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Abstract Tundra and taiga ecosystems comprise nearly 40 % of the terrestrial landscapes of
Canada. These permafrost ecosystems have supported humans for more than 4500 years, and
are currently home to ca. 115,000 people, the majority of whom are First Nations, Inuit and
Métis. The responses of these ecosystems to the regional warming over the past 30–50 years
were the focus of four Canadian IPY projects. Northern residents and researchers reported
changes in climate and weather patterns and noted shifts in vegetation and other environ-
mental variables. In forest-tundra areas tree growth and reproductive effort correlated with
temperature, but seedling establishment was often hindered by other factors resulting in site-
specific responses. Increased shrub cover has occurred in sites across the Arctic at the plot
and landscape scale, and this was supported by results from experimental warming.
Experimental warming increased vegetation cover and nutrient availability in most tundra
soils; however, resistance to warming was also found. Soil microbial diversity in tundra was
no different than in other biomes, although there were shifts in mycorrhizal diversity in
warming experiments. All sites measured were sinks for carbon during the growing season,
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with expected seasonal and latitudinal patterns. Modeled responses of a mesic tundra system
to climate change showed that the sink status will likely continue for the next 50–100 years,
after which these tundra systems will likely become a net source of carbon dioxide to the
atmosphere. These IPY studies were the first comprehensive assessment of the state and
change in Canadian northern terrestrial ecosystems and showed that the inherent variability
in these systems is reflected in their site-specific responses to changes in climate. They also
showed the importance of using local traditional knowledge and science, and provided
extensive data sets, sites and researchers needed to study and manage the inevitable changes
in the Canadian North.

1 Introduction

Canada has the greatest variety of northern terrestrial ecosystems of all circumpolar
countries. Including the northern boreal forests, peat bogs and mires near the transition from
forest to tundra and high Arctic tundra, Canada is home to more than 3 million km2 of these
northern landscapes. All of the land area considered here, nearly 40 % of the country, is
underlain by continuous or discontinuous permafrost (Tarnocai 1999). These ecosystems
have important roles at the local, regional and global scales: as homes to ca. 115,000 people,
as habitats for species of plants, animals and microbes, as globally important stores of soil
carbon, and as climate regulators through the heat sinks and albedo effects of permafrost,
snow and ice. These systems are also undergoing rapid change in response to the recent
warming of the global climate: warming in Arctic Canada has been as much as 1 °C per
decade over the past 20–50 years (ACIA 2005; IPCC 2007; Hill and Henry 2011). This
background provided the impetus for studies of the northern terrestrial ecosystems in Canada
as part of the International Polar Year.

The Canadian IPY program supported six projects that involved research on terrestrial
ecosystems. The projects spanned the Canadian North, from northern boreal forests to the
high Arctic tundra on northern Ellesmere Island, Nunavut and from Nunatsiavut/Labrador to
northern Yukon and Alaska. Nearly all of the projects had sub-projects that involved studies
of the effects of predicted climate changes, including assessments of change by elders and
other residents of the North. In this paper, we present summaries and a synthesis of some of
these major Canadian IPY projects. The results of the projects are presented within a
framework of terrestrial ecosystem components and processes in an effort to provide a
general synthesis.

The six major projects that examined impacts of climate variability and change on
terrestrial ecosystems in northern Canada are presented in Table 1, with some of the
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Table 1 Canadian IPY projects involved in terrestrial ecosystem research

Project Name Project Leader Objectives/Description Participants

Climate Impacts on
Canadian Arctic
Tundra Ecosystems:
Multi-scale and
Interdisciplinary
Assessments
(CiCAT)

Greg Henry, University
of British Columbia

Provide assessments of
responses of tundra
ecosystems to climate
variability and change
at local, regional and
national scales using
existing networks, new
sites and methods and
models, and community
based research.

32 co-PIs

257 team
members

110 students

7 postdocs

26 northern
students

46 northern
participants

18 international
collaborators

Present processes, Past
changes, Spatio-temporal
variability in the Arctic
delimitation zone, Canada
(PPS Arctic Canada)

Karen Harper,
Dalhousie
University

Determining recent change
in tree and shrub
distributions, correlating
change with environmental
data, investigating
mechanisms, spatial
patterns and the role of
disturbance, and
developing models to
predict future changes
as treeline migrates.

