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Abstract
Hofgaard, A. Effects of climate change on the distributionand development of palsa peatlands:
backgroundand suggestionsfor a national monitoringproject. NINA Project Report 21. 32pp.

Anticipated global warming trend especially at high latitudes has increased the need for, and
importance of, monitoring programs designed to track the response of fragile ecosystems and
edaphic and biotic structures they depend on. Palsa peatlands belong to permafrost landforms
that incorporate both fragile edaphic structures and fragile biotic communities. lt has been
hypothesized that a further climatic warming and/or precipitation increase will result in melting
of most palsas (i.e. frozen peat-covered mounds protruding above the surface of the surround-
ing peatland) within a few decades at the most marginal sites. These sites will then also be the
most sensitive to any human activities affecting the vegetation structure, peat cover or hydro-
logical properties of the peatlands. Under increased climatic marginalization, even benign hu-
man impact may destabilize entire edaphic and biotic structures and consequently jeopardize
the long-term survival of depending species locally and regionally. This deserves increased
consideration in management or conservation plans for palsa peatlands.

The spatial and temporal distribution of palsas depends on local and regional climatic factors
and on how the climate is changing at scales of decades and centuries. In Norway palsa are
common features in peatlands mainly in two regions, one in the south restricted to Dovre-
Femunden, and one broader northern covering Troms and Finnmark. Palsa peatlands are
characterized by a mosaic of palsas, peat areas without permafrost, wet sedge areas, and
ponds. The system is highly dynamic through time due to growth and decay of palsas.

The development of palsa peatlands during the later half of the 20th century has been domi-
nated by decline. The documentation is however slightly biased as it has largely focused on
the development of dominating "late successional" palsa features and a holistic picture is
herewith obscured. A monitoring program need to capture the constant flux of changes caused
by permafrost alternations, including different palsa structures, development of ponds and
colonization of ponds along with analyses of vegetation structure and land use changes to be
able to draw profound conclusions.

There is a general lack of organized or methodologically consequent projects monitoring palsa
peatland dynamics in Scandinavia. Establishment of a Norwegian long-term monitoring pro-
gram based on testable methods would provide high quality information for preservation and
management authorities and the scientific community both nationally and internationally.
Through such a program, palsa peatland dynamics would form an efficient indicator of climate
change and its effects. The outline for a monitoring program including suggestions for meth-
ods and study areas is given in the present report.
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Referat
Den förvåntadeglobalauppvårmningen,och då fråmstpå polnårabreddgrader,ökar behovet
för övervakningsprogramsom år ämnadeatt följa responsenhos kånsligaekosystemoch de
edafiskaoch biotiskastrukturersom de år beroendeav. Palsmyrområdentillhörlandformer
orsakadeav permafrostdår både kånsligaedafiskastruktureroch kånsligabiotiskasamhållen
år sammanvåvda. Det har antagits att ytterligare klimatuppvårmning och/eller
nederbördsökningkommer att resultera i degenerering av de flesta palsar (i.e. frusna
torvkullarsom höjer sig över den omgivandemyrytan) inom några få decennier i de mest
marginellaområdena.Dessaområdenår då ocksåföljdaktligende mestsårbaraför månskliga
aktivitetersom påverkarvegetationsstrukturen,torvtåcketellerde hydrologiskaförhållandenai
myrmarken.Okad klimatiskmarginaliseringmedför att åven lindrigmånskligpåverkan kan
destabiliserahela edafiskaoch biotiskastruktureroch därmedåventyralångsiktigöverlevnad,
både lokalt och regionalt,för arter knutnatill miljön. Detta faktum behöver beaktas mer i
sambandmedskötsel-och bevarandeplanerför palsmyrmark.

Den rumsliga och tidsmåssiga fördelningenav palsar beror av lokala och regionala
klimatfaktoreroch hur dessa åndrarsig över decennieroch sekler. I Norgeår palsarvanliga
kånneteckeni myrmarkfråmst i två regioner,en sydligbegrånsadtill Dovre och Femunden
området, och en mer generell nordligomfattandeTroms och Finnmark. Palsmyrområden
karakteriserasav en mosaik av palsar, torvmark utan permafrost,våta starrområden,och
dammar.Palsmyrsystemetår mycketdynamisktöver tid till följdav tillvåxtoch nedbrytningav
palsar.

Under 1900 talets senare del har utvecklingeni palsmyrområdendomineratsav tillbakagång
åven omvissnybildningharförekommit.Dokumentationenår docknågotvinkladeftersomden
fråmsthar omfattatpalsar i sena utvecklingsstadier,och därmed blir helhetsbildenoklar. En
övervakningsstudieav palsmyrområdenmåste fånga upp hela flödet av föråndringarsom
variationeri permafrostenmedförfört.ex palsstruktureroch bildningav dammar,och inkludera
studierav föråndringarav vegetationstrukturoch det månskligautnyttjandetav myrområdena
föratt ge ett bragrundlagför hållbaraslutsatser.

Generellt sett saknas metodiskt konsekventaövervakningsprojektför palsmyrområdeni
Skandinavien.Etableringav ett norsktlångsiktigtövervakningsprogrambaserat på testbara
metoderskullege vårdefullinformationmed relevansför förvaltningenoch den vetenskapliga
miljön,både nationelltoch internationellt.Den spatiotemporaladynamikeni palsmyrarskulle
genom ett sådant program utgöra en åndamålsenlig indikator inom temaområdet
klimatföråndringaroch dess effekter. Riktlinjerför ett övervakningeprogramoch förslag på
metoderochstudieområdenpresenterasi rapporten.

4  
© Norwegian institute for nature research (NINA) 2010 http://www.nina.no  

Please contact NINA, NO-7485 TRONDHEIM, NORWAY for reproduction of tables, figures and other illustrations in this report. 



nina project report 021

Preface
The Norwegian Directorate for Nature Management (DN) has financed the compilation of this
report. The Norwegian Institute for Nature Research (NINA) is responsible for the data colla-
tion and presentation, and conclusions drawn in the report.

In autumn 2002 NINA was asked to design a national monitoring project on distribution and
development of palsa peatlands. The project is intended to be a component within a broader
monitoring program on effects of climate change run by DN. Further, the project design was
asked to include two phases of which the present report constitutes the first. Phase 1 include
background to and documentation of changes that already has occurred in palsa peatlands,
and development of a monitoring program for palsa peatlands, and Phase 2 is asked to com-
prise updating of the development with appropriate frequency. To fulfill the requirements under
Phase 1 and to achieve a broad scientific anchoring for the project a workshop was organized
with participation by key scientists from a broad range of the Norwegian universities and re-
search institutes. The workshop "Nasjonalt overvåkningsprosjekt av utbredelse og utvikling av
palsmyrer med fokus på effekter av klimaendringer"was held in Trondheim in February 2003.

The present report is based on a literature review of permafrost occurrence and development
in peatlands with focus on the zone with discontinuous or sporadic permafrost in Scandinavia,
and on discussions during the workshop in Trondheim. However, the intension with the report
is not to provide a complete review of all available literature on the topic but instead to provide
a broad view of essential knowledge linked to the topic in general and to recent developments
in palsa peatlands.

I am grateful to all participants at the "Palsa mire" workshop in Trondheim and to my col-
leagues at the Division of Arctic Ecology at NINA in Tromsø for enthusiastic and helpful dis-
cussions and comments during the completion of this report. Finally yet importantly, the initia-
tion of this project by DN is gratefully acknowledged.

Tromsø May 2003

Annika Hofgaard
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Introduction
Because of anticipated global warming trend especially at high latitudes (IPCC 2001) the impor-
tance of monitoring programs designed to track the response of fragile ecosystems to environ-
mental change has increased. Palsa peatlands belong to permafrost landforms that incorporate
bothfragile edaphic structuresand fragile bioticcommunitiesdependent on these structures.Wide-
spread degradationof permafrost landformsduringthe 20thcentury (cf. Laberge and Payette 1995,
Sollidand Sørbel 1998) calls for increased attentionon monitoringand management issues. There
is a general need for monitoringof landscape components with high significance for ecosystem
structure and function along with increased knowledge and awareness of this relationship. The
need for this kind of knowledge that beneficiallycan be gained throughthoughtfullydesigned moni-
toring projects increases with the ever-changing intensity in human impact and climatic changes.
Additionally,with the recent heightened concern about retention of ecosystem viability monitoring
studieswith relevance for thresholdsfor sustainableecosystem use take on an added urgency (cf.
Bazzaz 1996).

Althoughhigh altitudinaland latitudinalecosystems are adapted to and face many natural stresses
they may be particularlyvulnerable to changes in the environment. Populations,species, ecosys-
tem structures and geomorphologicalfeatures (e.g. palsas) close to their distributionlimits are in
general sensitive to disturbancescaused by changes in their abiotic and bioticenvironment, as for
example through changes in climatic prerequisites and changes in kind and intensityof the land
use. Under increased climatic marginalization,even benign human impact may destabilize entire
edaphic and bioticstructures and consequentlyjeopardize the survival of depending species com-
munities locally and regionally. In addition, slow ecosystem responses in cold environment and
long recovery times following imposed disturbancesfurtherfortify the effects of human intervention
in these ecosystems and may create long-lastingor irreversible consequences (Hofgaard 1999).
This has to be taken into considerationwhen discussing use and management of specific land
cover types such as palsa peatlands.

