similar to pre-fire conditions where maximal subsidence was
also recorded along trenches and ROW's (Nolte 1991). The principal difference in 1997 was the

amount of subsidence which was twice that of 1990 values i1n most treatments.
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Figure 4-6: Radar profile from the Trench trearment. Note the down-dipping 2nd and 3rd
reflectors and the chaotic return below 3.5m.
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This sharp increase in subsidence was a direct result of the fire disturbance of 1995. The
greatest change occurred in the burned forest treatment which increased by 205° o over 1990 values.
This was not an unespected result since this treatment was undisturbed in 1990. The fire disturbance
had its maximal effect in this treatment as the surface energy balance was disrupted and invariably led
to increases in thaw depth and seasonal subsidence. It is not possible to assess how much subsidence
took place between 1990 and 1995 but. assuming it was nil, the doubling of surface subsidence in
three post-fire thaw seasons. is similar to results reported by Hegginbottom (1971) and Mackay
(1971. 1995) who reported rapid inital increases in thaw depth and surface lowering after
disturbance.

Additionally, the wildfire had an important effect on pre-disturbed treatments. Subsidence in
the wench increased by 180°%0 over 1990 values, despite the pre-existing disturbance affecting this
treatment. The likely explanation for the increase in trench subsidence is increased input of
melrwater from the surrounding ROW and burned forest. This would increase heat conduction into
the soil as water accumulated in the trenches (Kerfoot 1973). Along the ROW, post-fire seasonal
subsidence was also greater than in 1990 (+176°0). This increase was to be expected as most of the
ROW’ was disturbed to a lesser degree than the trench. The burning of the surface organics
apparenty produced sufficient microclimatic modifications to significanty increase thaw depth.

Within the ROW’ and trench treatments, the variatons in seasonal subsidence were similar
to those observed in 1990 (Nolte 1991). ROW' 1 and its associated trench had the least subsidence.
This mav be partially due to the age of the disturbance (ROW’ 1 was cleared a vear after ROW’s 2-3)
and to the shorter trench on this ROW" In 1990, maximum subsidence was along ROW" 3 and the
south link. This was attributed to increased disturbances by 1800 passes of an all-terrain cycle. The

observed 1997 subsidence values mav be a residual effect of this disturbance.

Total subsidence:

The similar values of total subsidence between ROW' and trench treatments suggest that both
treatments are exhibiting similar responses to different levels of disturbance. The ininal trenching
was more disruptive to the permafrost than the clearing of trees on the ROW'. This difference was
visible early on in the SEEDS project, as trenches exhibited greater thaw and subsidence than ROW's
(Gallinger 1990, Nolte 1991, Seburn 1993). In 1997, this difference abated as similar subsidence
levels were recorded at both treatments. It is possible that the wildfire disturbance has been more
damaging to the ROX' than the trench. In effect, the ROW may have “caught-up” to the trench
disturbance level. The same mechanism may partially explain the vanauons within the treatments.

Trench 2 and ROX' 2 had the most subsidence, followed by ROW’ 3 and the assocated trench.
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Also, ROW’ 3 was reported to have been more severely disturbed during construcdon (Nolte 1991).
The ininal disturbance on ROW’' 3 mayv have been sufficient to supersede any of the fire effects,
explaining why litde less subsidence has occurred. The higher rates of subsidence on ROX’ 2 may
reflect a stronger localised response to the fire. This response may be greater than on ROW’ 3,

resulung in the highest subsidence rates.

