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Plant community and diversity change due to
localized permafrost dynamics in bogs of western
Canada

David W. Beilman

Abstract: Localized permafrost formation and melt at the southern limit of permafrost has a large effect on boreal bog
plant community structure and diversity in continental western Canada (Alberta, Saskatchewan, and Manitoba). Non-
metric multidimensional scaling ordinations show that non-permafrost-affected bogs, areas currently underlain by
permafrost (frost mounds), and areas of permafrost degradation (internal lawns) have distinct plant communities.
Bryophytes respond more strongly than vascular plants to lengthened environmental gradients in the bogs studied.
Seventy-two vascular plant and bryophyte species were found, with mean alpha diversity (species richness) similar in
bogs and internal lawns (22.6 and 22.1) and lowest on frost mounds (15.6). Beta diversity (species turnover between
landforms) is greater for bryophytes (4.22) than vascular plants (2.54). Comparisons within internal lawns show highly
variable height above water table, community composition, and species diversity in wet communities and reduced
variability as peat accumulates and converges on dry surfaces dominatgghbgnum fuscurgSchimp.) Klinggr.

Overall, localized permafrost dynamics increase bog plant diversity by 47% by introduction of unique dry, shaded
(frost mound) and wet, open (internal lawn) conditions absent from non-permafrost-affected bogs, making localized
permafrost bogs one of the most bryologically diverse peatland types in western Canada.

Key words peatlands, bryophytes, plant communities, non-metric multidimensional scaling ordination, permafrost,
climate change.

Résumé: La formation de permafrost et de fonte, a la limite sud du permafrost, exerce une grande influence sur la
structure et la diversité des communautés végétales des tourbieres boréales de I'ouest continental canadien (Alberta,
Saskatchewan et Manitoba). Des ordinations non métriques multidimensionnelles par échelons montrent que les tourbie-
res non affectées par le permafrost, les sites a permafrost courant (palses) et les surfaces avec permafrost en dégrada-
tion (pelouses intérieures) portent des communautés végétales distinctes. Dans les tourbiéres étudiées, les bryophytes
réagissent plus fortement que les plantes vasculaires aux gradients environnementaux accrus. On retrouve 72 especes de
plantes vasculaires et bryophytes, avec une alpha diversité moyenne (richesse en especes) semblable dans les tourbiéres
et les pelouses intérieures (22,6 et 22,1) et plus faible au dessus des palses (15,6). La béta diversité (renouvellement en
especes selon le relief) est plus prononcée chez les bryophytes (4,22) que chez les plantes vasculaires (2,54). Une com
paraison des pelouses intérieures montre une grande variabilité de la profondeur de la nappe phréatique, de 4a composi
tion des communautés et de la diversité en especes dans les habitats humides, ainsi qu’une variabilité réduite a mesure
que s’accumule la tourbe, en convergeant vers des surfaces plus seches dominé&ppagmem fuscurfSchimp.)

Klinggr. En général, la dynamique d'un permafrost localisé augmente la diversité en espéces végétales de tourbiére
d’environ 46%, par I'introduction de conditions séches, ombragées (palses) et humides, ouvertes (pelouses intérieures)
uniques, qui sont absentes des tourbiéres non-affectées par le permafrost, faisant des tourbiéres a permafrost localisé un
des types de site tourbeux le plus diversifié en bryophytes, de I'ouest canadien.

Mots clés: tourbieres, bryophytes, communautés végétales, ordination non-métrique multidimensionnelle par échelons,
permafrost, changement climatique.

[Traduit par la Rédaction]

Introduction rials that remain below 0°C for two or more years (Harris et

al. 1988). As such, it is sensitive to environmental changes

i Permafrodstg an |rpportantlgart offCa?aZdas north, as’%ontgat affect ground temperature at the microclimate through
INUouS and Discontinuous. Fermalrost £0nes Cover abolqinng|-climate scales (Williams and Smith 1989), espe

half the co&J?try’s Iar][d areﬁ (Heglnbotto&n f'199d5). Perngsfros ially at the climatic limits of its occurrence. Thus, factors
Is a ground temperature phenomenon, defined as earth matg, -1 a5 disturbance (that affects the local microclimatic con

ditions) and long-term regional climatic change determine
Received March 1, 2001. Published on the NRC Research  whether it is aggrading, degrading, or is in equilibrium with

Press Web site at http://canjbot.nrc.ca on July 30, 2001. its environment.

D.W. Beilman. Department of Biological Sciences, In the Discontinuous Permafrost Zone, permafrost occurs
University of Alberta Edmonton, AB T6G 2E9, Canada most commonly in treed boreal and subarctic peatlands. Perma
(e-mail: dbeilman@ualberta.ca). frost landforms in peatlands have long been divided into two
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types based on morphology (Brown 1968): large expansivaelected for study in each of Alberta, Saskatchewan, and-Mani
peat plateaus (completely underlain by permafrost), andoba from aerial photography of the whole region. These were
small restricted landforms of isolated permafrost (treed frosthosen to have distinct frost mounds anternal lawns, rea
mounds) in largely unfrozen peatlands (localized permafrossonable accessibility, and to span the longitude of the region.
peatlands). The distribution of these two morphologies fol These bogs occur where localized permafrost landforms are
lows climate (Vitt et al. 1994; Halsey et al. 1997; Beilman etthe dominant permafrost feature (peat plateaus occur only
al. 2001), and localized permafrost peatlands occur at thearely nearby), in the south of the localized permafrost
southern limit of permafrost in continental western Canadgeatland region (Fig. 1). Regional climate and the degree of
(Alberta, Saskatchewan, and Manitoba). Permafrost at itdegradation are comparable for all three peatlands (Table 1).
climatic limit has value as a climate change indicator

(Washburn 1980; Sollid and Sgrbel 1998), and localized

permafrost expansion in the southern boreal forest has beq@aterials and methods

argued to have reached its maximum during the Little Ice

Age (Vitt et al. 1994; Halsey et al. 1995). Localized pefma p|5nt community surveys