7
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2 Palsapeatlands

2.1 Structure and morphology

Palsas are peat-covered mounds caused by permafrost and are thus protruding above the surface
of the surrounding peatland. The height elevation of these mounds may vary from less than one
meter to several meters and may cover up to several hundreds of square meters in area where the
larger ones form peat plateaus (Laberge and Payette 1995, SoHidand Sørbel 1998) (Figure 1).

Figure 1:
The palsa peatland at Astujæggi, Bardu, Troms County is composed of both palsa plateaus and
dome palsas. a) Eroding edge of a palsa plateau; b) A some meter high dome palsa with block
erosion. Photo: Karl-Birger Strann, June 2000. - Palsmyrområdet vid Astujæggi, Bardu, Troms
fylke består av både palsplatåer och kupolformade palsar. a) Erosionskant långs en palsplatå; b)
En några meter hög kupolpals med blockerosion. Foto: Karl-Birger Strann, juni 2000.
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The term palsa originates from the Finnish and Saami languages and means peat tussock or
mound in peatlands. In the scientific literature, the term palsa is used for permafrost mounds of
somewhat inconsistent nature. Here the definition "peat hummocks with a core of frozen peat
and/or mineral soil risingto a height of 0.5 —10 m above a mire surface within the discontinuous
permafrostzone" by Seppålå (1988) is used. In additionto palsas and palsa plateaus, thermokarst
ponds, rim ridges around these ponds, and peatlands without permafrost are natural components
of palsa peatlandstogether with small ephemeral permafrostfeatures such as embryo palsas (Sol-
lid and Sørbel 1998; called pounus by Seppålå 1998). These small permafrostfeatures periodically
form a significantcontributionto the structureof the peatlands. The frequency of all these compo-
nents changes throughtime and space (see below) and thus cause the vegetation structureto vary
across palsa peatlands in response to primarily hydrologicalfactors, wind exposure and grazing
pressure. At the same time, the vegetation structure affects through feedback mechanisms the
impact of these factors.As a result, the frequency of tree, shrub, herb, graminoid, moss and lichen
dominated vegetation show a highly variable spatial pattern. This spatiotemporal environmental
(abiotic and biotic)variability play a major role in ecosystem structure and function of palsa peat-
lands.

The main morphologicalcomponent of a palsa is the permanently frozen peat core covered and
surroundedby a peat layer with seasonal frost (Figure 2). The thickness of this layer varies from a
few decimetersto more than a meter both between and within different peatlands and regions. Un-
derneath the seasonally frozen peat layer, unfrozen peat surroundsthe frozen palsa core that may
reach the underlyingsilt or till forming the base of the peatland. When reaching the base of the
peatland the permafrost may continue into the mineral substrate, which then depending on sub-
strate contributesto the height elevation of the palsa. Additionally,ice lenses are common morpho-
logicalstructureswithinthe palsa.
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Figure 2:

Palsa morphology, water table of the surrounding peatland and distribution of mid-winter snow
cover. Unfrozen peat surrounds the frozen core during the summer, and the vegetation is largely
structured by wind and snow distribution during the winter. 0 surface exposed to deflation and ero-
sion; i0 temporary water accumulation. - Palsuppbyggnad, grundvattennivå i omgivande myrmark,
och snöns fördelning under högvintern. Palsens frusna kårna år omgiven av ofrusen tary under
sommaren, och vegetationens struktur på och runt palsen år formad av vind och snöförhållanden
under vintem. 0 exponerad yta som utsätts för vind och erosion; i0 tillfålliga vattensamfing.
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2.2 Distribution and cliniatic prerequisites

Palsa peatlands have a widespread circumpolardistributionthroughoutthe region with discontinu-
ous or sporadicpermafrostand form distinctlandformsin boreal, subarcticand subalpine peatlands
(Seppålä 1986, Laberge and Payette 1995). This distributionindicates a close relationshipwith
periodic and annual temperature deflcit characterizingthe transitionzone between the closed bo-
real forest and the arctic or alpine tundra. The spatial and temporal distributionof palsas and palsa
plateaus depends on local and regional climatic factors and on how the climate is changing at
scales of decades and centuries. For small mostlyephemeral peat hummocks/embryopalsas even
the scale of individualyears is important (Seppälå 1998, Sollid and Sørbel 1998). Consequently,
the prerequisitesfor permafrost aggregation and degradation changes through time mainly due to
changes in the temperature-precipitationbalance, but locally human caused changes in land use
can be of vital importance.Additionally, palsa mires situated at the southern or lower permafrost
boundary area are at the fringe of their existence and therefore very sensitive to changes in the
climate environment(and to human disturbancesto the hydrologicalregime or vegetation structure)
compared to palsas in core areas.

Long-term climate changes in the northern hemisphere indicate a sustained gradual cooling from
the early to late Holocene interrupted by warmer and cooler excursionsfrom the mean trend. The
last major cooler period was the some centuries long Little Ice Age terminating during the end of
the 19thcentury (Grove 1988, Bradley and Jones 1992). Since then warming has affected the
northern hemisphere although with much temporal and geographic variability (Houghton et al.
1996). These large-scale climatic changes affect the distributionof the zone with discontinuous
permafrostand performanceof permafrostfeatures withinthe zone.

Determination of climatic boundaries for palsa distributionin Scandinavia varies throughout the
literature due to variations between different study areas. Generally, the annual temperature re-
strictingthe distributionis higher in northern Norway compared to for example the Swedish palsa
zone. This is probably due to lower precipitationboth during the year and during the winter in
northern Norway (cf. Zuidhoff and Kolstrup2000). In Sweden palsas mainly occur in a zone delim-
ited by an annual temperature of -2 to -3°C and less than 300 mm precipitationduring the winter
(cf. Zuidhoff and Kolstrup2000). In northern Norway main palsa peatlands occur in areas with an-
nual temperatures up to +1°C but with winter precipitationat ca 100 mm or less (Ahman 1977). In
Finland the southern limit of the palsa region approximately coincides with the -1°C temperature
isotherm and annual precipitation below 400 mm (Seppålä 1986). In the southern Norwegian
mountains where some of the most marginal Scandinavian palsa peatlands occur the present
mean annual temperature of ca 0°C is probablyat or above the needed temperature level for long-
term survivalof the palsa peatlands (Sollid and Sørbel 1998) under present precipitationregime (ca
450 mm per year). These fairly large differences in temperature and precipitation requirements
throughoutScandinavia pointsto a sensitive inter-seasonalbalance between temperature and pre-
cipitation patterns causing fairly large differences in climatic restrictions for palsa boundaries
throughoutScandinavia, and calls for a good deal of cautionwhen correlatingpermafrostformation
with individualclimatevariables as for example winter precipitation.

In Norway palsa are commonfeatures in peatlands mainly in two regions,one in the southand one
in the north with some local occurrences in between (Figure 3). The southern region is more or
less restrictedto the Dovre —Femunden area and the northernregionwhich is broader includesthe
countiesof Troms and Finnmark except coastal areas. The continentalor local continentalclimate
type that dominates these regions is a prerequisitefor formation and survival of palsas in the oth-
erwise fairly moistand temperate Scandinavian regionwith its strong influence by NorthAtlanticair
masses. Any climate change that impacts on the degree of NorthAtlanticair influence (i.e. oceanic-
ity) regionallyor locally in Scandinavia will affect distributionand characteristicsof palsa peatlands
and consequentlyalso the ecologicalqualitiesthey provideat landscape and ecosystem level.
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Figure 3:
Distribution of palsa peatlands in
Fennoscandia (source: Seppålä
1997, Solid and Sørbel 1998). -
Palsmyrutbreding i Fennos-
kandien (k911a:SeppWä 1997,
Sollid and Sørbel 1998).

2.3 Threatened habitat

Northern boreal and alpine and arctic tundra areas with palsas and palsa peatlands in different
successionalstages of growth and decay are important breeding areas for many birds, such as
migratorywaders, and some of the most threatened or rare species are bound to this environment,
e.g. Broad-billedSandpiper (cf. Rae et al. 1998). Absence of new palsa formation and increased
palsa decay would homogenizethese areas and in the long run impact on biologicalproductionand
diversitywith consequencesfor the entire ecosystem.The structuralmosaic composed of dry peat
areas in close connectionwith wet mire areas and ponds provides a highly divers and productive
environmentfor insects,birds and plants. Any change in the prerequisitesfor the long-termsurvival
of the mosaic of these peatland components through for example human or climate caused
changes of hydrologicalconditionsand vegetation structure(cf. section3.2), will threaten the entire
palsa peatland ecosystem. Palsa peatlands are classifiedas endangered in all of Norway, and as
criticallyendangered in the southern part of the country(Fremstad and Moen 2001).