Ground penetraung radar profiles:

Burned forest treatment:

The disconunuous reflectons within the ground wave are the result of a dielectric contrast
berween the drv organic mat and the wetter underlyving mineral honzon. The lateral extent of the
reflectons resulted from areas of large hummocks. elevated 15-20 cm above the ground. The strong
degree of associaton between microtopographic high points and these signals confirms this
reladonship. In the surrounding depressions. ponded water or saturated organics were often
observed during the survev. Standing water also implied saturanon of the underlving mineral
horizon. The relanve homogeneity in moisture contents between organic/mineral hornizons would
not allow for the GPR signal to differentate between the mediums, so that it appeared as a
conunuous reflector on the profiles. On the drver high points, the dielectric contrast would be
sufficient to generate an, albeit, weak signal. In past studies. GPR has proven successtul in delimiting
the interface berween peat and underlving mineral sediment. due to the differences in electrical
properues berween the two media (Horvath 1998). Radar signals were strongest when the contrast in
dielectric permutuvity across an interface was large. In tum. dielectric permutuvity is primarly
controlled by moisture content (Davis er ai 1977, Wong er 4. 1976). Theoreucally, variations in
moisture content as low as one to three percent by weight can be detected by GPR (Hanninen
1992a, Theimer e u/. 1994). From soil moisture cores (Chapter 3). the difference in gravimetric
moisture content between surface organics and mineral soil vaned berween 7-12°0. making the
interface detectable.

The second reflector was from a gravel laver present throughout the site. This gravel was
noted by Kershaw and Evans (1987) during coring at the site in 1986. It was also observed in some
of the cores extracted in 1997 (Appendix A) and may have prevented further coring in manyv
instances. From soil cores, this laver ranged in thickness from ~5-12 cm and GPR profiles indicated
it occurred in long continuous lavers as well as small isolated lenses. In some instances. both the
gravel lens and the 3® reflector (permafrost table) merged and appeared as a single. large reflector.
This only occurred in the burned forest where thaw depth had not vet progressed bevond the depth

of the gravel lens and the permafrost table was in the vicinity of this sedimentary unit. The abrupt
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change in grain size, and therefore dielectric characterisucs. from the surrounding silts accounted for
the prominence of this unit on the profiles (Barry and Pollard 1992, Seguin e /. 1989, Smuth and Jol
1992).

The deepest retlector on the profiles possiblyv represented an old acuve laver created under
cooler climauc conditions (possibly during the Hypsithermal) or as a result of previous disturbances
that occurred as much as 300 vears ago. The depths noted on the profiles corresponded
approximately to the straugraphic sequence derived from the soil cores where ice-cemented lavers
were artained at depths between 1.2-1.6 m (Chapter 2). Addiuonally. acuve laver thickness as
measured by hand probing to refusal along the radar line corroborated the depths interpreted from
the profiles. The Rank Correlatnon Coefficient, R, berween hand probing and radar depth was 0.768.
Although not perfect. the correladon was sull good and may have stemmed from observatnonal
errors on the radar profiles as well as during field measurements. As noted by Doolittle ¢z 4. (1990)
the probing depths may be the largest sources of error as shight spaual discrepancies berween the
probe site and the radar track mav have acted to lower correlaton. Vanauons in the combined
thickness of the organic mart and the acuve laver as great as 153 cm within a 30 cm radius of an
observaton site were observed. With such variauons over small distances. it is unlikely that any
method of measurement could produce idenucal results. The coarseness of the verucal awus and the
width of the radar trace mav have also been potenual sources of errors when readings were raken.
The undulaung and conformable nature of the reflector n relauon to the surface was further
evidence for 1t being the top of the permafrost table. Brown (1967) reported that the surface of the

frozen laver vanes with the microtopography of the sou surface.

ROW surveys.

The strong groundwave returns suggested thicker and drver organic accumulauons at the
surface. It was therefore possible that drainage was better or that pre-tire organic thickness was
greater in these areas. Organic mar thickness mav also reflect burn severnty at these sites. with greater
accumulations remaining in the less severely burned areas. The constant depth of the second
reflector and its similar appearance on the profiles indicated this was the gravel lens observed on the
burned forest profiles. The generally faint signal received from the third reflector was indicauve of
the degree of disturbance on the ROW's. Assuming this reflector was the bottom of the acuve layer.
the faint signal suggested that ice content at this interface had decreased, resultung in a weaker rerurn
of the radar signal. Also, GPR profiles indicated an increase in the thaw depth bevond the values
recorded by hand-probing (Chapter 3). In 1997. mean thaw depth along the ROW’s was 136.4 cm
(Chapter 3), a depth which corresponded approximately to the depth of the second reflector (gravel
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lens). Since the probing method used probe refusal as an indicaton of the maximum thaw depth. 1t
was possible that hand-probing grossly underesumated thaw depth. Many umes during probing. the
probe could not be pushed further than 200-230 cm depth because of the confining pressures from