frost in peatlands is dggradlng throughout its range _(V'tt el Three distinct landforms were surveyed: continental bog (the
al. 1994, 2000), creating areas of collapse called internalackground peatland matrix in which localized permafrost Jand
lawns. Permafrost has disappeared from some of thesgrms occur), frost mounds, and internal lawns (Fig. 2). The vege
peatlands, mostly in the south of the localized permafrostation of 10 landforms of each type was assessed in each peatland
peatland region (Beilman et al. 2001). Ongoing permafrostwith the exception of frost mounds at the Patuanak, Sask.; peat
degradation has many potential, but largely unknownland, where only 9 were found) for a total of 89 landform surveys.
ecological effects (Woo et al. 1992; Gorham 1994) and imporBog vegetation was evaluated by locating random coordinate points
tant ramifications for plant community structure and diversity. from a grid overlain onto large-scale aerial photographs of each
Peatland plant communities have been moderately we eatl?rr]ld.tFtrc:st moun_gls and |r}tet_r nal I?;anfwere r.a”dorﬂ'y setllectgd
L ... from the total accessible population of landforms in each peatland.
studied in \.NeSte.m Canada, .and gen.eral plant Cqmmunltl For treed bog and frost mound surveys with relatively homogeneous
were described in early studies (Lewis and Dowding 1926vegetation, a 5 x 5 m plot was placedthin a representative area of
Lewis et al. 1928; Moss 1953). More recent work has fo-yegetation. Percent cover of all vascular plant and bryophyte spe-
cussed on patterns of vegetation relative to environmentalies, and all lichens that had >1% cover, was estimated visually
gradients across a range of different peatland types (Jeglumithin each plot. Cover data were supplemented by a search for
1973; Kenkel 1987; Vitt and Chee 1990; Bubier et al. 1995),new species within a 25-m radius until no new species were found.
as well as within peatland types for fens (poor fens, Vitt etSpecies that occurred outside the plots were assigned a cover value
al. 1975; extreme-rich fens, Slack et al. 1980; moderate-riclgf 0.05% for abundance analyses. Internal lawns have the most
fens, Chee and Vitt 1989), bogs (Belland and Vitt 1995), ang/ariable vegetation and surface wetness conditions of _the three
peat plateaus (Horton et al. 1979; Camill 1899However,  andform typesilbecause. %fl thg effects 0; t'm”e'”ansgrlfss!"e deglra'
localized permafrost peatlands have not been investigated | tion, as well as variable degrees of collapse following meit

. . . . eilman 2001), and could not be sampled accurately using 5 x
detail (with the exception of a single frost mound (treedS m plots. Instead, abundance values were estimated for each entire

palsa) described by Zoltai and Tarnocai (1971)). To MOrgandform. Estimates of abundance were facilitated by the open,
fully understand the impact of past permafrost dynamics anghrgely treeless nature of internal lawns. Internal lawn edges +epre
ongoing degradation, investigation into ecological changesent a transition between affected and unaffected bog, as pre-
in localized permafrost bogs is needed. existing localized permafrost lenses thin out at their margins

This study describes patterns of plant community changéZoltai 1972). Therefore, a 1-m margin around the inside border of
in western Canadian continental bogs affected by localizegach internal lawn was excluded from surveys to ensure only-vege
permafrost dynamics. Specifically, | address two questionsiation affected by permafrost melt was included. Water samples
() how o plantcommunites and diversity i ocalizet-per oM P00 o excyatedshalot s ne2ch bog and ierel v
mafros'g bogs respond to pe.rmafrost formation and_ _melt a%ere refrigerated and the pH and conductivity (corrected for pH
determined through comparison of plant communities be

. . llowing Sjors (1950)) of each sample were determined in the lab
tween continental bog, frost mounds, and internal lawns; angragory,

(i) how do plant communities vary within internal lawns, 1o determine the spatial variability in vegetation resulting from
and how do community and diversity patterns relate to-peatpost-melt peatland development, an additional five internal lawns

land development following permafrost melt? were chosen randomly in each peatland for finer scale survey. In
ternal lawns are typically oblong or irregular in shape (Fig. 2), and
Study region and peatland sites degrade along “melting fronts” following the initiation of melt,

creating a newly collapsed area and an older area. To capture the
Localized permafrost peatlands occur in a wide belt acrosgange of conditions along this temporal or wetness gradient, a cen
boreal continental western Canada and cover 17 505 kndral transect was placed along the longest axis of each internal
(Beilman et al. 2001). This area largely falls within Zoltai et lawn. This transect was divided into 10 equal lengths, and a 2-m
al’s (1988) Continental High Boreal Wetland Region and isdlameter round q_uadrat was randomly placed within each length
characterized by low precipitation (relative to coastal boreaf 0 uadrats per internal lawn, 50 quadrats per peatland, 150 quad

tland . d cold wint h | lized rats total). Within each quadrat, cover values of all vascular plants
wetland regions) and cold winters, where localize Perma,ng bryophytes, and lichens that had >1% cover, were visually

frost peatlands are a characteristic wetland type (referred t@siimated. Height of the peat surface above the water table and
as palsa bogs by Zoltai et al. (1988)). To determine theénicrorelief were measured within each quadrat. Microrelief was
effects of permafrost dynamics on vascular plant ancestimated by measuring the height between the highest hummock
bryophyte vegetation, three localized permafrost bogs werep and the lowest hollow bottom within each quadrat.
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Fig. 1. Continental western Canada with the outline of the local mounds, or internal lawns from the landform survey data or the
ized permafrost peatland region (Beilman et al. 2001) and-loca mean number of species in each vegetation group for the internal
tion of study sites: Anzac, Alberta (square), Patuanak, lawn quadrat data. Beta diversity was calculated for both the-land

Saskatchewan (circle), and Moose Lake, Manitoba (triangle). ~ form survey and quadrat data as the ratio of total number of spe
cies in each data set to the mean richness across all sample units

(all 89 landform surveys, or all 150 quadrats). Gamma diversity
was defined as the total species richness from all surveys in all
three peatlands and represents the landscape diversity of localized
permafrost bogs. The equality of mean alpha diversity values be
tween internal lawn quadrat groups was determined by Kruskal—
Wallis H tests.

Results

Community—floristic ordinations, vegetation patterns,
and water chemistry

Ordination of abundance data for the total vegetation
(including lichen and bare peat cover) did not have a-sub
stantially lower stress value for solutions beyond two dimen
sions: final two-dimensional stress was 7.6. Landform
groups are clearly separated, with bogs intermediate on the
diagram, and frost mounds and internal lawns clearly sepa
rated at the ends of the first NMDS axis (Fig. 3A). Among-
peatland differences are greatest in the frost mound and in

In all surveys, vascular plants and bryophytes were identified tc;[ernal lawn vegetation, which is evident in the higher degree

species. True mosses amphagnumare treated separately, and of close.ness and clumping of localized permafro_st landform
“mosses” refer to norsphagnunmmosses hereafter. Species namesdata pc_)lnts from the same peatland compareq with the more
follow Moss (1983) for vascular plants, Ireland et al. (1987) for freely intergrading bog vegetation on the diagram. Broad
mosses andphagnumsStotler and Crandall-Stotler (1977) for he- Vegetation patterns among landforms are shown by plotting

patics, and Esslinger and Egan (1995) for lichens. tree cover valuesRicea mariana(Mill.) BSP) and ground
cover values (ground cover b$phagnumspp., feather-
Data analysis mosses Rleurozium schreberi(Brid.) Mitt., Hylocomium