22 co-PIs

212 team
members

82 students

3 postdocs

7 northern
students

82 northern
participants

4 international
collaborators

Carbon, Microbial and Plant
Community Dynamics in
Low-Arctic Tundra

Suzanne Simard,
University of
British Columbia

To gain a better understanding
of plant interactions with
mycorrhizal fungi and other
soil microbes that regulate
carbon fluxes in tundra
systems of the Low Arctic.

2 co-PIs

19 team
members

1 postdoc

9 students

4 northern
students

8 international
collaborators

Changing Forests and
Peatlands along the
Mackenzie Valley,
Northwest Territories

Jagtar Bhatti, Natural
Resources Canada

To characterize the boreal
forest and peatland
ecosystems along
the Mackenzie Valley,
and their potential for
change.

n/a

Yeendoo Nanh Nakhweenjit
K’atr’ahanahtyaa:
Environmental
Change and Traditional
Use in the Old Crow
Flats, Yukon (YNNK)

Vuntut Gwitch’in First
Nation, Old Crow

To gain a better understanding
of the environmental changes
in the Old Crow Flats and
their impacts on the
Gwitchi’in people to help
determine adaptation
strategies.

n/a

Measuring the Impact of
Climate Change on
Landscape and Water
Systems in the High
Arctic

Scott Lamoureux,
Queen’s University

The focus was mainly on
hydrology and effects of
landscape change, with
components on ecosystem
research linked to CiCAT.

n/a
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information and statistics for each project. Research locations, including communities
involved in the IPY projects are shown in Fig. 1. Further descriptions are found in
Supplementary Material.

The objective of this paper is to provide an assessment of the state of northern terrestrial
systems in Canada and their current and potential responses to the changing climate through
a summary and a general synthesis of the results of the major Canadian IPY projects on
terrestrial ecosystems. We begin with a section on the use and collaborative links of
traditional/local ecological knowledge on terrestrial systems with scientific studies. The
following section examines the vegetation in northern systems at regional, landscape and
plot scales, and how it has or has not changed over the recent decades. The vegetation
section is followed by a section on the research conducted on soil components and processes
in northern systems, and how these processes link to and potentially control changes in the

Fig. 1 Locations of sites involved in Canadian IPY projects on terrestrial ecosystems. The general vegetation
types of the Circum-Arctic Vegetation Map are shown. A detailed legend for the vegetation types is available
at www.arcticatlas.org/maps/themes/cp/cpvg. The southern boundary of the CAVM is the forest-tundra region
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vegetation. The last of the results sections is on the studies of carbon fluxes in tundra
ecosystems and the modeling research conducted to understand potential long-term changes
in carbon dynamics in these ecosystems in a changing climate. The final section is a
summary and synthesis of the major findings from the IPY research on northern terrestrial
systems in Canada.

2 Community-based research

Humans have inhabited the landscapes in northern Canada for thousands of years.
Northern Aboriginal peoples adapted to the challenging environments using seasonal
patterns of resources and developed unique and vibrant cultures that endure today.
Even the most northern parts of the High Arctic supported humans, with the first
groups reaching northern Ellesmere Island approximately 4500 years ago (Park 2010;
McGhee 2001). Today there are many groups of northern Aboriginal peoples, and
most have settled land claims with the Canadian government and established their
own forms of regional and local governments. The largest of these is Nunavut, home
to about 30,000 people, predominantly Inuit, in 26 communities spread across 1.7
million km2. The collective knowledge of the people in these northern communities
was a major focus of the Canadian IPY program, and provided the impetus for
combining standard scientific approaches with more traditional and community-based
studies to better understand the impacts of environmental change.

The integration of tradit ional ecological knowledge (known as Inuit
Qaujimajatuqangit – IQ, in Inuit territories) into the IPY projects was partly accom-
plished through semistructured interviews in communities. In the CiCAT project
collaborative studies were conducted in nine communities across three of the Inuit
territories of Canada: Nunatsiavut, Nunavik and Nunavut. In each community semi-
structured interviews were conducted with elders and other community members to
determine how the local environments have changed over their lifetimes and to
validate measurements of change. The interviews were conducted by the same person
in all communities, which aided comparative analyses of responses among the com-
munities. Similar consultative/collaborative research was conducted in the Nunavut
communities of Baker Lake, Cape Dorset, Kimmirut and Sanikiluaq as part of the
PPS Arctic Canada project. Interviews were conducted with adults in each community
between 2007 and 2010.