11
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3 Causesof palsapeatlanddynamics
Generally there are three dominatingfactors controllinggrowth and decay of palsas: air tempera-
ture, snow depth and the insulatingcapacity of the peat. Low temperatures during both winter and
summer favours palsa development and winter snow depth, distributionand duration is of vital im-
portance to formation, development and growth of permafrostand ice lenses in the peat. Cool dry
summers favour maintenance of palsas as the insulationcapacity of the peat is maximised during
dry conditionsand consequentlythe heat accumulationwill be minimisedbelow the dry peat layer
during cool periods. Warm wet summers on the other hand will maximise decay processes and
degradation of palsas. Prolonged warm and wet periods may cause transition of palsa peatlands
into peatlands dominated by wet moss and sedge vegetation and thermokarst ponds but mainly
lacking elevated drier palsa areas. A thick snow cover prevents frost penetration into the peat and
an increased snow pack may thus prevent new formation of palsas and promote permafrostdecay
(Seppålå 1990, Zhang et al. 1990, Heimstra et al. 2002). However, snow cover and peat tempera-
ture will vary locally due to differences in small scale topography, vegetation structure, and wind
activity. Additionally, natural successional stages from initiationto decay of individual palsas will
govern the dynamics of palsa peatlands. After initiationand height increase the elevated peat will
start to erode and eventually cause a complete collapse of the palsa. Consequently, the impact of
and interactions between different abiotic and biotic environmentalvariables will vary at different
scales through time and space. A complex relationshipbetween edaphic, biotic (vegetation struc-
ture) and climatic prerequisites,and the age related natural dynamic therefore controls palsa de-
velopment.

3.1 Temporal variation

Both cyclic processes and episodic events can be linked to the development from initiationto de-
cline and collapse of both dome palsas and palsa plateaus (Vorren 1972, Seppålå 1986, Zuidhoff
2002). A broad knowledgeon these processes is available in the literatureand the conceptof cyclic
palsa development given in Seppålå (1986) is used as a frame for the following presentation of
differentdevelopmentalstages and processes (Figure 4).

Palsa formationis initiatedunder low winter temperature and thin snow cover conditionsallowing
groundfrost penetrationto a sufficientdepth to avoid complete meltingduring the summer. Due to
the remainingfrost,the surface of the mire is slightlyraised.

A series of years providingsimilar conditionsis needed to allow the frozen core to grow in size.
The hump on the mire surface is further elevated due to freezing of pore water and development of
ice lenses. At this stage when the upper part of the palsa has protruded above the surrounding
surface of the mire the wind play an effective role in dryingthe surface and in reducingsnow depth
and duration. Due to the upheaval moistureconditionschanges in the covering peat layer and sub-
sequently also the vegetation structure (species compositionand frequency). An increased fre-
quency of lichens further prevents absorption of large amounts of heat during the summer due to
increasedalbedo.

When the frozen core of the palsa has expanded down to the till or silt that form the base of the
mire the palsa has reach the stage of maturation. Local conditionsand climate controlledgrowth
rate will be criticalfor the size, shape and resilienceat this stage. In northern Fennoscandia palsas
may grow up to ca 7 meters in height (Seppålå 1986). Age dating of the peat in these `mature'pal-
sas varies throughoutthe zone with discontinuouspermafrost from some hundred years to some
thousand (Vorren 1972, 1979, Zoltai 1993, Zuidhoffand Kolstrup2000). Duringthe time of size and
heightexpansiona poolsurroundingthe palsa is often formed.

Growth of palsas also involves formation of cracks of increasingsize and depth. These cracks
allow heat accumulationdeeper into the palsa and will eventually cause collapse of peat blocks
from the edge of the palsa. Through this process of peat and vegetation removal, the surface will
be exposed to deflationand rain erosion. The increasingamountof water surroundingthe palsa can
absorblarge amountsof heat, which in turn contributesto increasedmelting(Sollidand Sørbel 1998).
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Figure 4:
Development of palsas. 1) Palsa formation is

initiated under low winter temperature and

thin snow cover conditions. 2) Palsa height

increases during cold and dry years. 3)

When the frozen core of the palsa has ex-

panded down to the base of the mire the

palsa has reach the stage of maturation.

During the time of size and height expansion

a pool surrounding the palsa is often formed.

4) Growth of palsas involves formation of

cracks of increasing size and depth exposing

the surface to defiation and rain erosion.

Increasing amount of water surrounding the

palsa contributes to the degeneration. 5)

After the complete collapse, old remnant

palsas and palsa areas may be seen as a

mosaic of low circular rim ridges without

permafrost, open ponds or groups of ponds,

and wet peat areas with very little vegetation.

(Source: mainly Seppålå 1986). -

Palsutveckling. 1) Nybildning av palsar sker

under vintrar med låga temperaturer och tunt

snötäcke som tillåter kylan att trånga

tillråckligt djup ner för att inte smålta helt

under efterföljande sommar. På grund av

den kvatvarande tjälen kommer myrytan att

höja sig något. 2) Palsens höjd ökar under

kalla och torra år. Når den övre delen kommit

ovanför den omgivande myrytan ökar

vindens uttorkande effekt och snödjupet

minskar vilket också medför att vegetationen

förändras. Tillsamman gynnar de nya

fuktighets och vegetationsförhållandena

ytterligare tillväxt av palsen. 3) Palsen har

nått sitt mognadsstadium når den frusna

kårna har expanderat ner myrens

underlag. Lokala förhållanden i myren och

klimatiska förutsåttningar styr palsens form,

storlek och varaktighet i detta

utvecklingsstadie. 4) Under palsens tillväxt

bildas sprickor av dkande storlek och djup

torvtäcket, och ytan blir därmed exponerad

för vind- och regnerosion. Detta medför

också ökad vårmetransport djupare ned i

palsen. I tillägg bidrager ökande mångd med

vatten runt palsen strakt till ytterligare

nedbrytning. 5) Efter en fullståndig kollaps

syns lämningar av den gamla palsen eller

palsområden i form av cirkel- eller delvis

cirkelformade kantryggar av torv, öppna

dammar eller grupper av dammar, våta

torvområden med mycket sparsam

vegetation, och igenväxande områden.

Under klimatiskt gynnsamma förhållanden

kan nya palsar bildas i denna myrmiljö.
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Water accumulation is one of the most common causes to palsa erosion. In the case of palsa pla-
teaus, water accumulates not only along the sides but also in depressionson the plateau surface.
These may so develop into pools that further increase the rate of the decay process. Additionally,
heat accumulation in the surroundingwater may cause an increased meltingform the bottom, and
prolonged periods (years, decades) with summer and winter precipitationabove the long-term av-
erage will have decisive influenceson palsa and permafrostgrowthand retention.

5. After the complete collapse, old remnant palsas and palsa areas may be seen as a mosaic of
low circular rim ridges without permafrost, open ponds or groups of ponds, and open peat areas
with very littlevegetation. Eventually new palsas may form in these areas when both the peat and
hydrologicalconditionsof the mire are in a state that can respondto a climate pattern favorable to
palsa development (Laberge and Payette 1995).

At each of the stages, unfavorableweather conditionsor climate pattern can redirect the develop-
ment and prevent an apparent cyclicdevelopment, and directionalepisodicdecay events with very
littleevidence of cyclicitymay hence be temporarilydominating.

3.2 Spatial variation

In the Scandinavian region, palsa peatlands can be found from the northern parts to south central
Norway. At the regional scale, the dominatingclimate regime sets the limitsfor palsa peatland oc-
currence (cf. section2.2). At the smaller landscape scale, presence of peatlands with suitable peat
and hydrologicalqualities is the main determinant for the occurrence (cf. section 2.1). At the local
scale the distributionof snow, local hydrologicalconditions,and vegetation structure are shaping
the spatial pattern (cf. section 3.1). Additionally, many natural feedback mechanisms are involved
at the local scale. For example, the structure of palsa peatlands and snow distributionlargely de-
termines the vegetation structureat the same time as the vegetation has an important role in how
the snow redistributesby the wind, which in turn governs growthand survivalof palsas.

Any human activitiesthat interferewith hydrologicalconditionsand vegetation structureof the peat-
lands will profoundlyaffect their structure. For example, changes in grazing pressure affects snow
distributionand the insulationcapacity of the peat throughchanges in vegetation structure,and use
of vehicles affects the hydrologicalconditionswithin palsas and the surroundingpeatland through
scarificationof the peat and destructionof root systems. Consequently, the environmental prereq-
uisitesfor palsa occurrence,growthand decay will locallybe changed.