Non-metric multidimensional scaling (NMDS) was used to com-splendens(Hedw.) Schimp. in BSG, andPtilium crista-
pare plant communities from bog, frost mound, and internal lawncastrensigHedw.) De Not.) and lichens) onto the ordination
surveys. NMDS is a nonparametric dimension reduction techniqugpace (Figs. 3B—3E). Landform types differed markedly in tree
that works without assumption of linear or unimodal response ang.qyer (Fig. 3B) and were nearly always bryophyte-dominated

escapes many of the distortions of eigenvector techniques (Kenk ;
and Orléci 1986; Minchin 1987; Legendre and Legendre 1998)?'11 ground cover (ranging frorphagnunto feathemoss dom

Sorensen (Bray—Curtis) distance was used as a general measure' ?nce)‘ .BOQ Vegetatlon. (unaﬁec_ted by permafrost) was
ecological similarity (Faith et al. 1987) for all NMDS ordinations. characterized by operPicea marianaand was always

To explore thoroughly the effects of permafrost dynamics on totaSPhagnundominated. Frost mounds h&ticeacover greater

bog vegetation as well as on the vascular plant and bryophyte conthan that of bogs (more than double on average (Fig. 3B) of
ponents, four analyses were run using different data subset§en resulting in closed canopies) and had ground cover-dom
(i) abundance data for total vegetation including coverages for liinated by feathermosses (except for seven frost mounds in
chen species that had >1% cov@iddina mitis(Sandst.) Hustich, the Moose Lake peatland that were dominated by lichens of
Cladina rangiferina(L.) Nyl., Cladina stellaris(Opiz) Brodo) and  the genusCladina Figs. 3C and 3E). Internal lawn tree
coverages of bare peati)(vascular plant and bryophyte presence-coyer was less than 1% on average and did not exceed 3%.
absence; '“)bvaSCU'alg.?flam pres.encﬁ_abgenced a';‘.ﬁ.tm%oﬁhyte b Sparse tree cover present was from stray collapse survivors
presence-apsence. DINEreNces n pr ana conductivity between %% newly established spruce on older, drier surfaces. Ground

and internal lawn surface waters were determined by Mann 7 w v domi d Suh
Whitney U tests (Zar 1999). Summary statistics and tests for pHCOVer In internal lawns was strongly dominated Sphag

were conducted on hydrogen ion concentrations and reported as pHlUm (Fig. 3D), with much reduced cover by other mosses
To decrease the effect of the feBphagnunspecies that domi  and a nearly complete exclusion of lichens (Fig. 3E). Two

nated each of the small quadrats (and thereby increase the sensitthirds of the internal lawns haBiphagnum fuscurgBchimp.)

ity of analyses to patterns in less common species), abundand€linggr. cover greater than 50%, and mean coveSphag

values in the quadrat data set were square-root transformed. Theum fuscunin all internal lawns was 63.4%.

150 internal lawn quadrats were then classified using Sorensen dis g rface water pH in bogs (mean 3.65) and internal lawns

tance between quadrats and flexible beta clusterfhg (—-0.25) P
(Legendre and Legendre 1998). Groups were named by their—domf:mean 4.02) ranged between 3.08 and 4.49 and was signif

nant vegetation §phagnumspecies). Abundance data from these antly different P < 0.001) between the two landforms. Sur

quadrats were ordinated by NMDS. All multivariate analyses were @C€ Water corrected conductivity (bog mean 1fSIcm;

implemented in PC-ORD (McCune and Mefford 1999). internal lawn mean 52.uS/cm) was also significantly

Alpha, beta, and gamma diversity were assessed following th&igher after permafrost collaps® (< 0.001). The pH and
diversity concepts of Whittaker (1972). Alpha diversity was calcu conductivity are shown plotted within the vegetation ordina
lated as the mean number of species (richness) in bogs, fro¢ton space in Fig. 4.
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Table 1. Climate and physiography of three localized permafrost bogs studied.

Anzac Bog, Alberta  Patuanak Bog, Saskatchewan Moose Lake Bog, Manitoba

Climate Mean annual temperature (°C) -0.4 -1.0 -1.2
Mean annual precipitation (mm) 472 444 496
Peatland Bog form* Flat bog Plateau bog (islands) Plateau bog (islands)
Total permafrost landform cover (ha) 11.084 9.424 17.411
Mean permafrost landform size (ha) 0.198 0.248 0.295
Extent of degradation (%) 60.3 65.5 53.2

Note: Permafrost landform (frost mound and internal lawn) areas were calculated by mapping small-scale aerial photography taken between 1987 and
1995 and digitizing in Arcinfo. Climate data is taken from 1951-1980 climate normals (Environment Canada 1982) from the nearest permanent climate
station to each peatland, except for mean annual temperature at Patuanak that follows interpolated mean annual temperatures correctedffomelevatio
Vitt et al. (1994) because of the lack of available nearby temperature data.

*After Zoltai et al. (1988).

Fig. 2. Aerial photograph of the Moose Lake, Manitoba, localized permafrost bog. Treed frost mounds (f) and internal)laeoar(
within the continental bog (b) matrix.

Ordination of landform survey data based only on thecountered in the three localized permafrost bogs (Table 2; list
presence—absence of species using both vascular plant apbvided in Appendix). Comparison of species diversity
bryophyte species also shows distinct separation of froshmong landforms reveals that mean alpha diversity is similar
mounds from internal lawns, although some overlap occurin bogs and internal lawns and lower in frost mounds- (de
between bogs and internal lawns (Fig. 5A). Among-peatlandtrease of 31% from bog; Table 3). This decrease due to per
differences (within landform types) are not as clearly ex mafrost aggradation is due to reduction in the number of
pressed in the floristic data as in the abundance data (compavascular plantSphagnumand hepatic species, as moss diver
Figs. 3A and 5A), and landform types from the differentsity increased and was highest in frost mounds. Vascular
peatland sites overlap more freely when only presenceplant diversity is nearly double in internal lawns relative to
absence is used. Separate floristic analyses of the vasculfiost mounds because of presence of common bog species in
plant and bryophyte vegetation components by NMDS showaddition toBetula pumilaL., Scheuchzeria palustris., and
that much of the landform separation and general pattern ispecies ofCarex plants common in poor fens (Vitt et al.
the total vegetation data comes from the bryophyte cempol975) and absent from bog surveys. Internal lawn vascular
nent of the data (Fig. 5C) and less from the vascular planplant diversity was higher than that of the bog mat8phag
component (Fig. 5B). Vascular plant species ordination hachum diversity was much higher in internal lawns compared
a final stress of 16.59, and bryophyte species had a finalith frost mounds and also exceeded that of the bog surveys
stress of 22.06; both had the best solution in two dimensiondecause of the introduction of species that were either rare or
Both ordinations show a distinct position of frost moundsabsent from the bogsSphagnum jensenki. Lindb., Sphag
from bogs and internal lawns in the ordination space. Hownum obtusum¥arnst., andSphagnum lindbergiSchimp. ex
ever, the vascular plant analysis shows strong floristic overlajpindb.). Hepatic diversity was highest infSphagnum

of Sphagnunrdominated bogs and internal lawns. dominated bogs and internal lawns, although cover values
were greatest in frost mounds because of the presence of large
Diversity mats of Mylia anomala (Hook.) Gray. Moss diversity was

