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[1] We have developed maps of dominant vegetation types, plant functional types,
percent vegetation cover, aboveground plant biomass, and above and belowground annual
net primary productivity for Canada north of the northern limit of trees. The area mapped
covers 2.5 million km* including glaciers. Ice-free land covers 2.3 million km* and
represents 42% of all ice-free land in the Circumpolar Arctic. The maps combine
information on climate, soils, geology, hydrology, remotely sensed vegetation
classifications, previous vegetation studies, and regional expertise to define polygons
drawn using photo-interpretation of a 1:4,000,000 scale advanced very high resolution
radiometer (AVHRR) color infrared image basemap. Polygons are linked to vegetation
description, associated properties, and descriptive literature through a series of lookup
tables in a graphic information systems (GIS) database developed as a component of the
Circumpolar Arctic Vegetation Map (CAVM) project. Polygons are classified into 20
landcover types including 17 vegetation types. Half of the region is sparsely vegetated
(<50% vegetation cover), primarily in the High Arctic (bioclimatic subzones A—C).
Whereas most (86%) of the estimated aboveground plant biomass (1.5 x 10"° g) and 87%
of the estimated above and belowground annual net primary productivity (2.28 x 10" g
yr~ ') are concentrated in the Low Arctic (subzones D and E). The maps present more
explicit spatial patterns of vegetation and ecosystem attributes than have been previously
available, the GIS database is useful in summarizing ecosystem properties and can be
easily updated and integrated into circumpolar mapping efforts, and the derived estimates

fall within the range of current published estimates.
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1. Introduction

[2] The Canadian Arctic makes up over one third of the
Circumpolar Arctic region and is the least well-known
region in terms of vegetation patterns and ecosystem prop-
erties. There is a long history of botanical and ecological
study in Canada [Fernald, 1911; Raup, 1930; Abbe, 1936;
Porsild, 1937; Beschel, 1961; Bliss and Wein, 1972; Bliss,
1977; Bliss and Svoboda, 1984; Edlund and Alt, 1989;
Svoboda and Freedman, 1988; Gould and Walker, 1997,
Lévesque, 1997; Henry, 1998; Lévesque and Svoboda,
1999], vegetation mapping [Edlund, 1976, 1980, 1983,
1990b], and remote sensing [Epp and Matthews, 1991,
Cihlar and Beaubien, 1998; Gould, 2000] but until recently
there has not been an attempt to link satellite imagery, GIS
and vegetation mapping techniques with current under-
standing of vegetation patterns and properties over the
whole Canadian Arctic. An important reason to undertake

"International Institute for Tropical Forestry, Rio Piedras, Puerto Rico.
’IAB, University of Alaska, Fairbanks, Alaska, USA.

Copyright 2003 by the American Geophysical Union.
0148-0227/03/2001JD000948$09.00

ALT

such analyses is to get a better picture of the current spatial
pattern of vegetation and associated ecosystem properties
(e.g., canopy cover and height, carbon sequestration, carbon
storage, wildlife habitat quality, and spectral characteristics)
at the continental and circumpolar scale.

[3] Climate is the primary control on vegetation compo-
sition in the Arctic [Walker, 2000]. Climate models and
observations indicate significant climate changes can be
expected, with a complex pattern of warming in some
Arctic areas and cooling in others, which will affect
vegetation patterns [Oechel et al., 1997]. Changing vege-
tation patterns will in turn have feedbacks to climate
through vegetation controlled changes in albedo, surface
roughness, evapotranspiration rates, energy flux, and snow
redeposition [Eugster et al., 2000; Beringer et al., 2001;
Sturm et al., 2001]. Impact of vegetation change on wildlife
and human activity will likely have global importance
[Conservation of Arctic Flora and Fauna (CAFF), 1996;
Callaghan et al., 2001]. The Canadian Arctic has several of
the Arctic’s most extensive caribou migration routes and
calving grounds, important bird breeding areas, a uniquely
Arctic flora in the northern regions. Inuit cultural heritage,
governmental structure and current land-use policy in
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Nunavut (most of the Canadian Arctic) is strongly linked to
wildlife and vegetation patterns. An understanding of
current vegetation can serve 1) as input to modeling efforts
predicting future vegetation patterns and ecosystem proper-
ties related to climate change; 2) aid in the conservation of
Arctic flora and fauna [CAFF, 1996; Callaghan et al.,
2001]; and 3) aid in Inuit and nonnative land-use and
management decisions.

[4] Vegetation serves as a both an integrator and indicator
of climate and ecosystem properties [Braun-Blanquet, 1965;
Walker, 1995]. Vegetation patterns in the Arctic are primar-
ily controlled by climate, geology, topography, and glacial
history [Edlund, 1990b; Yurtsev, 1994; Bliss and Mat-
veyeva, 1992; Chernov and Matveyeva, 1997; Walker,
2000]. Individual plant species respond independently to
gradients in climate, soil chemistry, and moisture but suites
of species often respond similarly to these gradients and
give us recognizable patterns of plant community compo-
sition across landscapes [Braun-Blanquet, 1965]. These
communities, due to similarities in composition in response
to abiotic controls, are often relatively consistent from place
to place in terms of ecosystem properties such as biodiver-
sity [Chapin and Korner, 1995; Chernov and Matveyeva,
1997; Callaghan et al., 2001], productivity [Webber, 1978;
Bliss and Matveyeva, 1992], plant biomass, root:shoot
ratios, leaf area index [Bliss and Matveyeva, 1992], Nor-
malized Difference of Vegetation Index (NDVI) response
[Stow et al., 1989; Shippert et al., 1995; Walker et al., 2001,
2002], animal activity [Chernov and Matveyeva, 1997], soil
properties, energy and material fluxes [Reeburgh et al.,
1998; Walker et al., 1998], growth form dominance, and
amount of vegetation cover. Specific plant communities in
any landscape can vary from rare to common in occurrence
and extent. Ecosystem properties associated with common
plant communities can be measured at the plot level and
extrapolated over large areas.