At all three spatial scales changes in the climate will cause changes in the spatial occupancy of
palsas, palsa plateaus, ponds, wet mire fractions and different vegetation types. In particular, a
change in the degree in oceanicity is a key factor affectingpresence and frequency of palsas, palsa
peatlands and vegetationtypes locallyand regionally(cf. Crawford2000).
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4 Recentchangesin palsapeatlands
The dominating geomorphic process affecting the development of palsa peatlands during the
later half of the 20thcentury has been the one of degradation (cf. Laberge and Payette 1995,
Sollid and Sørbel 1998). However, there are large variations in the pattern depending on the
spatial scale of the studies and the source of documentation. For example, air photos taken at
different periods and over large areas may show an increasing degradation process at the
same time as monitoring at the finer scale of individual peatlands may show approximately
constant rates (Thie 1974, Zoltai 1993, Laberge and Payette 1995). Studies at the scale of
individual palsas by the use of for example photographs may show dramatic changes depend-
ing on the initial stature of the palsa (Sollid and Sørbel 1998, Zuidhoff 2002). Although the
dominating geomorphologic process at work during recent decades over large Scandinavian
regions has been palsa degradation, permafrost aggregation has shown to be possible under
present climate conditions at least during restricted time periods (Sollid and Sørbel 1998,
Seppålä 1998). A few case studies from different areas representing differences in latitude
and oceanicity are given below to illustrate recent palsa peatland dynamics in Fennoscandia.

4.1 Case studies

4.1.1 Dovre
The Dovrefjell Mountain area in south central Norway (62°20'N, 9°45'E) has the southernmost
well-developed Scandinavian palsa peatlands with palsas occurring between 1000 and 1400
m a.s.l. A local continental climate is characterizing the area with a mean annual temperature
of c.-0.5 to -2.5°C and winter precipitation of c. 170 mm. The occurrence of palsas is sparse
and scattered in the peatlands together with remains or signs of former palsas and palsa pla-
teaus. These almost completely broken down features form characteristic components of pre-
sent peatlands. Resent changes are described by Sollid and Sørbel (1974, 1998) and they
base their studies on repeat photography and measurements of size, elevation, ice layer oc-
currence and depth of active layer of individual palsas. The height elevation of the palsas in
the area is generally low with maximum elevation of around one meter, forming small to sev-
eral hundred square meter palsa plateaus. The majority of palsas are undergoing general de-
generation and no apparent dome shaped palsas are present. Photographic evidence shows
an apparent decrease in individual palsa size between 1974 and 1996 but change in cover
percentage between different peatland components (e.g. palsas, ponds, sedge vegetation) is
not reported. At present, it is unlikely that new formation or growth of palsas is occurring to any
larger extent. However, embryonic palsa features occasionally appear but seem to disappear
again after a few years.

4.1.2 Laivadalen
The Laivadalen Valley (66°06'N, 15°30'E) is situated in the southern Swedish Lappland at
600-620 m a.s.l. close to the Norwegian border. The region is marginal to palsa occurrence
due to local climate conditions that temporarily show a fairly strong oceanic influence. Zuidhoff
and Kolstrup (2000) and Zuidhoff (2002) outline recent changes of palsa distribution in this
southernmost major palsa peatland in Sweden for the period between 1960 and the end of
1990s. The studies are based on aerial photos, previously published data on geomorphologi-
cal and vegetation structure, and detailed recent field measurements of elevation, shape,
presence of ice cores, and vegetation structure. During the study period a decrease of c. 50%
in the area of palsas was recorded and no development of new palsas although temporary
embryo palsas developed during winters with thin snow cover. In particular, the decay was
massive in the dome-shaped part of the palsa complex with individual height decrease of c.3
m down to c.0.5 m. The most apparent decay took place within a few years in the 1990s
probably due to high mean annual temperature, high summer precipitation, and the warming
influence by the ponds surrounding the palsas. Radiocarbon dating of the palsas indicates that
the studied decaying palsas started their growth during the last part of the Little Ice Age (i.e.
end of 19thcentury) during fairly cold and dry climatic conditions. The present decay of palsas
could be a result of the 1-1.5°C increase in mean annual temperature in northern Sweden dur-
ing the last c. 100 years, and probably in combination with increased snowfall since the 1930s.
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The presentclimatein the area with mean annual temperatureof -0.8°C is not favorablefor
palsa developmentand maintenance,despitea strongwind regimethat can providesuitable
snowfree patches.

4.1.3 Troms
The westernborderof the northernFennoscandianpalsa regionrunsacrossthe innerpartof
Troms County(68°30'N, 19°50'E). The area has a continentalclimatecharacterwith low an-
nual precipitation(c. 300 mm)and an annualtemperatureof c. -1°C. The maximumage of the
palsasin the regionseem to be c. 1000 years butmostare assumedto haveformedduringa
shortperiodsometime betweenA.D. 1410 and 1710 (VorrenandVorren 1976). These palsas
are generallyonly 0.75-1.5 m highbut have often a large surfacearea. Only few old palsas
are left in the palsa peatlandsbuttracesof formerpalsascan be foundalongwith short-term
embryonicpalsas.No data is availableon cover percentageof differentpeatlandcomponents
(e.g. palsas,ponds,sedgevegetation)or theirproportionalchangethroughtime. Duringa few
decadesafter the mid20thcenturythe climatedeterioratedsomewhatand in the 1970s a c. 2
m high,relativelyyoungpalsawas recordedinAstujæggi(Vorren1979). The age of thispalsa,
whichhad a decayingcharacter,was estimatedto c. 10 years. Underprevailingclimate,such
embryonicpalsasare onlyephemeralfeatures.

4.1.4 Færdesmyra
The Færdesmyrapeatlandis situatedin Sør-Varanger,in easternFinnmarkCounty(69°44'N,
29°19'E) at c. 70 m a.s.l. The climateof the regionhas a continentalcharacterwith a mean
annual temperatureand precipitationof c. -1°C and c. 370 mm, respectively.Vorren (1972,
1979) gives detailed data on peat depth, peat quality,permafrostoccurrence,and data on
spatial occupancyof palsas, ponds and differentvegetationtypes. In additionto the field
measurements,analysesof air photosare includedin the studies.The age of differentpeat-
land componentsare estimatedto c. 4000 years for the startof ombrotrophicpeat growth,c.
2300 years for stringhummocks,and most palsas date back to the earliestpart of the 17th
century.The area is characterizedby dome shaped palsaswith a mean heightof c. 2.5 m
(range 1.65 —3.4). Most palsashad a peat layer of 1 m or more but palsaswith a thin peat
layer (c. 60 cm) are also reported.Additionally,permafrostbodiesof almostmeltedpalsaswas
presentbelow groundwater level and almost melted individualpalsaswith a visible mineral
core above groundwater levelwere present. It is concludedthat the palsasformedduringa
few climaticallyextreme years at the culminationof the Little Ice Age, and that the present
erosionof the palsasstartedduringthe climaticameliorationat the beginningof the 20thcen-
tury. The mean annual temperaturebetween the first and third decade of the century in-
creasedwithc. 2°C inthe area and meanwintertemperaturewithc. 3.5°C.

4.1.5 Vaisjeäggi
The Vaisjeåggipeatlandsare situatedat 290 m a.s.l. in the Utsjokiarea in northernFinland
(69°49'N, 27°10'E). The regionhas a continentalclimatecharacterizedby coldwintersand a
thin snow cover. The summersare normallywarm and dry. The positionwithinthe eastern
partof the Fennoscandiandiscontinuouspermafrostzone providesmoreoptimalconditionsto
long-termstabilityof palsa peatlandscomparedto sitesfurtherto the north,southand west.
Consequently,the long-termprerequisitesfor palsa initiation,growthand survivalare more
established,and palsasinall stagesof developmentcan be found(Seppålå1986, 1990, 1994,
1998). Embryo palsas (pounus) frequentlyoccur and their disappearancecorrelateswith
summerhumidityand snowdistribution.Old dome palsaswithdecayingedges are character-
isticfeaturesof the area. These maturepalsasreaches5m and their rate of decay is closely
linkedto winterprecipitation(snowdistributionand duration)and temperatureof accumulated
water aroundthe palsa.The proportionof differentpalsapeatlandcomponents,e.g. palsasin
differentdevelopmentalstages,ponds,and peatlandwithoutpermafrostis not reportedfor the
area.
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5 Discussion
Although,all Fennoscandianpalsa areas are situated at the western fringe of the northernEurasian
zone with discontinuouspermafrosta marked gradual change in climaticprerequisitesfor palsa initia-
tion and maintenanceis evidentthroughoutthe regionand throughtime. Characteristicdome shaped
palsas are currentlymore or less only present in the northwhile palsa plateausseem to be common
peatlandcomponentsin all areas and the dominatingpalsa features in the south.Further, it seems to
be a common patternthat presentlydominatingpalsa featureswere formed or obtainedtheir present
physiognomyduringclimaticdepressionsduring the Little Ice Age (Vorren and Vorren 1976, Sollid
and Sørbel 1998, Zuidhoffand Kolstrup2000). Since the terminationof the LittleIce Age at the end of
the 19th century both mean annual temperature and annual precipitationhas increased in Fenno-
scandia although with some temporal and regional variability (Hanssen-Bauer and Førland 1998,
Hanssen-Bauer and Nordli 1998). Consequently, presently dominatingpalsa features are likely to
represent relict structureswhere both their morphologyand their geographicalposition are out of
equilibriumwith the prevailingclimate.At the same time it is evident that formationof new palsas is
possibleat least duringspecificyears (Sollidand Sørbel 1998, Seppålä 1998).