Seventy-two vascular plant and bryophyte species were ehowest in internal lawns (Table 3). Beta diversity was greatest
© 2001 NRC Canada



Beilman 987

Fig. 3. (A) Non-metric multidimensional scaling (NMDS) ordination of total species abundance data from bog (open symbols), frost
mound (solid symbols), and internal lawn (shaded symbols) landform surveys from three peatlands; Anzac, Alberta (squares);
Patuanak, Saskatchewan (circles); and Moose Lake, Manitoba (triangles). Tree cdRieedymariana(B) and ground cover by
feathermosses (Cphagnunspp. (D), and lichen (E) in each survey are shown on the ordination space.
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for true mosses and hepatics, with lower valuesSphagnum were dominated byphagnum angustifoliunalthough these

and lowest values for vascular plants (Table 3). also included up to 20% coverage ISphagnum riparium
Angstr. Six quadrats wer&phagnum ripariundominated,

Internal lawn plant communities three quadrats wer8phagnum russowiilominated, and a
Quadrats within internal lawns were divided into six groupssingle quadrat had 98%Sphagnum jensenicover. The

by cluster ana]ysis (F|g 6) and named for their dominantNMDS ordination of the internal lawn quadrats supports the

(Sphagnumspecies. Nearly two-thirds of the quadrats weregroups from the cluster analysis (Fig. 7) and had a final two-

strongly Sphagnum fuscundominated (greater than 90% dimensional stress of 13.8. The $phagnum fuscumuad

cover, on average)_ Another 20 quadrats inc|u8@¢jagnum rats are closely Clys_tered on the right side of the diagr_am,

fuscumas a dominant species (>50%), but also includedvhereas the remaining quadrats show greater compositional

high cover of Sphagnum magellanicurBrid., Sphagnum Variability on the left of the diagram.

russowii Warnst., andSphagnum angustifoliurfC. Jens ex Ordering internal lawn plant community groups by increas

Russ.) (named mixe&phagnum fuscumTwenty quadrats ing height above water table shows that microrelief had its

© 2001 NRC Canada
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Fig. 4. Surface water pH and corrected conductivity from bog and internal lawn surveys plotted on total abundance data NMDS space.

Dots are frost mounds (frozen peat with no surface water).
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greatest value in the mixe8phagnum fuscumgroup and was Community—floristic ordinations and vegetation patterns
slightly less in theSphagnum fuscuigroup (Fig. 8). Mean al The clear separation of landform types on the total vegeta
pha diversity of all vascular plant and bryophyte species doe§on abundance data ordinations (Fig. 3A) shows that the
not significantly change between groups< 0.60). When sep  |andform groups are well supported by the vegetation data
arated into vascular plant and bryophyte components, oppositghd that localized permafrost aggradation and degradation
trends in species richness are evident; vascular plant richnegssylt in landforms with distinct plant communities. Separa
slightly increases with height above water tabie<( 0.001), tion is complete between frost mounds and internal lawns on
while bryophyte richness slightly decreases, although the dayoth total species abundance and floristic ordination diagrams
crease is not significanP(= 0.20). Variability in height above (Figs. 3A and 5A) clearly representing the non-wetland con-
bryophyte) decreases along the vegetation sequence (Fig. 8kne unique, wet conditions created by permafrost melt. The
position of frost mounds are most distinct in the ordinations
. . because of their unique vegetation and low diversity. Change
Discussion in tree cover between landforms is impressive (Fig. 3B) and

f importance in its effect on peatland habitBt fharianais

Gradient analyses across North American peatland type%I I £l hvsi ic structure in b h
show that peatland vegetation patterns are strongly affecte€ Only source of large physiognomic structure in bogs), the
pfluence on understory vegetation (Zoltai and Tarnocai

by surface water chemistry and wetness gradients (Kenké i : ; : ;
1987; Glaser et al. 1990; Vitt and Chee 1990; Jeglum and He2/1: Belland and Vitt 1995; Camill 1988 and potential
1995). In the continental bogs of western Canada, watef@nges in net primary production ancbabground biomass
chemistry gradients are truncated (relative to rich fens) an%\g" to increased tree vigor. The dense tree cover,
other environmental factors such as shade and dryness ha thermoss-lichen groundcover, and |solat|or] from peatlgind
a greater effect on vegetation (Belland and Vitt 1995). inWwater tables make frost mound plant communities more sim
contrast to permafrost that occurs in dry Continuous Zond@r o boreal upland black spruce ecosystems than wetlands
bedrock or Discontinuous Zone upland soils, the abundancif- LaRoi and Stringer 1976). Permafrost degradation i bo
of water in saturated subsurface peat leads to the elevation &2 peatlands can proceed quickly once initiated (Thie
permafrost-underlain surfaces above water tables resulting?/4; Engelfield 1994); thus, the large community change
from the volumetric expansion and buoyancy of ice (Zoltait at occurs when permafrost degrades (evident in distance
1972). Soil conditions on frost mounds become free from@nd separation between frost mound and internal lawn points
water table influence, and depth to permafrost (active layer? Fig. 3A and 5A) is very fast. Since linear collapse rates
is typically about 60 cm but can be over 100 cm (Zoltai anda'® faster in warmer reglor_1al climates (Camill and Clarke
Tarnocai 1971; Zoltai 1972Picea marianagrowing in peat 1998), these large community changes may occur even more
responds strongly to decreased water tables (Dang arf@pidly W|th increases in mean annual temperature predicted
Lieffers 1989; Lieffers and MacDonald 1990), and increased©r the region over the next century (Boer et al. 2000).

tree vigor results in a more shaded ground cover (Fig 3B). Plant community change in boreal forest ecosystems (at
Degradation of localized permafrost results in collapse otemporal scales from decades to centuries) is strongly af
the frost mound surface to below that of the surroundingfected by disturbance from fire (Johnson 1992; Payette
bog, creating open conditions that are clearly evident en a€l992). Although fire also occurs frequently in boreal
rial photographs when trees are drowned (Vitt et al. 1994)peatlands (Wein 1983; Zoltai et al. 1998), macrofossil evi
Localized permafrost aggradation and degradation at thdence shows that bogs recover quickly from fire with tree
southern limit of permafrost thus has a great influence orcover andSphagnungroundcover returning quickly to pre-
peatland vegetation, as frost mounds and internal lawns forrfire conditions (Kuhry 1994). Permafrost degradation, on the
the driest—shadiest and wettest — most open conditiongther hand, results in longer, more pronounced changes in
respectively, that occur in Canadian continental bogs. the macrofossil record (Zoltai 1993; Camill 199Beilman
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Fig. 5. NMDS ordinations of presence—absence data for vascularthat Vitt and Belland (1995) recommend as poor fen indicators.
plants and bryophytes (A), vascular plants only (B), and It is likely that minerotrophic conditions, when they do occur,
bryophytes only (C) from continental bog (open symbols), frost are limited to newly melted landforms and that ombrogenous
mound (solid symbols) and internal lawn (shaded symbols) sur conditions return after a given amount of peat accumulates.