[5] Climatic control on vegetation is expressed in the
Canadian and Circumpolar Arctic as a distinct pattern of
bioclimatic zonation from north to south recognized by
shifts in growth form dominance, amount of vegetation
cover, species diversity, plant community composition, and
associated ecological properties [Edlund and Alt, 1989;
Edlund, 1990a; Chernov and Matveyeva, 1997; Elvebakk
et al., 1999; Walker, 2000; Gould et al., 2002a]. Bioclimatic
zones can be readily distinguished in some areas of the
Arctic using advanced very high resolution radiometer
(AVHRR) satellite imagery. This is possible where shifts
in vegetation with corresponding spectral differences are
abrupt due to the coincidence of climatic and substrate
boundaries, or to steep gradients in summer temperatures.
This occurs on Alaska’s North Slope and on the Taimyr
Peninsula in Russia [Chernov and Matveyeva, 1997; Walker,
2000]. Bioclimatic zonation patterns are less readily appa-
rent in the Canadian Arctic, where the climatic gradient (i.e.,
mean July temperature gradient of 12°C to <3°C) stretches
across 1000s of kilometers of heterogeneous landscapes,
including the Arctic Archipelago complex of islands, open
and frozen ocean, mountains, coarse calcareous plateaus
and areas of Baffin Island, the Labrador and Ungava
Peninsulas, and Keewatin dominated by exposed granitic
bedrock. Nevertheless, zonation patterns can be delimited
based on climatic patterns and vegetation distributions
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[Edlund and Alt, 1989; Edlund, 1990b; Yurtsev, 1994,
Elvebakk et al., 1999; Walker, 2000; Gould et al., 2002a,
2002b]. These bioclimatic zones are useful in interpreting
satellite imagery and ancillary data in order to map vege-
tation at sites where no field studies have been initiated
[Walker, 1999].

[6] Maps and summary data presented here are a compo-
nent of the Circumpolar Arctic Vegetation Map (CAVM)
project [Walker and Lillie, 1997; Raynolds and Markon,
2001]. This international effort aims to map vegetation and
associated characteristics of the circumpolar region. Using
uniform methods among all the circumpolar countries,
mapped landscape units are linked to vegetation description,
associated properties, and descriptive literature through a
GIS database. Our primary objectives were to 1) compile
data to develop the GIS database for Canada; 2) derive maps
of vegetation, dominant plant functional type, percent
vegetation cover, plant biomass, and annual net primary
productivity (ANPP); and 3) produce spatial and summary
estimates will be useful for global estimates of plant bio-
mass and productivity, analyses of vegetation change, and
wildlife distribution patterns.

2. Methods
2.1. Vegetation Map

[7] Mapping procedures followed the CAVM methods
which combine information on soils, bedrock and surficial
geology, hydrology, remotely sensed vegetation classifica-
tions, NDVI, previous vegetation studies, and regional
expertise of the mapping scientists [Walker and Lillie,
1997; Walker, 1999; Raynolds and Markon, 2001; Gould
et al., 2002a, 2002b]. The information is used to define
polygons representing homogeneous landscape units domi-
nated by one type of topographic feature (e.g., hills, plains,
plateaus, mountains, valleys) and moisture regime (e.g.,
dry, mesic, wet). Polygon boundaries are drawn using
photo-interpretation of a 1:4,000,000 scale AVHRR false
color infrared image basemap. The circumpolar basemap
was created using NOAA-AVHRR 1 km” data from the
summers of 1993 and 1995, relatively warm years with
minimum cloud and snow cover. While vegetation response
to changing climate will ultimately alter AVHRR derived
information such as NDVI, our primary use of the AVHRR
and NDVI signals was in interpreting landscape and
vegetation boundaries. The cloud-free and snow-freecom-
posite image was a key element in promoting consistency
in map products among the circumpolar (CAVM) mapping
groups.

[8] Determining vegetation within mapped polygons
was a process of 1) identifying landscape units (which
combine information on soils, bedrock and surficial geol-
ogy, hydrology, and elevation), 2) compiling information
from previous vegetation studies, 3) analyzing satellite
measures of NDVI in order to compare relative levels of
greenness across the landscape [Walker, 2000], 4) deter-
mining the location of units with climatic subzones, and 5)
using expert knowledge to infer probable vegetation types
from these data sources in order to create a GIS database
and lookup tables linking polygons to dominant and
subdominant vegetation. Useful information from previous
studies (for any given area) included information on the
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Vegetation map of the Canadian Arctic north of treeline (modified from Gould et al. [2002b]).

Derived from AVHRR interpretation and ancillary information on soils, bedrock and surficial geology,
hydrology, climate, and previous vegetation studies. Five bioclimatic subzones of the Arctic tundra zone
are indicated including subzone A: dominated by barrens and cushion forb growth forms, subzone B:
dominated by barrens, cushion forbs and prostrate dwarf shrubs, subzone C: dominated by prostrate and
hemiprostrate dwarf shrubs, subzone D: dominated by erect dwarf shrubs and graminoids, and subzone E:
dominated by low shrubs and graminoids. Subzonal boundaries are modified from Edlund [1990b],
Yurtsev [1994], Elvebakk et al., [1999], and Gould et al. [2002a]. The High Arctic—Low Arctic division
follows Bliss and Matveyeva [1992]. Mean July temperatures are given for each subzone.

presence of plant species or vegetation types, plant com-
munity composition, the extensiveness of particular vege-
tation types, biomass and productivity measures, and
linkages of vegetation type with landscape characteristics.
A set of 2864 polygons were classified into 32 unique
landscape units in the GIS database for the Canadian
Arctic. Some of these units shared similar dominant
vegetation (covering more than 50% of surface any poly-
gon) but differed in subdominant vegetation. They are here

simplified to a set of 20 landcover classes with distinct
dominant vegetation types (Figure 1).