the surrounding thawed soil. Similarly, the probe was extremely hard to extract when it was pushed

bevond ~2.5 m depth.

Trench surveys:

The weak signal return from the first trench reflector resulted from high moisture contents
and saturation of the sparse organic cover. Throughout the SEEDS site, the trench consatuted a
shallow depression 20-30 cm lower than the surrounding ROW". This created preferenual drainage
towards the trench. keeping the moisture content high. Additonally. during construcuon of the
SEEDS site. surface organics were removed with excavaton and mixed-in duning backfilling
(Kershaw 1986). Although some organic material has grown back since the fire. the organic mat
found elsewhere at SEEDS was generally absent from the wench. These conditons explained the
lack of sporadic groundwave signals that were observed in the burned forest and ROW’ treatments.

Subsequent faint signals from the deeper retlectors result from the high degree of
disturbance during site construction. The trenching and back-filling disturbed and truncated
sediment lavers to a depth of 30 cm. Additionally. trenches exhibited the deepest thaw depths and
these thick thawed sediments attenuated radar signals resulung in faint returns.

Berween traces 81.5 and 83.5 (Figure 4-6), the third reflector was disconunuous and dipped
downward. The rwo reflectors above it were also truncated and displaced. These signals were the
result of surface subsidence that mav have modified the positon of the gravel lens tollowing the
localized deepening of the active laver. Along the other transect. radar signals were suggestive of
significant deepening of the actve laver (Figure 4+-7). On these profiles. the warter-saturated silts
strongly attenuated signal penetrauon, resulung in chaotic traces that did not penetrate below 2.5-3
m. This tyvpe of signal rerurn has been recognized as typical of a thawed, fine-grained acuve laver

(Seguin ef a/. 1989, Pilon et 4£.1992, Doolittle er a/. 1990).

Seismic line and footpaths surveys:

The signals from the third reflector along the seismic line were faint and sometumes absent.
suggesting an overdeepened active layer over these areas. Foothpaths and other areas of water
accumuladon also had weak signals from the third reflector. Signal attenuadon was however not as
strong as on the seismic line. The main effect of ponded water on signal rerurns seemed to be a

complete attenuation of the groundwave, followed by chaotic returns down the trace. Subsidence did
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not seem as deep as in the trench since internal straugraphy was not disturbed.. This was not
unexpected when considenng the difference in the degree of disturbance of these two sites. Most
changes created by ponded water stemmed from its higher heat capaary which increased soil
temperatures (Kerfoot 1973). In contrast. the trench and seismic lines were heavily disturbed . with
surface organics being severely trampled and/or completely removed, therebv modifving the energy
balance at the surface.

Interestungly, the comparison of radar profiles between the trenches and the seismic line can
possibly give information on the recoverv time of such disturbances. It was apparent that even 25
vears after iniual disturbance. the permafrost beneath the seismic line had not recovered to its pre-
disturbance conditons. The depth of the actve laver had increased and it did not seem to be
aggrading, as illustrated by the absence of an ice-rich laver at the freezing front. This further
suggested that permafrost below the trench could sull be degrading for at least 10 vears. despite

ongoing plant recovery (assuming constant climatc conditons).