(squares); Patuanak, Saskatchewan (circles); and Moose Lake, aphundance data and less distinct in the floristic data and
Manitoba (triangles). show that differences between peatlands are more strongly

expressed in changes in the cover of species that occur in all
three peatlands, rather than in the addition or removal of
species between peatlands. Among-peatland differences in
frost mound plant communities are related to the degree of
environmental change caused by permafrost aggradation. For
example, Zoltai and Tarnocai (1971) found that the densest
and tallest tree growth was associated with the thickest per
mafrost on a frost mound. Differences in the magnitude of
permafrost aggradation among peatlands is determined by
past conditions, including site-specific hydrology and plant
communities (that affected surface thermal balances when
permafrost formed), and regional climate patterns during the
Little Ice Age (that may have been substantially different
from present patterns). Differences in internal lawn vegeta

A. Vascular plants
and bryophytes O

B. Vascular plants ° tion among peatlands are closely related to the permafrost
'o.oo v conditions expressed in the frost mound vegetation data and
d D.‘& y ® the amount of time passed since degradation (increased time
o © v ﬁ' 3 ° for peat accumulation and succession). Since permafrost
' 5 v e O - aggradation also affects the composition of the peat (Zoltai
o . v i 1993) and the rate at which it vertically accumulates relative
B o i o % ° to undisturbed peat accumulation in the surrounding
v peatland (Robinson and Moore 2000; Turetsky et al. 2000),
o =] o differences in permafrost conditions determine the degree of

landform collapse when permafrost melts. Among-peatland
differences in frost mound and internal lawn plant communi-
ties are attributable to differing permafrost conditions, as
well as asynchronous degradation.

Continental bogs are floristically simple and relatively
consistent ecosystems, with the lowest bryophyte diversity
of all peatland types in continental western Canada (Vitt et
al. 1995) and low vascular plant diversity compared with
coastal bogs (Glaser 1992). Bryophyte diversity in continen
tal bogs is strongly associated with microhabitat heterogene
ity (Vitt et al. 1995). Frost mounds lack the dryness gradient
present along the peatland hummock-hollow sequence, evi
dent in the decreased mean alpha diversity values for frost
mounds compared with bogs. However, the abundance of
shaded, cool forest floor and tree base microhabitats results
in increased forest floor moss diversity on frost mounds
(species of Ceratodon Dicranum and feathermosses
2001). Frost mound collapse after permafrost melt is likely(Ptilium and Hylocomiun) that are more uncommon in
the greatest disturbance that occurs in boreal and subarctiogs). Internal lawn mean alpha diversity (particularly
ombrogenous peatlands. This likely is greatest when melt iSphagnundiversity) is greater than that of frost mounds be
initiated by fire that results in combustion and loss of-sur cause of the presence of the peatland dryness gradient. In
face peat (and therefore greater depth of collapse relative tmternal lawns, this gradient is lengthened because of the
water table upon melt). The magnitude of this disturbance ipresence of very wet, nearly aquatic conditions in newly (or
evident in the significant increases in pH and conductivitymore substantially) collapsed areas and the presence -of car
between bogs and internal lawns. This suggests that interngkt vegetation. Mean moss diversity, however, is very low in
lawns in bogs can collapse to the degree that they beconiaternal lawns (Table 3). Since the availability of miero
geogenous (are influenced by minerotrophic ground waterhabitats in peatlands is strongly affected by the presence of
and are in fact small areas of poor fen. This is further-suptrees (of the nine peatland microhabitats named by Vitt et al.
ported by the occurrence @phagnum jenseniand Clado (1995), four are associated with tree bases), moss diversity
podiella fluitans(Nees.) Joerg. in wet internal lawns, specieswill likely rebound following tree establishment and growth.

C. Bryophytes

o
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Table 2. Gamma or landscape diversity (total number of species) from three localized permafrost
bogs in western Canada by plant group and landform type.

Bog Frost mound Internal lawn All landforms
Vascular plants 11 13 19 20
Bryophytes 38 32 37 52
Mosses 16 19 14 25
Sphagnum 9 4 10 11
Hepatics 13 9 13 16
Total 49 45 56 72

Table 3. Summary of mean alpha diversity (number of species) and beta diversity (species turn
over) from bog, frost mound, and internal lawn surveys.

Beta
Bog Frost mound Internal lawn All landforms diversity

Vascular plants 8.3 5.4 9.8 7.9 2.54

Bryophytes 14.3 10.2 12.3 12.8 4.22

Mosses 5.3 6.3 2.6 4.7 5.51

Sphagnum 4.1 1.1 5.9 3.8 2.93

Hepatics 4.9 2.8 3.8 3.8 4.44

Total 22.6 15.6 22.1 20.2 3.66

Internal lawn plant communities Fig. 6. Dendrogram of the flexible betf (= 0.25) cluster analy

Peat accumulation rates following permafrost melt in in-sis (Sorensen distance) of 150 internal lawn quadrats following
ternal lawns exceed those in non-permafrost-affected bogsuare-root transformation of abundance data. The six strongest
(Turetsky et al. 2000), a phenomenon also observed in morgroups are shown and correspond to dominancélyagnum
northern collapse scars within peat plateaus (Camill bp99 fuscum(A), mixed Sphagnum fuscurfB), Sphagnum
Resultant accelerated changes in internal lawn surface heightgustifolium(C), Sphagnum russow({D), Sphagnum jensenii
above water table drives post-melt plant community succesE), andSphagnum ripariun{F).
sion quickly (Zoltai 1993; Camill 1999 Beilman 2001).