Community participation was a hallmark of the YNNK project in Old Crow, Yukon. The
observations by community members of changes over the past few decades formed the basis
for the IPYproject (Wolfe et al. 2011). Here we highlight some of the results of this research
as it applies to terrestrial ecosystems.

2.1 Observations of environmental change

Interviews held in communities across Nunavut, Nunavik and Nunatsiavut showed that
people in all communities have noticed changes in the environment over the past 10+
years, most of which are consistent with a warming climate (Downing and Cuerrier
2011; Fig. 2). The regional nature of the changes was seen in the different answers
and emphasis placed on changes in different communities in Nunavik (Supplementary
Material Fig. 1). The residents in the two most northern communities (Kangirsujuaq
and Kangirsualujjuaq) had similar responses and experiences with environmental
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changes, whereas there was much greater variability in the perceptions of environ-
mental change in Umiujaq, which is found within the forest-tundra transition zone.
Similar observations of change were documented by participants in the YNNK project
at Old Crow, Yukon, where people have observed significant lowering of water levels
and an strong increase in the growth and cover of shrubs, especially species of Salix
(Wolfe et al. 2011). (See Supplementary Materials for further observations).

2.2 Community-based observations of changes in vegetation and berry production

As part of the community-based research across the Arctic, community members were
asked to assess changes in vegetation and the production of edible berries in their
area. Specifically, they were asked about their observations on changes in the cover of
shrubs and trees, and whether there had been changes in the production and quality of
berries at traditional picking areas. In some cases, the assessments of vegetation
change were coupled with analysis of historical photographs in the area, including
re-photographing the same sites (Tremblay et al. 2012). In most of the communities,
permanent study plots were established in areas recommended by elders or that were
identified to have undergone changes in berry production or shrub cover over the past
few years. In all cases, the berry plots were established with the help of local students
in high school science classes as either part of their curriculum or as part of summer
science and traditional knowledge camps (Supplementary Materials Fig. 2).

Berries were collected from the permanent plots in communities in 2008–2011.
Berry production varied greatly between years and sites across Arctic Canada, with
some indication that production appears to be higher in northern, cooler sites for
blueberries (Vaccinium uliginosum) (Fig. 3). However, we expect relatively large inter-
annual variability at each site and spatial patterns among sites would become clearer
after more seasons of data.
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Fig. 2 Frequency of observations linked to climate change from 1995 to 2008 based on Inuit knowledge as
reported from the Nunatsiaq News. Based on data from Downing and Cuerrier (2011)
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2.3 Community-based monitoring and education

The use of berries as a link between traditional ecological knowledge and scientific
studies for students in high schools of the north was clearly strong. We found that
students were enthralled with the stories of their elders about changes that had taken
place over their lifetime and enjoyed the opportunity to work on a science project that
involved plants that were connected to the community. An important legacy of these
IPY projects will be the incorporation of the measurements of berry production and
vegetation change into the science curriculum of Arctic high schools in Canada. For
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Fig. 3 Vaccinium uliginosum (blueberry) productivity from 2008 to 2011, in relation to site latitude at eleven
Canadian Arctic sites. Total number of plots sampled: 10 in 2008; 26 in 2009, 17 in 2010 and 29 in 2011.
NWT 0 Northwest Territories; Nu 0 Nunavut; Nk 0 Nunavik and Nt 0 Nunatsiavut. The maximum number of
plots for each site is shown after the site label. From Henry et al. (2012)
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example, the Kativik School Board in Nunavik will implement an environmental
monitoring module in their secondary school science curriculum in autumn 2012,
and berry monitoring will be part of the module.

Cross-cultural workshops held in the Yukon and Nunatsiavut brought together
youth, Elders and researchers to learn about plant identification and traditional uses
of plants; hands-on activities combined traditional knowledge and science (Cuerrier et
al. 2012) (Supplementary Materials Fig. 2). Trant et al. (2012) consulted with the
Labrador Innu in the Innu Environmental Guardians Training Program to develop
long-term monitoring plots and monitoring protocols to detect change in the boreal
forest in Labrador.

See Supplemental Material for further information.