Conclusion:

Three thaw seasons after fire. there were significant differences in the mean seasonal
subsidence of all SEEDS treatments. Mean subsidence was highest in the trench and the ROW
treatments. The burned forest had only subsided 2 cm and 6 cm less than the ROW' and wench
respecuvely. This situation was sirmlar to pre-fire conditons where maximum subsidence occurred in
the rench. ROW’ and burned torest. In 1997, the prinapal difference was the amount ot subsidence
which was double the pre-fire values for most treatments. This increase was a direcr result of the
surface disturbance by fire. The burned forest had the strongest response to the wildfire as the
increase in thaw depth was 205%0 greater than the 1990 pre-fire values. The rapid iniual response of
this treatment was due to the fact that the burned forest was undisturbed {unlike the ROW" and
wrench) before the fire. Additonally, the wildfire had an important impact on pre-disturbed
treatments as both ROW" and trench exhibited significant increases in subsidence.

Tortal substdence since clearing was highest in the trench and ROW". The burned forest had
the smallest change. This was due to two factors: the ume since disturbance and the severitv of the
disturbance. The trench was the most disturbed treatment and it had the greatest surface subsidence.
Inversely. the burned forest was moderately disturbed by wildfire and had the least subsidence.

Ground penetratung radar proved to be useful for active laver invesuganons. At least 3
reflectors were visible on radar profiles from the burned forest. In the other two treatments, 2-3
reflectors were visible but the quality of their signal was variable. Signal attenuation was strongest in

the most disturbed treatments (trench and ROW) where a thick acuve laver decreased signal
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penetration. The interfaces between thawed and frozen matenial were strong conunuous reflectors.
These signals permitted the detection of lavers of coarse mineral matenal. Finally. because of the
high dielectric contrast berween thawed and frozen material. the bottom of the active layver was
visible as a strong contnuous reflector. The active laver depths inferred from the GPR profiles
sometimes exceeded values obtained bv hand-probing. This was parncularly true in areas where
thawed sediments could not be entrely penetrated. This implies that hand-probing mayv have
underesumated maximum thaw depth, particularly after 1991-1992 when the deeper thaw depths
made probing more difficult.
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Chapter 5: Conclusions

Wildfires modify permafrost-affected soils by changing the energy balance at the ground
surface (Brown 1983). This usually leads to an increase in soil temperatures and the melung of
ground ice, resulting in a thickening of the actve-laver. Geomorphic repercussions of ground-ice
melung include surface subsidence because of the volume loss assocated with this phase change.
Additionally, the drainage of meltwater leads to secondary subsidence as pore space decreases.

This thesis has examined the microclimatc and geomorphic responses of a Subarcuc upland

forest underlain by permafrost. in the third thaw seasons following wildfire.

Microclimatic responses to wildfire:

The burning of the SEEDS site has lead to substanual modificatons in the energy budget of
the surface. The burned treatments received levels of short-wave radiaton that were 21-30°0 greater
than the control treatment. Outgoing short-wave radiauon was lower in the burned treatments by
14-30° 0. This resulted from the sudden darkening of the organic layer following burning. The darker
surface led to a decrease in surface albedo. This. in turn, favored greater absorpuon of solar
radiation and increased soil temperatures in the burned treatments.

Incoming long-wave radiaton was also greater in the burned treatments than in the control.
This occurred as a result of tree canopv removal which allowed the penetraton of 40-79°6 more
radiation. The warmer soil temperatures in the burned treatments led to higher amounts ot outgoing
long-wave radiatuon over these surfaces.

The removal of the vegetation canopy also led to a decrease in relauve humudity and an
increase in wind speeds over the burned treatments. Air temperatures at 150 cm height were cooler
in the burned treatments because of greater heat advecuon.

Burning also altered snowpack charactenstics. The SEEDS treatments had thinner and
denser snowpacks than during pre-fire conditons. This was again due to vegetauon removal which
favored snow redistribution and wind action. A Heat Transter Coefficient (HTC) (Kershaw 1991) was
calculated to assess the potential for heat loss from the soil. High HTC values were found in the
burned forest and on some ROW' sites, suggesting that these sites would be poorly insulated and

would allow greater frost penetration.