The strong groups recognized by cluster analysis reflect both

the Sphagnundominated nature of internal lawn vegetation

in bogs, as well as the well-defined niche spaceSphag-

numalong the wetness gradient (Horton et al. 1979; Vitt and

Slack 1984). The large number of quadrats dominated by I
dry-adaptedSphagnum fuscuris indicative of accelerated
temporal change in internal lawns as peat quickly accumu
lates (also supported by the abundanc&phagnum fuscum

in internal lawns in the landform surveys). Organization of
these groups by their mean height above water table reflects
the developmental series from wet to dry taking place in
internal lawns following permafrost collapse. These mean
height above water table values (Fig. 8) are supported by
those reported from autecological studiesSphagnunspe
cies’ tolerances and optima relative to peatland water tables A B c DF
(Gignac et al. 1991). Microrelief increases along this series, E

as newly collapsed surfaces have even microtopography re

sulting from very wet conditions and the occurrence of wet-pha diversity changes, largely resulting from the localized
adapted sphagna occurring in carpeBptfagnum jensenii  sensitivity of bryophytes to microhabitat wetness compared
and lawns $phagnum ripariumand Sphagnum angusti  with rooting vascular plants. Thus, the greatest diversity in
folium). Further peatland development and establishment oény internal lawn occurs when this dryness gradient is maxi
hummock-forming species at higher levels above the watemized, i.e., melt sites that have both recently degraded and
table brings increased microtopography. The slight decreassider, drier surfaces. This time-transgressive pattern of per
in microrelief when vegetation becomes strongly dominatednafrost melt within individual internal lawns is common
by Sphagnum fuscumepresents the loss of hollow miero across the study region and is most evident in features with
habitat within the area captured by quadrats. recently degraded surfaces. The period of high variability in

Most diversity change across the sequence is captured mean alpha plant diversity and dryness following permafrost
the beta diversity (species turnover) values, as total mean amelt and initial peatland development is followed by re
pha diversity does not change significantly. Beta diversity isduced variability as surfaces converge $phagnum fuscum
greatest in bryophytes regardless of nonsignificant mean abdominated vegetation. The eventual establishment of trees in
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Fig. 7. NMDS ordination of 150 internal lawn quadrats (abundance
data). Quadrat groups follow cluster analysis results in Fig. 6.
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Fig. 8. Patterns of mean alpha diversity (humber of species) and
microrelief among vegetation groups from 150 internal lawn guad
rats, shown in increasing order of height above water table

® Sphagnum fuscum (HAWT). Error bars are SDs. Th&phagnum jensengroup has
o @ S. fuscum mixed | d N iqnifi d sianifi tR*< 0.001
o i A S, angustifolium only one quadrat. Nonsignificant (n.s.).anl significantR*< 0.001)
O S. russowii results from Kruskal-Walli$1 tests are indicated.
O S. riparium
o 7 v S. jensenii 161
O o
) 23 141
- 1]
Ay PO | 9 1o \}/é\i Total (n.s.)
Aaa N/ ° % 8
A @ 2 107
i o
a & * T e e® © 5 8
A € Vascular (*)
) 5 ]
< V\/ Bryophyte (n.s.)
s 4
o i
v 2
] 0 '

Jjensenii russowii fuscum mixed

. . . . . . riparium angustifolium fuscum
internal lawns will re-introduce associated microhabitat-con tpart gustiolt st
ditions and likely increase moss diversity towards bog val MeanHAWT(em) 2 176 180 242 = 251 251
(SD) (3.36) (4.04) (1.59) (1.43) (0.92)
ues (Table 3).
Microrelief (cm) 13 19.2 18.3 183 227 213
(SD) (310) (4.70) (1.62) (2.10) (0.78)

Landscape diversity

The mean alpha diversity of frost mounds and internal
lawns is lower than or equivalent to that of the bog matrixthan that shown here for bogs. Unique microhabitats are
that surrounds them. However, the total number of speciegrobably not created in fens to the degree they are in bogs
increases by 47% when additional species present in frogellowing localized permafrost melt because of movement of
mounds and internal lawns are added to the list of specieginerotrophic surface waters through fens and the presence
found only in the bog surveys (Table 2). Vitt et al. (1995) of pool microhabitats in the surrounding fen matrix (regard-
summarized bryophyte gamma diversity by peatland typéess of their position on the poor — rich fen gradient). There-
and noted that bryophyte species richness is 19% higher ifore, while community change is probably equally dramatic
peat plateaus (with collapse scars) than in bogs. The totah fens when localized permafrost forms and melts, the
bryophyte gamma diversity of the three localized permafrosgamma diversity of localized permafrost fens may be more
bogs surveyed in this study (52 species; Table 2) is mor&imilar to other fen types. Localized permafrost fens cover a
comparable with diversity in peat plateaus (44 species, Vittarge amount of western Canada (Beilman et al. 2001) and
et al. 1995) than continental bogs (38 species; Table 2; 3fave not been studied comprehensively, representing a large
species, Vitt et al. 1995). Permafrost dynamics, whether thegap in our understanding of how western peatlands respond
result in frost mounds and internal lawns or peat plateaus an@ climate and permafrost conditions.
collapse scars, increase species diversity in similar ways, by
the creation of habitat conditions absent from bogs. ThéAcknowledgements
bryophyte gamma diversity of localized permafrost bogs is as
high as pooled gamma diversity from both continental bogs
and peat plateaus, and second only to extreme-rich fens (Vi

et al. 1995). Thus, localized permafrost bogs are previousl ork by Trevor Yu. | also thank Dale Vitt for providing advice

undescribed centres of bryophyte diversity in the mosaic o nd encouragement and for help with bryophyte identification.
peatland types in the expansive peatlands of western Canadagennis Gignac, Ellen MacDonald, Jennifer Doubt, and two

anonymous referees reviewed and greatly improved earlier

Localized permafrost occurs in both bogs and fens acrosdrafts of the manuscript, for which | am thankful. Funding for
the region (Vitt et al. 1994). Permafrost aggradation Iikelyt is research from the Alberta Challenge Grants in Biodiversity

leads to similar vegetation whether it occurs in bogs or fengrogra‘m funded by the Alberta Conservation Association, and

| thank Trevor Yu and John Navaratnam for their assistance
the field; the quality of the plant community data was greatly
improved through field conversations with and meticulous

Localized permafrost in fens

because of the isolation of surfaces from the surrounding®©™ the Northern Science Training Program of the Canadian

peatland regardless of that peatland's hydrological staturcumpolar Institute is gratefully acknowledged.
Considerable similarity exists between the frost mound veg
etation described here and that of a frost mound located in References

rich fen described by Zoltai and Tarnocai (1971), especiallygejiman, D.W., Vitt, D.H., and Halsey, L.A. 2001. Localized per

in dominant ground layer cryptogams. Permafrost degrada mafrost peatlands in western Canada: definition, distributions
tion, however, creates internal lawns strongly affected by the and degradation. Arct. Antarct. Alp. Re33: 70-77.

hydrology of the surrounding peatland matrix, and internalBeilman D.W. 2001. Localized permafrost peatlands in boreal
lawns in localized permafrost fens are likely very different western Canada: distributions, plant communities, and peatland

© 2001 NRC Canada



992 Can. J. Bot. Vol. 79, 2001

development. M.Sc. thesis, Department of Biological SciencesHeginbottom, J.A. 1995. Canada—permafrost. Plate 2.1, MCR
University of Alberta, Edmonton, Alta. 4177.In The National atlas of Canada. National Resources Can

Belland, R.J., and Vitt, D.H. 1995. Bryophyte vegetation patterns ada, Ottawa, Ont.
along environmental gradients in continental bogs. Ecosciencejlorton, D.G., Vitt, D.H., and Slack, N.G. 1979. Habitats of
2: 395-407. circumboreal-subarctic sphagna: I. A quantitative analysis and

Boer, G.J., Flato, G., and Ramsden, D. 2000. A transient climate review of species in the Caribou Mountains, northern Alberta.
change simulation with greenhouse gas and aerosol forcing; pro Can. J. Bot57: 2283-2317.
jected climate for the 21st century. Clim. Dyh6: 427-450. Ireland, R.R., Brassard, G.R., Schofield, W.B., and Vitt, D.H. 1987.