2.2. Derived Maps

[0] Vegetation characteristics including dominant plant
functional type, percent vegetation cover, aboveground
plant biomass, and annual net primary productivity were
mapped by linking measures and estimates of these bio-
physical attributes (obtained from the literature, Table 1)
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Table 1. Relevant references of primary” (p) and review () papers with locations and information used for mapping vegetation
attributes. Vegetation information includes plant community composition descriptions (composition), biomass and productivity measures
and estimates, plant species distribution or location information (distribution), percent cover of vegetation (cover), and vegetation maps

Location

Information obtained

Lambert [1968]

Bliss et al. [1973]

Edlund [1976]

Bliss [1977]

Svoboda [1977]

Zoltai and Johnson [1979]
Edlund [1980]

Komdrkova and Webber [1980]
Thompson [1980]

Rieznicek and Svoboda [1982]
Sheard and Geale [1983]
Bliss and Svoboda [1984]
Bliss et al. [1984]

Bliss [1986]

Thannheiser [1987]

Bliss [1988]

Svoboda and Freedman [1988]
Thannheiser [1988]

Bergeron and Svoboda [1989]
Edlund and Alt [1989]

Muc et al. [1989]

Edlund [1990a]

Edlund [1990b]

Shaver and Chapin [1991]
Bliss and Matveyeva [1992]
Schaefer and Messier [1994]
Walker et al. [1994]

Bliss [1995]

Gilmanov [1995]

Levesque [1997]

Shaver et al. [1997]

Gould and Walker [1999]
Gould [2000]

Walker [1999]

Walker [2000]

Walker et al. [2001]

Richardson and British Mountains
Circumpolar

North-Central Keewatin

Truelove Lowland, Devon Island
Truelove Lowland, Devon Island
District of Keewatin

Lougheed Island

Atkasook, Alaska, North Slope
Boothia Peninsula, Northern Keewatin
Coral Harbour, Southampton Island
Polar Bear Pass, Bathurst Island

Canadian High Arctic
Circumpolar

Banks, Victoria Islands

North America

Alexandra Fiord, Ellesmere Island
Cambridge Bay, Victoria Island
Sverdrup Pass, Ellesmere Island
Queen Elizabeth Islands
Alexandra Fiord, Ellesmere Island
Queen Elizabeth Islands
Canadian Arctic Archipelago
Alaska North Slope
Circumpolar

Southeastern Victoria Island
Alaska North Slope
Circumpolar

North American Arctic
Ellesmere Island

Alaska North Slope

Bathurst Inlet

Bathurst Inlet

Alaska North Slope

North America

Circumpolar

Melville, Ellef Ringnes, King Christian Islands

Composition

Biomass and productivity estimates by vegetation type
Map, distribution, cover

Composition, distribution, biomass, productivity, cover
Productivity

Composition, distribution, cover

Map, distribution, cover

Map, biomass

Composition, distribution, cover

Composition, biomass, productivity, cover
Composition

Composition, biomass, productivity

Composition, biomass, productivity

Composition, biomass, productivity

Composition, distribution

Composition, species distribution, biomass, productivity, cover
Composition, biomass

Composition

Composition

Distribution

Composition

Map, distribution, cover

Distribution

Biomass and productivity measures by vegetation type
Composition, distribution, biomass, productivity, cover
Composition

Composition

Composition, distribution, biomass, productivity, cover
Biomass, productivity

Composition, biomass, distribution, cover

Biomass and productivity measures by vegetation type
Composition, distribution, cover

Map, cover

Maps, biomass, productivity, cover

Composition, biomass, productivity, cover

r  Biomass

R TS TR TS T T T B B T T s T s B s B B R S S N s T T e T T T S S S ST ST S S B o

“Primary papers are those with site specific data, review papers summarize a variety of site data.

with the dominant vegetation coded for in each polygon of
the integrated vegetation complex map (Figure 1). These
attributes vary with landscape unit and position along the
climatic gradient present in the Canadian Arctic. Lookup
tables created in ARCINFO link these attributes and allow
the mapping (Figures 1-5) and determination of the areal
extent (Tables 2—-8) of each attribute category. Lookup
tables include the following information: Individual poly-
gon ID, dominant vegetation type, primary, secondary, and
tertiary plant functional type (20 categories), percent cover
(4 categories), above ground phytomass (5 categories),
annual above and belowground primary productivity (5
classes) of the dominant vegetation type, and ancillary data
on soils, hydrology, geology, and topography. Information
used to create the lookup tables comes from published
literature linking plant community composition, degree of
vegetation cover, phytomass, and/or productivity in the
Arctic (Table 1).

[10] Eleven categories of plant functional types [Walker,
1999] (Figure 2) where chosen which portray patterns
strongly related to energy and moisture availability and will
be most useful in efforts to model vegetation change related
to global climate change [Walker, 2000]. Mapped categories
(Table 4) in some cases share similar dominant plant func-

tional types but differ in secondary and tertiary plant func-
tional types.

[11] Categories of percent vegetation cover, aboveground
plant biomass, and ANPP are modified from Walker [1999].
Correspondence between the vegetation and derived map
units and previous literature, particularly the terminology of
Bliss [1977, 1988, 1995], Zoltai et al. [1980], Edlund
[1990a], Bliss and Matveyeva [1992], and Gould and
Walker [1999] have been noted where comparisons have
been made in summarizing attributes (Table 3). In our
lookup tables, biomass and ANPP categories for each
vegetation class vary depending on which bioclimatic zone
a polygon occurs in (e.g., Hemiprostrate dwarf shrub tundra
occurring in subzone C will have lower biomass than the
same vegetation type occurring in subzone E). The most
common biomass and ANPP ranges for mapped vegetation
classes are compared with biomass and ANPP estimates
from Bliss and Matveyeva [1992] (Table 7). Biomass and
ANPP summaries for the Canadian High Arctic (subzones
A-C) and Low Arctic (subzones D—E) (Table 8) were
calculated by multiplying the area of each biomass or ANPP
class by the mean value of that class. We used 2250 g m 2,
a value lower than the mean, for the highest biomass class
(2000—4000 g m~?) as we estimated that while values range
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Figure 2. Map of dominant plant functional types in the Canadian Arctic indicating eleven primary
plant functional types characteristic of the dominant vegetation within each polygon.

to 4000 g m 2 in this class the majority of the vegetation
has biomass values closer to the minimum of 2000 g m™2.