Soil moisture and active layer depth modifications following wildfire.
Burning led to a decrease in soil moisture content as a result of ground-ice melung and

melrwater drainage. The greatest decrease occurred in the upper 15-20cm of the soil column as the
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surface organic laver was drer and thinner than in the control treatment. The lower post-fire albedo
of the organic layer and the increase in surface temperatures favored greater rates of evaporaton
and, hence drier condinons. Below 20cm, moisture content was again lower than in pre-fire
conditons. However, the differences berween treatments were more variable and this was thought to
be a function of the age and severity of the disturbance. The trench, the most severely disturbed
treatment. had low moisture contents at depths greater than all other treatments. This likelv resulted
from the ume since ground-ice thawing had begun, allowing for large amounts of meltwater to drain
away. The ROW’ also had lowered moisture contents. although not as deeply as the trench. Finally,
the burned forest had the least amount of change in soil moisture content, presumably since this was
the least disturbed treatment and the ume since disturbance is still short.

The acuve laver response to the wildfire was variable throughout the SEEDS treatments.
The wench treatment had the least amount of post-fire active laver increase, followed by the ROW’
and the burned forest treatments. The trench sites were little affected by the wildfire as thaw depths
were not significandy different from the last pre-fire measurements and the 1996 values (Nolte 1991,
Nolte and Kershaw 1998, Seburn 1993. Seburn and Kershaw 1997). The majonty of the increase in
actve laver depths in the ROW and trench treatments were a result of the inital disturbance and
likely occurred berween 1986 and 1995. This low increase likelv stemmed from the degree of
disturbance of the iniual clearing of the ROW's, that superseded the microclimatic modifications
caused by wildfire. The burned forest sites exhibited significant increases in thaw depths. This was a
result of the modificaton of the surface energy balance resulting from the burning of the organic

mat and the removal of the tree canopy. allowing thaw to progress deeper into the ground.

Thermokarst and surtace subsidence following wildjire:

Post-fire seasonal subsidence was highest in the trench. followed by the ROW and burned
forest. This pattern was simular to pre-fire conditions (Nolte 1991). The principal ditference was the
amount of seasonal subsidence which was almost doubled in 1997 compared to the pre-fire values.
This increase was a direct result of the surface disturbance intlicted by the wildfire. The burned
forest had the strongest response to the wildfire as the increase in thaw depth was 205°0 greater than
the 1990 pre-fire values (Nolte 1991). The rapid inital response of this treatment was due to the fact
that the burned forest was undisturbed (unlike the ROW’ and trench) before the fire. Additionally,
the wildfire had an important impact on pre-disturbed treatments as both ROW’ and trench had
significant increases in thaw depth.

Total subsidence since clearing was highest in the trench and ROW". The burned forest had

the smallest increase. This was again due to the tme since disturbance and the severity of the
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disturbance. The trench was the most disturbed treatment and it had the largest increase in total
surface subsidence since clearing. Inversely, the burned forest was moderately disturbed by wildfire
and 1t had the least subsidence.

Ground penetrating radar proved to be a very useful tool for acuve laver investigations. At
least 3 reflectors were visible on radar profiles from the burned forest. In the other two treatments,
2-3 reflectors were visible but the quality of their signal was variable. Signal attenuaton was strongest
in the most disturbed treatments (rench and ROW) where a thick acuve laver decreased signal
penetraton. The interfaces berween thawed and frozen matenal produced strong continuous
reflectors. These signals permutted the detection of lavers of coarse mineral matenal. Finally, because
of the high dielectric contrast berween thawed and frozen matenal, the bottom of the acuve laver
was visible as a strong conunuous reflector. The acuve laver depths inferred from the GPR profiles
sometumes exceeded values obtained by hand-probing. This was parucularly true in areas where
thawed sediments prevented the penetration of the probe. This implies that hand-probing may have
underesumated maximum thaw depth, particularly after 1991-1992 when the deeper thaw depths
made probing more difficult.