Historic periods with frequent palsa formation over large spatial scales are indicativeof a general
and/or prolongedperiodwith increasedfrequencyof years dominatedby cool and dry climate condi-
tions, i.e. increased degree in continentality.Accordingly,an increase in oceanicitywill potentially
have large negativeconsequencesto palsa develpomentand maintenanceand to entire ecosystems
(cf. Crawford 2000). More over a long-termchange towardswarmer and wetter conditionsare likely
to cause bog expansion and increased paludification. In the north, this could theoretically fa-
vor/expandthe distributionof palsa peatlandsconditionedthat temperature requirementsfor initiation
and survivalof palsasare fulfilled.In the southwhere palsa peatlandsoccur in a more marginalset-
ting it is implausiblethat warmer and wetter conditionwould promotepalsa growthat any altitudedue
to lack of suitable areas and the time required for peatland expansion and development at higher
altitudes. It has been hypothesizedthat a further climaticwarming and/or precipitationincrease will
result in meltingof most palsas within a few decades at the most marginal sites (Sollid and Sørbel
1998, Zuidhoff and Kolstrup2000). These sites will then also be the most sensitiveto any human
activitiesaffectingthe vegetation structure, peat cover or hydrologicalpropertiesof the peatlands.
This deserves increasedconsiderationin managementor conservationplansfor peatlands.

In additionto peat palsas, othergeomorphologicalstructuresin the zone with discontinuousor spora-
dic permafrostcan be used as indicatorsof climatechange. For example mineralpalsasthat occurat
the upper limitof peat palsa distributionat the interface between discontinuousand continuousper-
mafrost (Matthews et al. 1997, Rapp 1983). These structuresmay be more sensitive as indicators
due to their lack of a thick insulatingpeat layer. Therefore, these thermokarstforms are dependent
on, and will be found, in areas with lower mean annual temperaturethan peat palsas. Hypothetically,
their presence and status mightbe in closer balance with the prevailingclimate. However, their dy-
namics and occurrenceat local and regionalscales are less studiedthan peat palsas and thus less
suitableas indicators.An exceptionmightbe in Dovre where Matthewset al. (1997) have studiedan
area with mineral palsas situated at an altitude of c. 1440 m a.s.l. with an estimated mean annual
temperature of -2.7°C. This annual temperature is somewhat below what is estimatedfor landscape
fractionswith peat-coveredpalsasof the region.The mineralpalsa site couldso possiblybe useful in
an extended altitudinalstudygradientin Dovre.

Documentationof palsas has largely focused on dominatinglarge "late successional"or "mature"
palsa features with photos from variable time intervals as evidence. Consequently, the prevailing
pattern in the "followup studies"will likely be the one of degradationeven in areas/regionswhere
aggregationand degradationis balanced.The role of recentclimaterelatedchangesare thus likelyto
be magnifiedand a slightlymisleadingpicture might be presented.Studies of palsa peatland dyna-
mics need to considerthis risk of biased sample sourcewhen usinghistoricsources. Used methods
need to cover and differentiatebetween changes due to short-termand long-termclimate change.
There is a need to capturethe constantfiux of changes caused of permafrostalternations,including
different palsa structures,developmentof ponds and colonizationof ponds along with analyses of
vegetationstructureand land use to be able to draw profoundconclusions.
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6 Concludingremark
After reviewing the literature, it is evident that there is a general lack of organized or method-
ologically consequent monitoring projects on palsa peatland development. However, profound
studies of palsa peatland dynamics are present from individual sites from south central Nor-
way to northern Scandinavia. Mainly these studies and interpretations are based on analyses
originating from one or a few study occasions that do not form a strict monitoring program with
fixed fully comparable and testable methods through time. An established program based on
testable methods is needed to suit as an effective monitoring parameter of effects of climate
change. When implemented palsa peatland dynamics would form an efficient indicator of cli-
mate change and its effects over a range of spatial scales. Below the outline of an attempt to
achieve a long-term Norwegian monitoring program of palsa peatland dynamics is given.
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7 Recommendationsfor a monitoringprogram
As both climate and land use are profoundly affecting palsa peatland dynamics at the same
time as there is an apparent time lag between cause and response, interpretation of re-
sponses will be difficult. Consequently, all methods used for data collection and analyses of
data have to be carefully considered. The palsa peatlands occurrence throughout Norway can
be correlated with a number of thermal indicators (e.g. mean seasonal and annual tempera-
tures, precipitation values, degree-days, etc.) to establish statistical relationships between
climate variables and the distribution of palsa peatlands. However, this does not mean that the
same natural forces are limiting the local occurrence and distribution along gradients in lati-
tude and oceanicity. Thus to be able to draw profound and broad ranging conclusions on how
changes in the climate are effecting the distribution and structure of palsa peatlands a monitor-
ing program covering a broad range of climate settings is needed. A three-dimensional tran-
sect-approach capturing the variability given by the geographic and climatic diversity repre-
sented throughout Nomegian palsa peatlands would be desirable. Preferably the main tran-
sect follows the decreasing impact of Atlantic air masses (and increasing Arctic air masses)
along a latitudinal gradient from Dovre in south central Norway to Finnmark County in the
north (Figure 5).

Figure 5:
Study design with moni-
toring areas (i - v)
aligned along major en-
vironmental gradients.
The shaded arrow indi-
cates the change from
dominating Atlantic (wet)
air masses to dominating
Arctic (dry) air masses.
The southern blue arrow
indicates an altitudinal
gradient and the two
northem arrows coast-
inland gradients. Lines
across the palsa peat-
land at the inset map
indicate transects for
field data collection. —
Studiedesign med ut-
valda övervakningsom-
råden långs de dominer-
ande miljögradienterna.
Den skuggade pilen in-
dikerar föråndringen i
dominerande luftmassor,
från Atlantiska (fuktiga)
till Arktiska (torra). Den
blå pilen i söder illustre-
rar en höjdgradient och
de två i norr kust-
inlandsgradienter. Lin-
jerna genom palsmyrom-
rådet på den infållda
kartan visar transekter
för insamling av abiotiskt
och biotiskt data.
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Alongthis main transect,whichcoversthe area from the southernfringeof the Scandinavian
zone with discontinuouspermafrostto the westernfringeof the northernEurasianpermafrost
region,will secondarytransectsbe aligned.In the souththe secondarytransectwillbe an alti-
tudinaltransectwithin the localcontinentalarea where palsa peatlandsoccur. In the north,
howeverwhere palsa peatlandsoccurina broadergeographicand climaticcontextsecondary
transectswill be alignedalongcoastalinlandgradients(i.e. increasingcontinentality).Between
the northernand southernpartof the maintransectpalsa peatlandsonly rarelyoccuror have
a pronouncedlocal or ephemeraloccurrence.Consequently,secondarytransectscannot be
alignedbut individuallocalitiesshouldbe includedalongthe main latitudinaltransect.At each
localsite and along the secondarytransectswill individualpalsa peatlandsbe selected.The
thirddimensionconsistsof transectsfor field data acquisitionacrossselectedpeatlands(de-
scribedbelow).The numberof these transectsper selectedpeatlandwill dependon the size
of the peatland,and the densityof recordeddata alongtransectswill vary betweendata vad-
ablesas givenbelow.

7.1 Geographical areas and environmental gradients

Giventhe propositionabove the followingareas/localitiesare suggestedto representthe gra-
dients(Figure 5): 0 In the Dovre—Femundenregionwilla set of palsapeatlandsbe chosenat
differentaltitudesrepresentinga gradientwith decreasingannual temperaturein a southern
continentalregion. If possibleone localityin Sylane will be chosento representa sitewith
apparent oceanic influence(high mean annual precipitation).iii) Astujæggiin southeastern
Tromswill representthe climatictransitionzone betweenareas dominatedbyAtlanticmasses
to the southand Arcticair massesto the north.iv) and v) In westernand eastern Finnmark,
respectively,palsastructuresare commoncomponentsin a goodnumberof peatlandsexcept
in the mostcoastalareas. Two localitieswill be chosenalongeach of two coast-inlandgradi-
ents (one in the west and one in the east). Færdesmyrawill be one of the eastern localities
whilethe other three needsto be selected.These localitiesprovidethe necessarydiversityof
climaticenvironmentsfor studies of non-climaticnatural dynamics in palsa peatlandsand
changescausedby long-termand short-termclimatechanges.