2.3. Map Summaries

[12] We used the GIS database capabilities of ARCINFO
to derive summary information on the areal extent of each
bioclimatic subzone and vegetation type (Figure 1, Tables 2
and 4), and also grouped these so that we had equivalent
categories of Bliss and Matveyeva [1992] and Walker et al.
[2001, 2002] when possible (Tables 2, 4, and 8).

3. Results

[13] The area mapped encompasses 2.5 x 10° km” and
includes all of Canada north of the northern limit of trees
[Gould et al., 2002a]. It makes up a third of the circumpolar

region north of treeline (Table 2) [Bliss and Matveyeva,
1992; Walker et al., 2001, 2002].

3.1. Bioclimatic Subzones

[14] Five subzones of the Arctic tundra zone [Edlund,
1990b; Yurtsev, 1994; Elvebakk et al., 1999; Walker, 2000]
[Gould et al., 2002a] are depicted overlaying the vegetation
map, as well as the delineation of the High and Low Arctic
following Bliss and Matveyeva [1992] (Figure 1). Each
bioclimatic subzone indicates a shift of roughly 2—3°C in
mean July temperatures at sea level and accompanying
shifts in the northern limits and dominance of particular
species, vegetation types, and associated growth forms
[Edlund, 1990b; Gould et al., 2002a].

[15] Subzones A—C correspond most closely with the
High Arctic of Bliss and Matveyeva [1992] and cover
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Figure 3. Percent cover of the vegetation canopy. Four categories of percent cover of vegetation typical
of each polygon are shown indicating r elative amounts of vegetation cover and bare ground.

roughly half of the Canadian Arctic (1.26 x 10° km?).
Bliss and Matveyeva’s [1992] High Arctic extends further
south, encompassing all of the Arctic Archipelago, and
covers 1.6 x 10° km® or 64% of the Canadian Arctic.
Subzones 1-3 encompass 3.63 x 10° km? in the circum-
polar region and nearly 50% of this is in Canada. The
circumpolar High Arctic makes over 50% of the area north
of treeline (Table 2) [Bliss and Matveyeva, 1992; Walker et
al., 2001, 2002].

[16] Subzones D and E correspond most closely with the
Low Arctic of Bliss and Matveyeva [1992] and cover 1.3 x
10° km? (Table 2). The delineation between Low and High
Arctic, and subzones D—E and A—C, separates the area
dominated by low and erect (upright growing) dwarf-shrub
cover, tussock tundra, and boreal floristic elements (i.c.,
Low Arctic), from the more northern environments lacking
these growth forms and floristic elements (i.e., High Arctic)

[Bliss, 1988; Edlund, 1990b; Bliss and Matveyeva, 1992,
Walker, 2000].

[17] Within the High Arctic, subzone C is the most
extensive. Vegetation characteristic of this subzone can be
found from 65° to over 80° North latitude. Much of subzone
C is dominated by high plateaus and mountains, glaciers,
and coarse and strongly calcareous substrates which limit
vegetation cover and affect species composition. As a
consequence, much of subzones B and C share vegetation
characteristics typical of subzone B (i.e., cryptogam and
cushion forb barrens, and sparsely vegetated Dryas integ-
rifolia prostrate dwarf shrub tundra) [Walker et al., 2001,
2002; Gould et al., 2002a]. Subzone A lacks woody species
and is restricted to the fog-bound coasts and low-lying
Queen Elizabeth Islands [Edlund and Alt, 1989; Edlund,
1990a, 1990b] [Gould et al., 2002a]. Within the Low Arctic,
subzones D and E differ in the degree of shrub cover and
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Figure 4. Aboveground plant biomass map indicating patterns of 5 biomass categories (in g m™2)
estimated by determining the range of published biomass values for the dominant vegetation type of each

polygon in Figure 1.

shrub heights [Gould et al., 2002a]. Subzone D covers
0.679 x 10° km? and subzone E covers 0.618 x 10° km?
(Table 2).

3.2. Vegetation

[18] Twenty land cover classes are mapped, including 17
vegetation complexes (Figure 1). Vegetation complexes are
characterized by the dominant growth form and plant com-
munities characteristic of each polygon (Table 3) [Gould et
al., 2002a]. Variation is primarily controlled by climate (with
the suite of potentially present species decreasing with each
shift in bioclimatic zones from south to north), substrate
chemistry (with acidic and nonacidic substrates strongly
affecting species composition), and topographic position
(which controls soil moisture). There is considerable varia-
tion in soil moisture regimes within each mapped polygon

creating a mosaic of dry, mesic, and wet environments along
toposequences [Gould et al., 2002a]. However, each polygon
represents a landscape unit typically dominated by a single
moisture regime (e.g., dry, mesic, wet).

[19] Dry vegetation is dominant on steep hilly terrain, high
plateaus, and mountains as these are characterized by well-
drained substrates. This includes cryptogam barrens on acidic
bedrock landscapes, cushion-forb barrens in the far north on
circumneutral and nonacidic substrates, Dryas integrifolia
dominated landscapes on nonacidic substrates, and Salix
arctica and hemiprostrate heath-lichen vegetation on more
acidic substrates (Table 3). Map polygons dominated by dl;y
vegetation cover 36.1% of the ice-free area (2.353 x 10°km?)
with cryptogam barrens, cushion-forb barrens, and Dryas
integrifolia dominated prostrate dwarf-shrub tundra map
polygons each covering about 10% of the map (Table 3).
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Figure 5. Annual net primary productivity (ANPP) map indicating patterns of annual above and
belowground productivity in g m > yr~'. Productivity estimates are based on the range of published
productivity values summarized by Bliss and Matveyeva [1992].