Brown, R.J.E. 1968. Occurrence of permafrost in Canadian-peat Checklist of the mosses of Canada. Il. Lindberdia, 1-62.
lands. In Proceedings of the 3rd International Peat CongressJeglum, J.K. 1973. Boreal forest wetlands near Candle Lake, cen
Quebec.Edited byC. Lafleur and J. Butler. National Research  tral Saskatchewan part Il—relationships of vegetational varia
Council of Canada, Ottawa, Ont. pp. 174-181. tion to major environmental gradients. Musk-Qi: 41-58.

Bubier, J.L, Moore, T.R., Bellisario, L., Comer, N.T., and Crill, P.M. Jeglum, J.K., and He, F. 1995. Pattern and vegetation—environment
1995. Ecological controls on methane emissions from a northern relationships in a boreal forested wetland in northeastern On
peatland complex in the zone of discontinuous permafrost, Mani tario. Can. J. Bot73: 629-637.
toba, Canada. Global Biogeochem. Cycl@s455-470. Johnson, E.A. 1992. Fire and vegetation dynamics: studies from

Camill, P. 1999. Patterns of boreal permafrost peatland vegetation the North American boreal forest. Cambridge University Press,
across environmental gradients sensitive to climate warming. Cambridge.

Can. J. Bot.77: 721-733. Kenkel, N.C. 1987. Trends and interrelationships in boreal wetland

Camill, P. 1999. Peat accumulation and succession following perma  vegetation. Can. J. BoG5: 12-22.
frost thaw in boreal peatlands of Manitoba, Canada. Ecosciénce, Kenkel, N.C., and Orléci, L. 1986. Applying metric and nonmetric
592-602. multidimensional scaling to ecological studies: some new re

Camill, P., and Clark, J.S. 1998. Climate change disequilibrium of sults. Ecology,67: 919-928.
boreal permafrost peatlands caused by local processes. Am. N&Kuhry, P. 1994. The role of fire in the developmentSfhagnum
151 207-222. dominated peatlands in western boreal Canada. J. B&l.

Chee, W.-L., and Vitt, D.H. 1989. The vegetation, surface water 899-910.
chemistry and peat chemistry of moderate-rich fens in centraLaRoi, G.H., and Stringer, M.H. 1976. Ecological studies in the
Alberta, Canada. Wetland8; 227-261. boreal spruce—fir forests of the North American taiga. Il. Analy-

Dang, Q.L., and Lieffers, V.J. 1989. Assessment of patterns of re- sis of the bryophyte flora. Can. J. Bdi4: 619-643.
sponse of tree ring growth of black spruce following peatlandLegendre, P., and Legendre, L. 1998. Numerical ecology. Elsevier
drainage. Can. J. For. Re89: 924-929. Scientific Publishing Co., Amsterdam.

Engelfield, P.G.C. 1994. Rate of permafrost degradation in peattewis, F.J., and Dowding, E.S. 1926. The vegetation and retrogres-
lands. M.Sc. thesis, University of Alberta, Edmonton, Alta. sive changes of peat areas (‘muskegs’) in central Alberta. J.

Environment Canada. 1982. Canadian climate normals 1951-1980. Ecol. 14: 317-341.

Environment Canada, Ottawa, Ont. Lewis, F.J., Dowding, E.S., and Moss, E.H. 1928. The vegetation

Esslinger, T.L., and Egan, R.S. 1995. A sixth checklist of the li  of Alberta. Il. The swamp, moor, and bog forest vegetation of
chen-forming, lichenicolous, and allied fungi of the continental central Alberta. J. Ecoll6: 19-70.

United States and Canada. Bryologid8: 467-549. Lieffers, V.J., and MacDonald, S.E. 1990. Growth and foliar Rutri

Faith, D.P., Minchin, P.R., and Belbin, L. 1987. Compositionat dis  ent status of black spruce and tamarack in relation to depth of
similarity as a robust measure of ecological distance. Vegetatio, water table in some Alberta peatlands. Can. J. For. R6s.

69: 57-68. 805-809.

Gignac, L.D., Vitt, D.H., Zoltai, S.C., and Bayley, S.E. 1991. McCune, B., and Mefford, M.J. 1999. PC-ORD. Multivariate anal
Bryophyte response surfaces along climatic, chemical and-phys ysis of ecological data, version 4 edition. MjM Software Design,
ical gradients in mires of western Canada. Bryolod&t,7—22. Gleneden Beach, Oreg.

Glaser, P.H. 1992. Raised bogs in eastern North America—regiona#linchin, P.R. 1987. An evaluation of the relative robustness of
controls for species richness and floristic assemblages. J. Ecol. techniques for ecological ordination. Vegetati®; 89-107.

80: 535-554. Moss, E.H. 1983. Flora of Alberta. 2nd eevised byl.G. Packer.

Glaser, P.H., Janssens, J.A., and Siegel, D.l. 1990. The response ofUniversity of Toronto Press, Toronto, Ont.
vegetation to chemical and hydrological gradients in the LostMoss, E.H. 1953. Marsh and bog vegetation in northwestern Al
River peatland, northern Minnesota. J. Eco: 1021-1048. berta. Can. J. Bot31: 448-470.

Gorham. E. 1994. The future of research in Canadian peatlands: Rayette, S. 1992. Fire as a controlling process in the North American
brief survey with particular reference to global change. Wet boreal forestIn A systems analysis of the global boreal forest.
lands,14: 206-215. Edited byH.H. Shugart, R. Leemans, and G.B. Bonan. Cambridge

Halsey, L.A., Vitt, D.H., and Zoltai, S.C. 1995. Disequilibrium-re University Press, Cambridge. pp. 144-169.
sponse of permafrost in boreal continental western Canada tRobinson, S.D., and Moore, T.R. 2000. The influence of perma
climate change. Clim. Chang8p: 57-73. frost and fire upon carbon accumulation in high boreal peat

Halsey, L.A., Vitt, D.H., and Zoltai, S.C. 1997. Climatic and phys lands, Northwest Territories, Canada. Arct. Antarct. Alp. Res.
iographic controls on wetland type and distribution in Manitoba, 32 155-166.