7.2 Methods

7.2.1 Climate variables
In eachstudyarea, data loggerswillbe usedfortemperaturerecordingsat groundleveland at
differentdepth in selectedpalsasand surroundingpeatlandwithoutpermafrost.The data log-
gers will be downloadedapproximatelyevery secondyear (dependingon the recordingfre-
quency).Theretrieveddata will be comparedwith bothregionalmeteorologicaldata and data
from localmeteorologicalstations(as closeas possibleto each studyarea). In addition,pre-
cipitationand snowdata fromthesestationswillbe includedinthe study.

7.2.2 Land cover types
Classification,area coverage,and changesthroughtime of landcovertypes(palsas,palsapla-
teaus, rim ridges,ponds,dry peatlandswithoutpermafrost,wet peatlandswithoutvegetation,
sedgedominatedareas,shruband/ortreedominatedareas)willbe studiedbybothremotesensed
dataanddatacollectedfromtheground.

Bothair-borneandspace-borneremotesenseddatacanbe usefulinanalyzesofpropertychanges
inpalsapeatlandsthroughtime.However,theprecisiondecreaseswithdecreasingsizeandheight
of permafrostfeature,and it iscurrentlyunlikelythatpalsaplateausanddrypeatlandswithoutper-
mafrostcan be separated.Consequently,thereis a needfor furtherdevelopmentincludingcom-
parisonwithdetailedgrounddata beforethe methodcan be in operativeuseand providereliable
data on changesof permafrostin palsa peatlandsin general. However,frequencyand size
changesof ponds,sedgedominatedareas,dry peatlands,and dominatingdomeshapedpalsas
couldpreferablybe analyzedoverlargerareasby remote-sensing.Detailedinformationon possi-
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bilitiesandchallengesin connectionwithdataretrievalfromimagesoriginatingfromair borneand
spaceborneplatformsaregiveninAppendixI.

Grounddatawillbe retrievedalonglinesacrossthe peatlands.The samecovertypes,as for re-
motesensingwillbe usedandthe grainsizefor data collectionwillbe 1m.GPS positionswillbe
recordedfor all linesto ensurehighestpossibleaccuracythroughtime.Additionally,all pondswill
be classifiedaccordingto theirpositionin the peatland:heightelevationabovethe mainwater
level,surroundingthe palsas,in the centerof olddecayedpalsas,or in depressionson elevated
palsasurfaces.

7.2.3 Morphology
The morphologyof all permafrostfeatures along the linesand above the water level of the
surroundingpeatland will be recorded. Measured variables will be palsa type, vegetation
cover,height,shape, degreeof decay, frequencyand size of cracks,and thaw depth. In addi-
tion to these analyzes alongthe linesselectedpalsa featureswill be mapped in more detail
using the same variables in additionto measurementsof size and permafrostdistribution
(groundradar).

7.2.4 Vegetation
The vegetationstructurewill be recordedin selectedareas (randomselection)withinall land
cover types representedin each studiedpeatland.By the use of a pointmethodadoptedto
analysesalonglinetransects(Hofgaardunpubl.)will speciescomposition,dominatingspecies
in the shrublayer, dwarfshrublayer, field layer,and the bottomlayerbe recordedalongwith
data on the frequencyof nonvegetatedpatchesand edaphicsubstrates.The usedaccuracy
willbe 10 pointrecordingsper meterand layer.

7.2.5 Human impact
Humanactivitieshave hadand havean apparentimpacton these peatlandsthroughdrainage,
use of peat as fuel and litter,grazingby domesticand semi domesticstock,and use of vehi-
cles (snowmobiles,four-wheeldrives, and motorbikes)with consequencesfor hydrological
properties,vegetationstructureand erosionof palsas.Signsof presentas well as historichu-
man activitieswill be recordedalongwith an estimationof the size of the impactedarea. To
some extent, this will be subjectivedata althoughneeded in the evaluationof changes(dy-
namicsandtrends)of the peatlands.

7.3 Monitoring intensity and reporting

A monitoringprogramwitha fiveyearsintervalis probablymostconvenientfor capturingof both
long-termchangesand someof the short-term.To someextent,there is a riskthat a five years
intervalwillbetoocoarseto registerforexampletemporarynewfrostmounds,at thesametimeas
it possiblyis frequentenoughto avoidmisinterpretationsof theseevents.In Qubec, Canada,a
monitoringprogramwithten-yearintervalsis usedin onecase(LabergeandPayette1995). How-
ever,theyare monitoringan areathatisclimaticallynotas closetothelimitofpalsaexistenceas at
leastthe southernandwesternScandinavianpalsapeatlandsare. A ten-yearNorwegianmonitor-
ingprogramwouldprobablynotcapturesomeofthe rapidchangesthatmightoccurdueto a com-
binedeffectofchangedclimateandlanduseintheseareas.

Resultsfromthe monitoringprojectshouldbe reportedandpublishedafterthe initialrecordingand
aftereachrepeatedsurvey.

7.4 Group of expertise

The Norwegian Institutefor Nature Researchwill have the administrativeand scientificre-
sponsibilityfor the monitoringprojectwithinthe economicframesgiven by the NorwegianDi-
rectoratefor Nature Management.The responsibilityincludesscientificdesign,arrangements
for data collection,methods,data analyses,and publication.To make surethat the mostopti-
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mal decisionsare taken throughoutthe initialperiodof the monitoringprograma groupof sci-
entificexpertisewill be connectedto the project.This groupthat is identicalto the workshop
groupthat met inTrondheimin February2003 (cf.Appendixll), is representinga broadrange
of relevantscientificfields,geographicalregions,and Norwegianuniversitiesand institutes.

7.5 Possibilities, strengths, weaknesses

The climaticand geographicregionsof Norwayare ideal for the proposedmonitoringproject
alongand acrossthe fringeof the zone with discontinuouspermafrost.In addition,the broad
scientificsurroundingof the project(groupof expertise)would warrant a successfulproject
throughtime. The methodsfor collectionof data describedabove can and has to be further
developed and detailed descriptionsof each measured parameter are needed before the
monitoringprojectis launched.However,usedmethodsand spatialand temporalfrequencyof
data collectionis all dependenton the fundingsituationand to what degree itwill allowmoni-
toringof palsapeatlandsovera broadclimaticrange.
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8 SummaryinSwedish- Sammanfattning
Denna rapport har sin bakgrund i en förfrågan från DN dår NINA ombads designa ett nationellt
övervakningsprojekt på "utbredelse og utvikling av palsmyrer". Intensionenår att projektetska var
ett led i DN's verksamhet inom övervakningav effekter av klimatföråndringar.Vidare var det en
uttaladönskanatt projektetskulle utföras i två steg varav denna rapportutgör steg 1, som innebår
"dokumentasjon av endringer i palsmyrerne som allerede har funnet sted, samt utarbeidelse av et
opplegg for å følge utviklingen av palsmyreme framover". Steg 2 innebår "oppdatering av
utviklingen med hensiktsmessig frekvens". För att uppfylla det som krävdes i steg 1 och för att
åstadkomma en så bred vetenskaplig förankring som möjligt så anordnades en workshop i
Trondheimi februari2003dår centralaforskareverksammainomämnet i Norgedeltogtillsammans
med representanterför förvaltningenoch NINA.

Rapporten år baserad på en genomgång av litteratur om förekomst och utveckling av
palsmyrområdeninomzonen med osammanhångandeeller sporadiskpermafrosti Fennoskandien,
och på diskussionernaunderworkshopeni Trondheim.Syftet med rapportenår emellertid inte att
presenteraen heltäckandegenomgångav all litteratur på området utan istållet att presenteraen
övergripandebild av befintligcentral kunskapknuten till temat och utvecklingav palsmyrarunder
senaretid.

Palsar och torvplatåer år distinkta landformer orsakade av permafrost och som höjer sig över
den omgivande myrytan. Deras vidsträckta circumpolåra utbredning i grånzonen mellan skog
och tundra (alpin eller arktisk) indikerar ett nåra samband med periodiskt eller årligt temperatur
underskott. Förutsåttningar för bildning och överlevnad av permafrost och palsar åndrar sig
över tid på grund av fråmst föråndringar i temperatur och nederbördsklimatet, men lokalt kan
åven det månskliga nyttjandet av marken vara av betydelse. Dessa båda förutsåttningar, samt
den markanta 'tids-lag' som råder mellan orsak och respons, gör att palsmyrar år kånsliga
klimatindikatorer samtidigt som responserna år komplexa att tolka. Detta ståller stora
metodiska krav på både insamling och analys av data.