[20] Mesic vegetation is typically dominant on inland and
coastal rolling plains or low hills. These map polygons are
typically a mosaic of dry vegetation on knolls and ridge
tops, mesic slopes (dominating), and wet vegetation in low
spots, valleys, and lakeshores. It includes a variety of shrub-
graminoid communities, with variation in species controlled
by climate and substrate. Map polygons dominated by
mesic vegetation cover 57.7% of the mapped area (Table
3). The most common mesic vegetation is Dryas dominated
prostrate dwarf-shrub-graminoid tundra which covers
16.4% (Table 3). Vegetation in the low and erect dwarf-
shrub graminoid map polygons is about 70% mesic vege-
tation, and 30% wet vegetation with increasing sedge and
moss cover. The wet component of these complexes com-
prise about 3.6% of the ice-free land area.

[21] Wet vegetation can be found in nearly any polygon
as drainage is poor on the permafrost and bedrock domi-

nated landscapes of the Canadian Arctic. Extensive areas of
wet vegetation are typically found in the lowland and
coastal plains and consist of graminoids and mosses, with
shrub elements on the less saturated areas (Table 3). In the
northern arctic, lack of summer warmth limits the species
richness and peat development in wetlands. Grasses are
dominant in subzones A and B and sedges (e.g., Carex
aquatilis var. stans) in subzones 3—5. Polygons mapped as
wet vegetation comprise 4.1% of the ice-free land area
(Table 3).

[22] Riparian vegetation is a complex of vegetated wet
and mesic areas and floodplain barrens. Most riparian areas
are too small to map it this scale. What can be mapped are
the larger river valleys with vegetation distinct from the
encompassing landscape unit. Riparian areas are more
heterogeneous than the surrounding in terms of topography,
disturbance, and vegetation [Gould and Walker, 1997].
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Table 2. Comparison of the areal extent (x10° km?) and percent of total of bioclimatic subzones in Canada and
the circumpolar region from '(Figure 1), *Bliss and Matveyeva [1992], and >Walker et al. [2001]

Canada' Canada® Circumpolar® Circumpolar®
area percent area percent area percent area percent
High Arctic 1.257 49.2 1.600 64.5 3.951 52.2 3.634 51.1
subzone 1 0.054 2.1
subzone 2 0.168 6.6
subzone 3 1.034 40.5
Low Arctic 1.297 50.8 0.880 35.5 3.616 47.8 3.481 48.9
subzone 4 0.679 26.6
subzone 5 0.618 24.2
Total 2.554 100 2.480 100 7.567 100 7.115 100

Riparian areas are typically barren with scattered forbs and
graminoids in subzones A and B, and include low to tall
shrubs and sedge-moss communities in subzones C—E.
These comprise 2.1 % of the ice-free land area (Table 3).

[23] Additional map units include water (>75% lake
cover and lakes larger than the minimum polygon size)
making up 1.8% of the mapped area, and glaciers (>75%
year-round ice cover) and Nunatak complexes (ice-free
barrens within glaciers) making up 6.0% of the mapped
area (Table 4).

[24] Comparisons of estimates of the areal extent of major
vegetation and landcover types from this study can be made
with previous estimates by combining mapped units to
approximate vegetation types from previous studies [Bliss
and Matveyeva, 1992]. The most extensive vegetation type
in the Canadian Arctic is the polar semidesert of Bliss
[1990] which includes the dry and mesic environments
dominated by prostrate dwarf-shrub-graminoid, prostrate
dwarf-shrub, and hemiprostrate dwarf-shrub vegetation, in
particular by Dryas integrifolia dominated landscapes (40—
42%) (Table 4). The polar desert of Bliss [1990] and barrens
of this study are the next most abundant landcover type,
comprising 19-26% of the region. Tall and low shrub
dominated areas comprise 12—18% of the region, wet sedge
vegetation covers 8—11% of the region, mesic tussock and
shrub-graminoid tundra covers 3.5-7% of the region
(Table 4).

3.3. Derived Maps

[25] Plant functional types (Figure 2) vary along climatic
gradients (latitudinal and elevational) and range from low
and tall deciduous shrub in the southern Arctic (mean July
temperatures 9—12°C), erect dwarf deciduous and ever-
green shrubs (mean July temperatures 7—9°C), prostrate
deciduous and evergreen shrubs (mean July temperatures
3-7°C), and cushion forbs and bryophytes beyond the
northern limit of woody plants (mean July temperatures
<3°C) [Edlund, 1990b; Gould et al., 2002b].

[26] Spatial patterns of eleven categories of dominant
plant functional types closely match the bioclimatic zona-
tion patterns in Figure 1. Cushion forb and cryptogam
growth forms are dominant over 20.3% of the landscape.
Prostrate dwarf shrubs (primarily Dryas integrifolia and
Salix arctica) cover the largest area (25.9%). Hemiprostrate
and erect dwarf shrubs cover 18.4% of the region. Shrub
graminoid vegetation covers 10.6% of the region, and low
and tall shrubs cover 11.2% of the region. All shrubs
combined cover 60% of the region, with low and tall shrubs

concentrated in subzone E, erect dwarf shrubs in subzone C,
and prostrate shrubs in subzones B and C, and cryptogams
and cushion plants in subzones A and B. Graminoids are
common in most landscapes, but graminoid dominated
landscapes are restricted to 5.8% of the region (Figure 2,
Table 5).

[27] The canopy cover or horizontal vegetation structure
(Figure 3) is controlled by climate (latitudinal and eleva-
tional variation), substrate chemistry and texture, and mois-
ture. Percent cover of vegetation decreases with latitude and
elevation, and on coarse, extremely calcareous or extremely
acidic substrates. Our derived map of vegetation cover
estimates 21% of the mapped area to be barren with less
than 5% percent cover (Table 6). This is a combination of
cryptogam barrens found on the acidic Canadian Shield
bedrock and on cushion-forb and cryptogam barrens found
on the calcareous and coarse textured substrates of the High
Arctic. In the High Arctic these regions correspond with the
polar desert sensu Bliss [1988]. Over 25% of the region is
estimated to have 5-50% vegetation cover (polar semi-
desert sensu Bliss [1988]). This degree of vegetation cover
is characteristic of subzones A—B, i.e., the High Arctic.
Approximately 25% of the region is estimated to have 50—
80% vegetation cover. This is primarily in subzones C and
D where ridge tops, knolls and well-drained slopes are
typically sparsely vegetated (5—50%) and gentle slopes
and valleys may be completely vegetated. 29% of the region
is estimated to have <80% vegetation cover. These areas are
concentrated in subzone E and on low areas in subzone D
with suitable substrate and moisture availability (Table 6).