Three thaw seasons after fire. there were significant differences in the mean seasonal
subsidence of all SEEDS treatments. Mean subsidence was highest in the trench and the ROW’
treatments. The burned forest only subsided 1.7 cm and 6.2 cm less than the ROW and wench
respectvely. This situauon was similar to pre-fire conditions where maximum subsidence occurred in
the rench, ROW" and burned forest. In 1997, the principal difference was the amount of subsidence
which was double the pre-fire values for most treatments. This increase was a direct result of the
surface disturbance caused by the wildfire. The burned forest was most altered by the wildfire as the
increase in thaw depth was 203° o greater than the 1990 pre-fire values. The rapid inital response of
this treatment was due to the fact that the burned forest was undisturbed (unlike the ROW™ and
rench) before the fire. Additonally, the wildfire had an important impact on pre-disturbed
treatments as both ROW’ and trench had significant increases in thaw depth.

Total subsidence since clearing was highest in the trench and ROW'". The burned forest had
the smallest increase . This was due to two factors: the ume since disturbance and the severity of the
disturbance. The trench was the most disturbed treatment and it had the largest increase in surface
subsidence. Inversely, the burned forest was moderately disturbed by wildfire and it had the least

subsidence.
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Future avenues of tesearch:

This study was an examination of the microclimate and geomorphic responses of a subarcuc upland
forest, three thaw seasons after wildfire. Although this study i1s over. the results reported herein are
limited by the short ume span over which it was conducted. The microclimate and geomorphic
changes observed in 1997 contnue to respond to the initial disturbance and will so for the forseable
future. Therefore, the results of this studv provide a basis for comparson for future work on the
site. The SEEDS site is unique in that it allows a very detailed analysis of micro- and meso-scale
processes occurring over a small geographical area. These condinons will allow monitoring of the
long-term post-fire response of discontinuous permafrost in a detail of spanal and temporal scales

that has never been reported. In this light, I have listed possible avenues of further research:

- Throughout this thesis. the transfer of heat into the soil was invoked many umes to explain
increases in active laver depth and surface subsidence. Unfortunately. the importance of this
parameter remained purelv speculaton as no data were collected to support such statements.
Therefore. future efforts should be made to quantfy soil heat flux as well as the soil charactensucs

that influence thermal conductvity (namelv porosity, ice/water content. bulk density).

- In the same light. a better system of soil temperature measurements should be used. The current
set-up does not allow for accurate measurement of soil temperarures below 100 cm depth as
thermocouples are unevenly spaced. A better system could employ a series of thermocouples. evenly
spaced at 5 or 10 cm. This thermocouple string could be anchored in the permafrost as deeply as
possible (possibly 34 m depth). Such a setup would allow for verv precise temperature
measurements with depth and the possibility to locate the bottom of the acuve layer with the (0°C
isotherm. Combining these temperature measurements with better characterizanon of soil conditions
would permit very detailed analysis of actve laver development and the seasonal/annual tluctuatons
of the actve laver. This will be increasingly important if the actve laver increases bevond depths
where the probing method can be used. Finally, using this serup would give information on the
maximum thaw depth and the freeze-back process. Both need to be measured and quantufied at

SEEDS.

- Increases in surface subsidence and thaw depth should be monitored closely, especially in the
burned forest as this site will respond to the wildfire disturbance over the next few vears.

Addidonally, thaw depth and subsidence should be monitored in the ROW’ and trench treatments to
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assess the importance of the fire disturbance on the pre-disturbed treatments. It is of interest to
know if these treatments contnue to respond strongly to the fire disturbance or if the initial clearing

disturbance s overriding the fire disturbance.

- Finally, the extensive pre- and post-fire database would be parucularly well suited to the
development of a computer model. Adding data on soil temperatures and moisture could allow the
development of a coupled atmosphere-permafrost model. If a suitable model was developed.
predictuons of permafrost response could be made under various condidons. This could include
climatic warming or cooling and the effects of repeated disturbances (successive wildfires occurring

over a short tume span).
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