Generellt år det tre faktorer som har dominerande betydelse för generering och degenerering
av palsar —luft temperatur, snödjup, och torvens isolerande förmåga. Låga temperaturer både
sommar och vinter gynnar palsutvecklingen samtidigt som vinterns snödjup och snöfördelning
år av avgörande betydelse för utbredning och tillväxt av permafrost i marken. Svala och torra
somrar år gynnsamt vid både bildning och bevarande av palsar genom att torvens isolerande
förmåga maximeras under torra förhållanden och vårmeackumulationen minskar. I tillägg styr
de naturliga successionsstadier som en pals genomgår, från initiering till försvinnande,
dynamiken i palsmyrområden. Efter initiering och ökad höjdtillväxt spricker torven upp vilket
leder till erosion och så småningom kollaps av palsen. Ett komplext samband råder således
mellan edafiska och klimatiska förutsåttningar för palsbildning och den åldersrelaterade
naturliga dynamiken.

I Norge förekommer palsmyrar i fråmst Finnmark och Troms, och i Dovre-Femunden området.
Det kontinentala eller lokalkontinentala klimatet som präglar dessa områden år en
förutsåttning för bildning och överlevnad av palsar i en annars relativt fuktig och tempererad
geografisk region. Klimatföråndringar som påverkar den kontinentala prågeln lokalt eller
regionalt kommer att påverka utbredingen av palsmyrar och därigenom de kvaliteer de
bidrager med på både landskaps och ekosystemnivå. Alpina och arktiska tundraområden med
palsformationer i olika stadier av tillväxt och nedbrytning år t.ex naturliga och viktiga
håckningsområden för många fiyttfåglar. En homogenisering av dessa miljöer, genom t.ex
utebliven nybildning av palsar, skulle på sikt påverka primårproduktionen med kaskadeffekter
upp genom nåringskedjan och med konsekvenser för hela ekosystemet.

Under 1900 talets senare del har utvecklingen i palsmyrområden dominerats av tillbakagång
åven om viss nybildning har förekommit. Tillbakagången år klimatiskt relaterad men
helhetsbilden år oklar på grund av att dokumentationen har dominerats av utvecklingen av
palsar i sena utvecklingsstadier. Fem skandinaviska "case studies" från Dovre till de
nordligaste delarna av Norge och Finland år presenterade i rapporten för att illustrera
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föråndringar i olika klimatiska regioner. För att ge bra grundlag för hållbara slutsatser måste en
övervakningsstudie av palsmyrområden fånga upp hela flödet av föråndringar som variation i
permafrosten medför för t.ex olika palsstrukturer och bildning av vattensamlingar i
palsområden, tillsammans med föråndringar av vegetationstruktur och det månskliga
utnyttjandet av myrområdena.

Generellt sett saknas metodiskt konsekventa övervakningsprojekt för palsmyrområden i
Skandinavien. Etablering av ett norskt långsiktigt övervakningsprogram baserat på testbara
metoder skulle ge vårdefull information med relevans för förvaltningen och den vetenskapliga
miljön, både nationellt och internationellt. Den rums- och tidsrelaterade dynamiken i palsmyrar
skulle genom ett sådant program utgöra en åndamålsenlig indikator inom temaområdet
klimatföråndringar och dess effekter.

I föreliggande rapport beskrivs i korthet ett förslag till övervakningsprogram för palsmyrar i
Norge med kortfattade metodförslag för registrering av klimatdata, markslag, palsmorfologi,
vegetation, och månskligt bruk av myrmarken. Innan programmet kan igångsåttas krävs det
en noggran genomgång och detalj planering av valda metoder för att resultaten ska bli
tolkbara och fullt anvåndbara ur både ett övervakningsperspektiv och ur ett vetenskapligt
perspektiv. Overvakningsområden från södra till norra Norge föreslås ingå i studien för att
möjliggöra för latitudinella jåmförelser av utvecklingen i geografiska områden som domineras
av Atlantiska respektive Arktiska luftmassor och övergångszonen därimellan. Långs denna
klimatiska gradient bör i första hand etablerade studieområden utnyttjas. Det år också
essentiellt att alla övervakningsområden innehåller ungefår samma fördelning av
utvecklingsfaser bland palsarna (initiering, tillväxt, och nedbrytning), så att resultaten kan
analyseras både ur ett kronosekvens perspektiv och ett klimatiskt perspektiv. Reanalyser av
utvalda områden bör göras vart 5.e år, men eventuellt med tåtare intervall till en början för att
kontrollera att de valda metoderna/variablerna år åndamålsenliga.

En expertgrupp år knuten till projektet. Denna grupp år identisk med arbetsgruppen på mötet i
Trondheim i februari 2003.
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AppendixI:

Remote sensing of palsa peatlands — methods and
viewpionts.

Kjell Arild Høgda and Hans Tømmervik

Opticalsensors
Satellite- or airborne sensors can be divided into optical and radar-based imagery. Remote
sensing techniques can only give a coarse indication of permafrost presence, as sub-surface
ice information is hidden for the sensors. Thus, remote sensing techniques are often used to
identify landforms, land-cover (Leverington and Duguay 1997) or vegetation patterns related to
permafrost (cf. McDermid and Franklin 1995, Lewkowicz and Duguay 1999) rather than the
existence of permafrost. In addition to vegetation, water and snow cover are features, which
can be quantified using optical sensors and related to permafrost distribution.

The decrease of biomass production with altitude and and/or insulation is believed to be di-
rectly related to permafrost conditions. In the Scandinavian Mountains, geophysical measures
like BTS ("base temperatur of snow") are highly correlated to altitude NDVI (Normalised Dif-
ference Vegetation Index) extracted from optical Landsat imagery (Ødegård et al. 1999, Gru-
ber and Hoelzle 2001). In addition a map of vegetation abundance derived from atmospheri-
cally and topographically corrected satellite imagery which can be incorporated into the model
to enhance the accuracy of the prediction Gruber and Hoelzle (2001). Thus, the NDVI gives
probably a good indication of permafrost distribution in these areas, and could possibly be
developed for use in permafrost distribution studies in peatlands (Ødegård et al. 1999). An-
other possibility is to use the thermal infrared band (TM6) on Landsat. The thermal infrared
channel of Landsat (TM6) is a function of emitted long-wave radiation and is used to survey
the ground temperatures in terrestrial environments (Spjelkavik 1994). Ødegård et al. (1999)
show an aspect-dependence of the thermal channel that was able to explain some of the BTS
variations found in Jotunheimen, Norway, and Leverington and Duguay (1997) used Landsat
TM6-information in a neural network classifier to identify the presence or absence of perma-
frost in Yukon.

Additionally, high-resolution satellite sensors like Quickbird can be used to identify sub-metres
objects on the ground (Figure Al ), and could thus act as a good instrument for monitoring the
palsa peatlands.

SyntheticApertureRadar
Synthetic Aperture Radar (SAR) is an active sensor, transmitting and receving microwave (cm
wavelength) signals. The signal is backscattered and images are built based on the time and
intensity of their return. SAR images differ in several important ways from optical and conven-
tional visible/near-IR images. Microwave radiation penetrates cloud cover and has an all
day/all weather imaging capability. SAR primarily records surface roughness characteristics
and dielectric properties of surfaces. Imaging geometry also plays a role in mountainous ar-
eas, producing layover and shortening.

The mapping of snow using SAR is central in snow hydrology and in relation to hydropower
investigations. Solberg et al. (1997) gives a comprehensive review of satellite imagery-based
snow algorithms and products within the EU-funded SNOWTOOLS project. Snow information
is directly relatable to permafrost distribution modelling (cf. Granberg and Vachon 1998) over
larger areas but less useful in restricted areas with patchy sporadic permafrost.

Because of the nature and location of permafrost and frozen ground, they are difficult to study

using remote sensing. Vegatation type and character are generally correlated with the pre-




cense or abscence of permafrost and/or the the thickness of the active layer. Visible, near
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infraredand thermalinfrareddata have suppliedimportantinformationconserningvegetation
and the precenseof subsurfaceice (Hendersonand Lewis,1998).

Few reportshave been made conseringthe use of SAR for permafrostdetection.The longer
wavelengthSARs enablethe studyof somecharactersisticsof subsurfaceconditionsbecause
of their abilityto penetratebelowthe surface.The changesof backscatterover palsas as a
functionof time may also be differentfromnon-palsaareas. However,the spatialresolutionof
satelliteSARsoperatingtodayare probablyto coarse(10-30 meters)for the proposedapplica-
tionsOne possibilityis to use airborneinstruments,with resolutionon the orderof 1 meteror
better.In2004 Radarsat-2isalso plannedwith3 meterresolution.

Interferometry
SAR hasfor a longtime been usedto producetwo-dimensionalimagesof radarreflectivityof
an illuminatedscene. These images have been purelymagnitudeimages and the phase in-
formationinherentinSAR data has beendiscarded.
However,recentlyInterferometricSyntheticApertureRadar (InSAR) has evolvedas a power-
ful methodfor manyapplicationsthroughutilisingthe phaseinformationof the reflectedsignal.
Usingthe phase informationderivedfromtwo co-registeredcomplexSAR images,it is possi-
ble to retrievecomplementaryinformationcomparedto the informationfromamplitudeimages.
The feasibilityof monitoringthe snow water equivalentin dry snow has e.g. been demon-
stratedby(Guneriussenet al. 2001).