[28] Plant biomass is positively correlated with canopy
cover, particularly in the High Arctic [Bliss et al., 1984]
where cover is often less than 50%. Most (86%) of the
aboveground plant biomass for the region is concentrated in
the more productive subzones D and E (i.e., the Low Arctic)
(Figure 4, Table 8). The areas with the least plant biomass
are those with less than 5% cover (aboveground plant
biomass is <100 g m ?) [Bliss and Matveyeva, 1992;
Walker, 1999]. The areas with the highest plant biomass
are the low and tall shrub regions of the low arctic, and
riparian tall shrub areas with 2000-4000 g m ™ (Figure 4,
Table 7) [Bliss and Matveyeva, 1992]. Total aboveground
plant biomass estimates for both the High and Low Arctic in
Canada are somewhat higher than estimates from Bliss and
Matveyeva [1992] when their standing crop (above and
belowground plant biomass is adjusted to reflect only
aboveground biomass) (Tables 7 and 8). The larger High
Arctic estimates from Bliss and Matveyeva [1992] reflect
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Table 3. Areal extent (x10° km?) and percent of total area of vegetation types from the Canadian Arctic Vegetation Map (Figure 1). Roughly
equivalent (based on dominant species and composition) or additionally present vegetation types are noted from a variety of sources

Vegetation

arca

percent

Dry

Cryptogam barrens
Hierochloé alpina-Rhizocarpon geographicum comm. [Gould and Walker, 1999],
rock-lichen type [Zoltai et al., 1980], cushion plant-cryptogam semidesert [Bliss, 1997],
cryptogamic and herb barrens [Edlund, 1990a], rock-barrens [Thompson, 1980].

Cushion-forb barrens
Papaveretum dahlianae [Dierssen, 1996], polar desert [Bliss, 1995], Luzula and Purple
saxifrage barrens [Edlund, 1990a].

Prostrate dwarf-shrub tundra (nonacidic)
Carici-Dryadetum intregrifoliae [Daniéls, 1982], cushion plant-cryptogam semidesert
[Bliss, 1997], lichen-dryas plateau [Thompson, 1980].

Prostrate dwarf-shrub-lichen tundra (acidic)
Salix arctica-Dryas integrifolia comm. [Gould et al., 2001b], dwarf shrub heath tundra
[Bliss, 1997], Dryas-Salix tundra [Edlund, 1990a], willow-lichen meadow [Sheard and Geale, 1982].

Erect dwarf-shrub-lichen tundra (acidic)
Arctous alpinus-Betula glandulosa comm. [Gould and Walker, 1999], dwarf shrub heath
type [Zoltai et al., 1980], dwarf shrub heath [Bliss, 1997].

Mesic

Graminoid-forb
Papaveretum dahlianae [Dierssen, 1996], cryptogam-herb [Bliss, 1995], Luzula tundra [Edlund, 1990a, 1990b].

Prostrate dwarf-shrub-graminoid tundra (nonacidic)
Carici-Dryadetum intregrifoliae [Daniéls, 1982], cushion plant-cryptogam semidesert
[Bliss, 1997], Dryas-Salix tundra [Edlund, 1990a]. Lichen-cushion plant-dwarf shrub
[Muc et al., 1989].

Hemiprostrate dwarf-shrub tundra (acidic)
Saliceto-Cassiopetum tetragonae [sensu Daniéls et Fredskild in Fredskild, 1998], dwarf
shrub heath type [Zoltai et al., 1980], lichen-heath tundra [Edlund, 1976], dwarf shrub
heath tundra [Bliss, 1998].

Erect dwarf-shrub-graminoid tundra (nonacidic)
Salix lanata-Kobresia-Carex aquatilis-Arctogrostis latifloia comm. [Schaefer and
Mseeier, 1993] Carex atrofusca-Salix lanata ssp. richardsonii, Equisetum arvense-Salix
lanata ssp. richardsonii comms. [Gould and Walker, 1999], Sedge-dwarf shrub tundra
[Bliss, 1995], Dryado integrifoliae-Caricetum bigelowii [Walker et al., 1994], willow
hummocks [Thompson, 1980], moist sedge meadow [Rieznicek and Svoboda, 1982].

Erect dwarf-shrub tundra (acidic)
Betulo-ledetum decumbentis [Lambert, 1968], Hierochloé alpina-Betula glandulosa comm.
[Gould and Walker, 1999], dwarf shrub heath type [Zoltai et al., 1980], lichen-heath
tundra [Edlund, 1976], dwarf shrub heath tundra [Bliss, 1988].

Low shrub-graminoid
Dryado integrifoliae-Caricetum bigelowii, Sphagno-Eriophoretum vaginati [Walker et
al., 1994], Saussuria angustifolia-Dryas integrifolia comm. [Gould and Walker, 1999],
cottongrass-tussock tundra [Edlund, 1976], cottongrass-low shrub heath [Bliss, 1988].

Low shrub tundra
Low shrub tundra [Bliss, 1988], low shrub heath type [Zoltai et al., 1980], Hierochloé
alpina-Betula glandulosa comm. [Gould and Walker, 1999], shrub tundra [Edlund, 1976].

Wet

Grass-moss tundra
Graminoid-moss tundra-High Arctic [Bliss, 1988], Grass meadow [Edlund, 1990a],
Alopecuris alpinus-Campylium arcticum comm. [Gould et al., 2001b].

Sedge-moss tundra
Wet sedge meadow [Edlund, 1976; 1990a, 1990b], Graminoid-moss tundra-High Arctic
[Bliss, 1988], Carex aquatilis var. stans-Drepanocladus revolutum comm. [Gould et al., 2001b],
Carex aquatilis-Eriophorum triste comm. [Bergeron and Svoboda, 1989].