Canada. Wetlandg,7: 243-262. Sjérs, H. 1950. On the relation between vegetation and electrolytes

Harris, S.A., French, H.M., Heginbottom, J.A., Johnston, G.H., in northern Swedish mire waters. Oikds, 241-258.

Ladanyi, B., Sego, D.C., and van Everdingen, R.O. 1988. -GlosSlack, N.G, Vitt, D.H., and Horton, D.G. 1980. Vegetation gradi
sary of permafrost and related ground-ice terms. National Re ents of minerotrophically rich fens in western Alberta. Can. J.
search Council of Canada, Ottawa, Ont. Tech. Memo. 142. Bot. 58 330-350.

© 2001 NRC Canada



Beilman 993

Sollid, J.L., and Sarbel, L. 1998. Palsa bogs as climate indicator—Washburn, A.L. 1980. Permafrost features as evidence of climatic
examples from Dovrefjell, south Norway. Ambipy7: 287-291. change. Earth Sci Re\w5: 327-402.
Stotler, R., and Crandall-Stotler, B. 1977. A checklist of the liver Wein, R.W. 1983. Fire behaviour and ecological effects in organic
worts and hornworts of North America. Bryologi§0: 405-429. terrain.In The role of fire in northern circumpolar ecosystems.
Thie, J. 1974. Distribution and thawing of permafrost in the south  Edited byR.W. Wein and D.A. McLean. John Wiley & Sons,
ern part of the discontinuous permafrost zone in Manitoba- Arc  New York.
tic, 27: 189-200. Whittaker, R.H. 1972. Evolution and the measurement of species
Turetsky, M.R., Wieder, R.K., Williams, C., Jendro, J., and Vitt, diversity. Taxon,21: 213-251.
D.H. 2000. Organic matter accumulation, peat chemistry, andVilliams, P.J., and Smith, M.\W. 1989. The frozen earth. €am
permafrost melting in peatlands of boreal Alberta. Ecoscience, bridge University Press, New York.
7. 379-392. Woo, M.-K., Lewkowitcz, A.G., and Rouse, W.R. 1992. Response of
Vitt, D.H., Achuff, P., and Andrus, R.E. 1975. The vegetation and the Canadian permafrost environment to climatic change. Phys.
chemical properties of patterned fens in the Swan Hills, north Geogr.13: 287-316.
central Alberta. Can. J. Bok3: 2776-2795. Zar, J.H. 1999. Biostatistical analysis. 4th ed. Prentice-Hall,
Vitt, D.H., and Chee, W.-L. 1990. The relationships of vegetation Englewood Cliffs, N.J.
to surface water chemistry and peat chemistry in fens of Al Zoltai, S.C. 1993. Cyclic development of permafrost in the peatlands
berta, Canada. Vegetati89: 87-106. of northwestern Alberta, Canada. Arct. Alp. R@8: 240-246.
Vitt, D.H., and Belland, R.J. 1995. The bryophytes of peatlands inZoltai, S.C. 1972. Palsas and peat plateaus in central Manitoba and
continental western Canada. Fragm. Florist. Gechb®t339—-348. Saskatchewan. Can. J. For. R8s291-302.
Vitt, D.H., Halsey, L.A., and Zoltai, S.C. 1994. The bog landforms Zoltai, S.C., and Tarnocai, C. 1971. Properties of a wooded palsa
of continental western Canada in relation to climate and perma in northern Manitoba. Arct. Alp. ResS}: 115-129.
frost patterns. Arct. Alp. Re6: 1-13. Zoltai, S.C., Taylor, S., Jeglum, J.K., Mills, G.F., and Johnson, J.D.
Vitt, D.H., Halsey, L.A., and Zoltai, S.C. 2000. The changing land 1988. Wetlands of boreal Canada.Wetlands of Canad&dited
scape of Canada’s western boreal forest: the current dynamics of by National Wetlands Working Group. Polyscience Publications
permafrost. Can. J. For. Re30: 283-287. Inc., Montreal, Que. Ecol. Land Classif. Ser. 24. pp. 97-151.
Vitt, D.H., Li, Y., and Belland, R.J. 1995. Patterns of bryophyte di- Zoltai, S.C., Morrissey, L.A., Livingston, G.P., and deGroot, W.J.
versity in peatlands of continental western Canada. Bryologist, 1998. Effects of fire and carbon cycling in North American bo-
98 218-227. real peatlands. Environ. Re@: 13-24.
Vitt, D.H., and Slack, N.G. 1984. Niche diversification 8phag-
num relative to environmental factors in northern Minnesota
peatlands. Can. J. Bo82: 1409-1430.

Appendix

Table Al. List of vascular plant and bryophyte species.

True mosses Sphagnum Hepatics

Amblystegium serpens

Vascular plants
Andromeda polifolia

Sphagnum angustifolium Anastrophyllum michauxii

Betula papyrifera
Betula pumila

Carex aquatilus

Carex canescens
Carex paupercula
Carex trisperma
Chamadaphne calyculata
Drosera rotundifolia
Epilobium angustifolium
Eriophorum vaginatum
Kalmia polifolia

Ledum groenlandicum
Picea mariana

Rubus chamaemorus
Scheuchzeria palustris
Smilacina trifolia
Vaccinium myrtilloides
Vaccinium oxycoccus
Vaccinium vitis-idaea

Sphagnum balticum
Sphagnum fuscum
Sphagnum jensenii
Sphagnum lindbergii
Sphagnum magellanicum
Sphagnum nemoreum
Sphagnum obtusum
Sphagnum riparium
Sphagnum russowii
Sphagnum squarrosum

Aulacomnium palustre
Brachythecium starkei
Calliergon stramineum
Ceratodon purpureus
Dicranum elongatum
Dicranum flagellare
Dicranum fragilifolium
Dicranum fuscescens
Dicranum groenlandicum
Dicranum polysetum
Dicranum tauricum
Dicranum undulatum
Drepanocladus exannulatus
Drepanocladus fluitans
Drepanocladus uncinatus
Hylocomium splendens
Plagiothecium laetum
Pleurozium schreberi
Pohlia nutans
Pohlia sphagnicola
Polytrichum strictum
Ptilium crista-castrensis
Splachnum ampullaceum
Splachnum luteum

Calypogeia muelleriana
Calypogeia sphagnicola
Cephalozia bicuspidata
Cephalozia lunulifolia
Cephalozia macrostachya
Cephaloziella hampeana
Cephaloziella spinigera
Cladopodiella fluitans
Lepidozia reptans
Lophozia ventricosa
Marchantia polymorpha

Mylia anomala

Ptilidium ciliare

Ptilidium pulcherimum
Riccardia latifrons
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