It has beenshownthat SAR interferometryhas a largepotentialfor topographicmappingand
retrievalof bio- and geophysicalparametersas thematicinformationabout land use, change
detection,glacier velocity, land subsidence,earthquake deformation,volcano hazard and
snowcover.

There are basicallyfourdifferentconceptsof SAR interferometry.These are:
single-passalong-trackinterferometry,
single-passacross-trackinterferometry,
repeat-passinterferometry.
differentialinterferometry

The single-passconceptsilluminatethe surfacesimultaneouslyin time butwith two spatially
separatedantennas.For the along-trackcase they are separatedin the along-trackdirection,
typicallyone in the backand the otherinthe frontof the aircraft(Gray et al. 1995).Alongtrack
single pass systemsare so far only availableonboardaircraftsand the Space shuttle,and
have mainlybeen usedto studyocean surfacecurrentsand waves. The across-trackcase is
similarbutwiththe antennasseparatedin the acrosstrackdirection,typicallywiththe size of
the length of the wings of an aircraft.Across-tracksystems have been onboard aircrafts
(Madsen et al. 1995) and are also plannedfor a space missions(Zebker et al. 1994b). The
singlepassacross-trackmodeis mainlyusedfordigitalelevationmapping.

Repeat pass interferometryis utilisingthe fact that the repeatcycleof the satelliteis not per-
fect resultingin an across-trackshiftsof orbitsof typicallya few hundredmeters.This means
that the repeat pass data are acquiredat differenttimes in opposeto the single-passcase.
This introduceslimitationsdue to the loss of coherencein the signal, but providesalso the
possibilityto study phenomenonsrelated to surface changes as e.g. ice dynamics,earth-
quakes, and land cover changes. Repeat-passinterferometryis best suited for spaceborne
sensors.Due to the absenceof atmosphericinfluence,satelliteshave muchmorepreciseand
stableorbitscomparedto aircrafts.

Differentialinterferometryis basedon a double-differenceinterferogram,derivedfromcombin-
ing two differentinterferograms.It is capableof detectingelevationchangeson the orderof
the radarwavelength. If it is possibleto longtimecoherencebetweenacquisitionson palsas,
a new methodof longtime changedetectionmonitoringmaybe applied.
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Interferometry can be used to make high precision digital elevation models (DEM), probably
suitable for palsa monitoring if the imaging is done at the right time of the year. The perform-
ance of an InSAR topographic mapping system depends on radar instrument parameters, orbit
or flight parameters, data processing and post-processing operations. For the repeat pass
implementation in particular, temporal decorrelation constitutes an important, and often limit-
ing, error source for the use of InSAR in topographic mapping (Zebker et al. 1994a). For fur-
ther details about DEM generation from interferometry (cf. Zebker et al. 1994b, Werner et aL
1992).

Resent advances in the interferometry field have been applied to monitor dynamic features of
permafrost indicators such as creeping permafrost (Kaufmann 1998) or seasonal frost heave
(Wang and Li 1998). In addition, interferometry has been widely used in studies of glacier
movement. However, radar images are only of limited interest in permafrost validation.

Validation of ERS tandem data quality has been carried out for a number of European sites
(Coulson 1996). It is obtained a consensus that, under right conditions, it is possible to obtain
DEM accuracy in the range of 5-20m RMS height error depending on terrain topography and
baseline. Error values as low as 3m RMS has been reported for moderate terrain in France
and Germany. For obtaining such low error rates it is necessary to have surfaces that remain
coherent (unchanging) and stable atmospheric conditions between the two repeat pass SAR
acquisitions applied. However, the most forested areas can not be evaluated due to the strong
incoherence between the two passes, even in the 1 day tandem mode. These values will also
be to crude for palsa monitoring.

Airborneremotesensing
Airborne systems allow digital elevation models with a grid spacing down to 25 cm and a
height accuracy around 5cm (Aero-Sensing 2000). No incoherence problems are present due
to the one pass mode. Hence, SAR derived DEMs now have a considerable impact in the field
of topography and are replacing stereo DEMs derived from optical systems (Moreira 1996).
With the remote sensing instruments available at the time of writing, airborne SAR systems
are probably better suited than satellite SARs for palsa monitoring (by construction of high
resolution DEMs). However, the suitability and accuracy of high resolution optical imagery
(e.g. Quickbird) and active sensors like SAR/INSAR for palsa monitoring must be verified be-
fore an operational use of SAR can be achieved. The use of long time coherence may also be
possible, but that is even more uncertain.

Ground penetrating radar
Ground penetrating radar (GPR) may also be used for palsa surveillance. Horvath (1998) used
GPR for investigation of perennially frozen peatlands. GPR data from two sites in the Macmil-
lan Pass area, Northwest Territories, supplemented with conventional data, were used to infer
palsa evolution. GPR consistently imaged sub-peat topography in palsas and unfrozen fen,
and detailed fen stratigraphy. Horvath (1998) concluded that orientation of strata within palsas,
inferred from GPR data, may assist in genetic interpretation. Domed strata and frost penetra-
tion into underlying mineral sediment were correlated with palsa genesis by ice segregation.
Stratigraphic discontinuities in unfrozen peat were correlated with a known palsa collapse
scar. This signature may contribute to reconstructions of peatland history. Thaw degradation
at depth was imaged by GPR as a subvertical frozen - unfrozen interface, and corroborated by
field and historical evidence.
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AppendixII:
Workshopprogramand participants

Workshop i Trondheim den 5 februari 2003 för planläggning av ett

Nasjonalt overvåkingsprosjektav utbredelse og utvikling av
palsmyrermedfokuspå effekterav klimaendringer

Syftet med workshopen år att genom att diskutera befintliga data, för- och nackdelar med olika
övervaknings- och analysmetoder, och Iämpliga geografiska områden komma fram till en brett
acksepterad projektdesign. Riktlinjer för workshopen kommer att vara följande
diskussionspunkter

Prionterinqar: Enskilda forskares prioriteringar/önskemål i övervakningsstudier

presenteras inledningsvis och kommer att utgöra utgångspunkt för resten av
diskussionerna.
Befintliqa data: Vilken typ av data finns, från vilka områden, och vem har ansvarat för
insamlingen? Hur långa dataserier finns och vilken kvalitet håller de?
Geo rafiska områden: Vilka områden år lämpligast? Antal replikat inom varje område?
Representerar befintliga studieområden åndamålsenliga gradienter för övervakning av
effekter av klimatföråndringar?
Overvaknin smetoder: Detta år en av workshopens viktigase punkter och kommer att
diskuteras detaljerat tillsammans med metoder för analys av insamlat material.
Meta-databas: Finns det ett behovet av en meta-databas? I vilken utsträckning finns det
palsmyr-databaser? Om det föreligger ett behov av en meta-databas så bör förslagsvis
NINA vara koordinator och ha det administrativa ansvaret, dvs för uppläggning, hantering,
och innehåll, men varje institution behåller åganderåtten till inlagt material. Information
tillhörande bl.a. punkterna 2-4 bör ingå i databasen.
Klimatparametrar: Finns det 'enkla' klimatparametrar som år relevanta? Har lokala och
regionala klimatdata (DNMI) tillräcklig rumlig upplösning? Kan processer i palsmyrarna
tolkas utifrån dessa? Hur ser sambandet ut med till exempel årsmedelvården,
såsongsvården, och månadsvården för temperatur och nederbörd? Hur varierar
sambanden i tid och rum?
Prognoser: Kan man göra prognoser för en framtida utveckling av palsmyrar och
medföljande ekologiska konsekvenser? Kan RegClim's nedskalerade data anvåndas?

Diskussionsresultaten från workshopen kommer att ligga till grund för utvecklingen av en
detaljerad projektansökan till DN dår 'Fase 1 och 2' (se ovan) ingår.

Deltagtare:
Annika Hofgaard
Asbjørn Moen
Atle Nesje
Else Løbersli
Hans Tømmervik
Johan Ludvig Sollid
Karl Dag Vorren
Ketil Isaksen
Kjell Arild Høgda
Signe Nybø
Svein-Olaf Dahl
Terje Klokk

Seniorforsker, NINA
Professor, NTNU
Professor, UiB
Rådgiver, DN
Forsker, NINA
Professor emeritus, Ui0
Professor, UiTø
Seniorforsker, DNMI
Seniorforsker, NORUT-IT
Rådgiver, DN
Førsteamanuensis, UiB
Rådgiver, DN

annika.hofgaard@nina.no
asbjorn.moen@vm.ntnu.no
atle.nesje@geoLuib.no
else.lobersli@dirnat.no
hans.tommervik@nina.no
j.l.sollid@geograkuio.no
karldag@ibg.uit.no
ketilisaksen@met.no
kjell-arild.hogda@itek.norut.no
signe.nybo@dirnat.no
svein.dahl@geog.uib.no
terje.klokk@dirnat.no
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