Low shrub-sedge-moss tundra
Graminoid moss tundra-Low Arctic [Bliss, 1988], Wet sedge meadow [Edlund, 1976],
Sedge meadow type [Zoltai et al., 1980], Salix pulchra-Carex aquatilis and
Carex aquatilis-C. chordorrhiza comms. [Gould and Walker, 1999], wet sedge meadow
[Rieznicek and Svoboda, 1982].

Riparian

Forb-graminoid barrens
Herb barrens [Edlund, 1990a], Chamaenerietum latifolii [Bocher, 1933], Papaveretum
dahlianae [Dierssen, 1996], polar desert [Bliss, 1995], Cerastium regelii-Papaver
dahliana comm. [Gould et al., 2001b].

Low shrub-graminoid-forb complex
Chamaenerietum latifolii [Bécher, 1933], Epilobium latifolium-Salix alaxensis and Salix
pulchra-Carex aquatilis comms. [Gould and Walker, 1999], high shrub type [Zoltai et al., 1980],
tall shrub tundra [Bliss, 1988].

Total

0.850
0.258

0.225

0.226

0.039

0.102

1.358
0.041

0.385

0.237

0.191

0.197

0.072

0.235

0.096

0.004

0.059

0.033

0.049
0.005

0.044

2.353

36.1
11.0

9.6

9.6

1.7

43

57.7

16.4

10.1

8.1

8.4

3.1

10.0

4.1

2.5

2.1
0.2

1.9

100.0
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Table 4. Comparison of estimates of areal extent (x10° km?) of major Arctic vegetation and landcover types in the Canadian and

Circumpolar Arctic

from Figure 1

from Bliss and Matveyeva [1992] from Walker et al. [2001]

arca

arca arca arca

land cover vegetation type (Canada) percent vegetation type (Canada) percent (circumpolar) percent (circumpolar) percent
prostrate dwarf-shrub-graminoid, 1.03  40.3 semidesert 1.046 422 1.363 18.0 - -
prostrate dwarf-shrub, and hemiprostrate dwarf-shrub
barrens 0.488  19.1 polar desert 0.64 25.8 0.847 11.2 - -
talland low shrub  0.454  17.8 tall and low shrub 0.29 11.7 1.456 19.2 - -
wet sedge” 0.197 7.7 mire (wet sedge) 0.272 11.0 1.012 13.4 - -
low and erect dwarf-shrub-graminoid® 0.184 7.2 tussock, sedge- 0.088 35 0.922 12.2 - -
dwarf shrub
glaciers 0.153 6.0 0.144 5.8 1.967 26.0 2.034 28.6
ice-free land 2353 922 2.336 94.2 5.600 74.0 5.081 71.4
lake polygons 0.047 1.8 - - - - - -
total 2.553 100.0 2.480  100.0 7.567 100.0 7.115 100.0

“low and erect dwarf-shrub vegetation types contain up to 30% wet sedge meadow and area estimates have been split into this group (70%) and the wet

sedge category (30%).

differences in the areal extent of the High Arctic sensu Bliss
[1988] versus the sum of areas of subzones 1-3 (Table 2).

[29] Annual net primary productivity (ANPP) is also
strongly related to bioclimatic zonation with 87% of the
total above and belowground ANPP produced in subzones D
and E (i.e., the Low Arctic) (Figure 5, Tables 7 and 8). The
least productive areas are the cryptogam and cushion-forb
barrens with NPP of <20 g m 2 yr~ ' and the most productive
areas are the Low Arctic riparian shrub communities with
NPP ranging from 250 to 1000 g m 2 yr~'. Summaries of
ANPP derived from the vegetation map (Figure 1) and from
the literature [Bliss and Matveyeva, 1992] show similar
patterns for the High Arctic, Low Arctic, and total Arctic
area in Canada (Tables 7 and 8).

4. Discussion

[30] The new maps and analyses presented here confirm
both Bliss’ [1990] interpretation of the Canadian Arctic as a
mosaic of major vegetation types controlled by topography
and substrate and Edlund’s [1990a, 1990b] view of the
region as a series of vegetation zones controlled by climate.
Climate plays the major role in limiting the pool of species
available for establishment and growth in a region, with
mean summer energy availability (most readily available as
mean July temperature measures and estimates) being the

Table 5. Areal extent (x10° km?) and percent of total of dominant
plant functional types

Dominant functional type area percent
Crustose lichens-bryophytes 0.345 13.6
Cushion-forbs 0.168 6.7
Dry graminoids-bryophyte-cushion forbs 0.041 1.6
Prostrate dwarf shrubs-cryptogams 0.650 25.7
Hemiprostrate dwarf shrubs-cryptogams 0.265 10.5
Erect dwarf shrubs-cryptogams 0.201 7.9
Low and dwarf shrub-non tussock graminoids 0.248 9.8
Dwarf shrub-tussock graminoids 0.020 0.8
Low and tall shrubs 0.284 11.2
Wet graminoids-true mosses 0.041 1.6
Wet graminoids-true mosses-Spahgnum spp. 0.066 2.6
Water 0.047 1.9
Glaciers 0.153 6.1
Total 2.53 100.0

critical climatic element controlling potential plant species
composition [Rannie, 1986; Edlund and Alt, 1989; Walker,
2000]. Mean July temperature isolines are not linearly
correlated with latitude in the Canadian Arctic. Hudson
Bay has a summer cooling effect over the eastern Low
Arctic, the permanent ice pack has a cooling effect over the
Queen Elizabeth Islands, and topography, landmass, and
open ocean have warming effects over eastern Ellesmere
and western Axel Heiberg and Western Melville Islands
[Edlund, 1990b]. Vegetation responds to these complex
patterns of summer warmth creating the bioclimatic patterns
illustrated in Figure 1. Within this framework of climatic
patterns, variation in vegetation composition and degree of
vegetation cover are a function of landscape patterns related
to geology and topography. Extremely calcareous and
alkaline, acidic, coarse textured, and rubble and bedrock
dominated landscapes support little vegetation cover in a
variety of subzones; more neutral, mesic, and wet condi-
tions support greater vegetation cover [Bliss, 1990]. The
mosaic of vegetation linked to geologic and topographic
patterns is readily evident in satellite imagery of the
Canadian Arctic and in the maps presented here. One type
of description (i.e., zones versus mosaic) need not replace
another as long as authors are explicit in their terminology.

[31] The utility of linking spatial patterns of vegetation
cover (Figure 1) with published vegetation descriptions
(Table 3) is that it increases the amount of vegetation and
ecological information available about each of the mapped
units. The major difficulties in mapping the Canadian Arctic
are that 1) there are few detailed vegetation descriptions for
the majority of mapped polygons, and 2) all polygons
represent a mix of plant communities at this scale, and
determining which communities, even when well-described,
are dominant in a particular polygon is difficult from much

Table 6. Areal extent (x10® km?) and percent of total of horizontal
vegetation canopy cover classes (Figure 3)

Coverage area percent
< 5% 0.494 21.0
5-50% 0.593 252
50—-80% 0.583 24.8
> 80% 0.683 29.0
Total 2.353 100.0
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Table 7. Range of aboveground biomass and ANPP values for vegetation classes (Figure 1) and aboveground biomass” and productivity

values from Bliss and Matveyeva [1992]

from Bliss and Matveyeva [1992]

Aboveground ANPP Aboveground ANPP
Vegetation classes (Figure 1) biomass (gm %) (gm 2y ") vegetation type biomass (gm %) (gm 2y ")

Cushion-forb barrens,
Forb-graminoid barrens, Cryptogam barrens. <100 <20 polar desert 18 0.7
Graminoid forb tundra, Grass-moss tundra,

Sedge-moss tundra, Prostrate dwarf shrub tundra,

Prostrate dwarf shrub-lichen tundra,
Prostrate dwarf shrub graminoid tundra, high arctic mires 112 60.0
Hemiprostrate dwarf shrub tundra, low arctic mires 217 70.0
Hemiprostrate dwarf shrub-lichen tundra. 100-500 20-50 high arctic semidesert 385 25.0
Hemiprostrate dwarf shrub tundra, 500—-1000 50-150 low arctic semidesert 735 28.0

Hemiprostrate dwarf shrub-lichen tundra, Low

shrub-sedge-moss tundra, Low shrub-graminoid-

forb complex, Sedge-moss tundra.
Erect dwarf shrub tundra, 1000—-2000 150-250 tussock, sedge-dwarf shrub 1850 125.0

Erect dwarf shrub-graminoid tundra,

Low shrub-graminoid tundra, Sedge-moss tundra,

Low shrub-graminoid-forb complex.
Low shrub tundra, low shrub 2067 125.0
Low shrub-graminoid-forb complex. 2000—-4000 250—1000  tall shrub 3867 100.0

*Bliss and Matveyeva [1992] give combined above and belowground biomass (standing crop) for various arctic vegetation types and these were
converted to aboveground biomass using Bliss’ [1988] root:shoot ratios for similar vegetation types.

of the literature. Previous large-scale vegetation maps are
useful in interpreting the AVHRR imagery. These are most
useful when accompanied by detailed vegetation descrip-
tions and references to vegetation literature. While there are
many areas of the Canadian Arctic lacking in detailed
vegetation description there was much excellent work on
which to base our map. A reference library of over 1000
published vegetation records for Canada has been incorpo-
rated into the GIS database for the map. New studies and
information can be periodically reviewed and incorporated
into the GIS database, and revised maps could be produced
without duplicating the entire mapping effort.

[32] The derived maps have the same limitations as the
vegetation map in terms of lack of ground information,
especially measures of plant biomass and productivity. The
values presented reflect measured values in dominant veg-
etation types and the real percentage of these dominant
vegetation types within any one polygon is difficult to
measure. Nevertheless, the derived maps present new esti-
mates based on interpretation of recent satellite images of
the region. Estimated values fall within the ranges of
previous published estimates, and the patterns portrayed
represent the most explicit spatial representation of these
ecosystem attributes to date.

[33] The plant functional type map is in essence a
simplified vegetation map. It will be useful in modeling
shifts in plant functional types related to global climate
change. The functional types are consistent with circum-
polar mapping and modeling efforts [Walker, 2000]. Cur-
rent patterns and potential changes are important in terms
of climate and snow cover feedbacks [Sturm et al., 2001],
and wildlife habitat. The vegetation cover and potential
changes in degree of cover are important in land cover
change analyses related to climate change, vegetation-
climate feedbacks, and wildlife habitat. Plant biomass and

productivity estimates are useful indicators of wildlife
habitat quality, in regional and global carbon budget
estimates, and in modeling response of ecosystem proper-
ties to climate change.

5. Conclusion

[34] We feel the combination of satellite image analysis
and mapping with detailed field-measured vegetation com-
position and ecosystem property information is a powerful
tool for spatial and temporal analyses and extrapolation of
information. Additional descriptive field work linked to
mapped vegetation types will provide more precise esti-
mates of mapped properties and the ability to map addi-
tional properties. These might include specific wildlife

Table 8. Comparison of estimates for aboveground phytomass in
gigagrams (Gg: 10" g) and above and belowground annual net
primary productivity (ANPP in Gg y ~') for the High Arctic
(subzones 1, 2, and 3), the Low Arctic (subzones 4 and 5), and the
Canadian Arctic. Values derived from Figures 4 and 5 reflect the
mean value multiplied by the areal coverage for each category
from Bliss [1988]

and Bliss and
Matveyeva [1992]

Aboveground phytomass (total aboveground standing crop)

from
Figures 4 and 5

High Arctic (subzones 1-3) 213.86 299.51

Low Arctic (subzones 4 and 5) 1285.31 1086.76

Total 1499.18 1386.27
Above and belowground ANPP (total annual growth)

High Arctic 29.27 39.28

Low Arctic 198.81 198.19

Total 228.08 237.47
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habitat, CO, or CH4 flux patterns linked to vegetation
types, total carbon patterns and amounts. Future develop-
ment of the GIS database used in creating these maps and
summaries is encouraged, as is collaboration with vegeta-
tion and wildlife ecologists, and Nunavut land management
boards.
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