3 Vegetation

The Canadian North has a large variety of vegetation types as a result of landscape history,
physical geography, climate, soil development and the differential establishment of plant
species. Recovery from the last glaciation is still underway (Svoboda and Henry 1987;
Johnstone and Chapin 2003), and is accelerated by the warming climate of the North (ACIA
2005). Canada has a vast expanse of forest-tundra ecotone, the broad transition from boreal
forest to tundra, stretching across the northern reaches of the continent. The position of this
zone reflects the climatic influences on tree growth, and is found under the average position
of the boundary between Arctic and temperate air masses in the summer (Timoney et al.
1992) (Fig. 1). It is in this transition zone that important changes in vegetation are expected
as the climate warms over the coming decades (Payette et al. 2001; Epstein et al. 2004). The
four major vegetation zones of the Circum-Arctic Vegetation Map (CAVM) are found along
latitudinal gradients from the forest-tundra transition (Zone E, Fig. 1) to polar desert areas
(Zone A) on the outer edges of the Arctic Islands (Gould et al. 2003; Walker et al. 2005).
Changes in tundra vegetation over the past few decades have been found in regions
throughout the Arctic (ACIA 2005), and have been reported from sites in the Canadian
High Arctic (e.g. Hudson and Henry 2010; Hill and Henry 2011). The changes in vegetation
will impact wildlife habitat and have feedbacks to processes in these ecosystems and to the
earth-atmosphere system. For example, the increasing cover and height of shrubs in the Low
Arctic and increased density of shrubs and trees in the forest-tundra will result in a lowered
surface albedo, increasing the amount of solar radiation absorbed by these systems and will
contribute to additional regional warming (Chapin et al. 2005; Tape et al. 2006; Myers-
Smith et al. 2012).

Our studies during the IPY spanned the Canadian North, and provided the first coordi-
nated assessment of the current state of terrestrial systems and their potential for change.
Regional assessments of vegetation change were conducted using remote sensing and
satellite image analyses, as well as studies at the plot and landscape scale. Outlines of
objectives and methods can be found in Supplementary Materials. In this section, we review
the results of research on vegetation from PPS Arctic Canada, focussed on the forest-tundra
ecotone, and CiCAT, which was focused on tundra ecosystems.

3.1 Evidence for vegetation change: regional scale

Temporal changes in reflectance from northern areas as detected by satellites have been
attributed to changes in vegetation. Most studies report an increase in greenness as measured
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by indices such as the Normalized Difference Vegetation Index (NDVI). Bhatt et al. (2010)
show the changes in NDVI in tundra regions over the past 20 years are linked to the decline
in sea ice over the same period, which is ultimately linked to warmer temperatures. Olthof et al.
(2008) found similar increases in NDVI in two areas of northern Canada between 1986 and
2006 and noted that the changes correlated with the general warming that has occurred in the
specific regions and across the Arctic. Furthermore, Wang and Overland (2004) found there has
been a loss of the area covered by the Tundra Climate classification over the past 30 years.

Change detection studies were conducted using remote sensing in most IPY projects.
Chen et al. (unpublished) found increases in NDVI over the entire range of the Porcupine
caribou herd over the twenty-year period 1986 to 2006 (Supplemental Material Fig. 3). The
increase in NDVI generally indicates an increase in plant biomass. Interestingly, the
Porcupine caribou herd increased from ca. 120,000 to nearly 170,000 animals between
2001 and 2010 (http://carmanetwork.com/pages/viewpage.action?pageId01114130 ).

In a similar study of the range of the Bathurst caribou herd, Chen et al. (2012a) noted that
there had been a loss of forest cover in the winter range which corresponded to increased fire
frequency over the past 50 years. The increased fire frequency correlated well with increasing
summer temperatures. The loss of forested area has likely resulted in the loss of lichen biomass,
a crucial component of winter forage for caribou. In addition, there was an increase in the ice
content of snow largely due to melt-refreeze events through the winter. Greater melt-refreeze,
and rain on snow events can make it difficult for caribou to access lichens and other forage
through the snow. Furthermore, Chen et al. (2012b) found a decrease in lichen biomass on the
calving ground and a general decrease in nitrogen concentration of vascular forage on the
summer range of the Bathurst herd. During this same time period the Bathurst herd declined
dramatically, from over 500,000 in the late 1990s to less than 35,000 in the last census (2009;
http://carmanetwork.com/pages/viewpage.action?pageId01114374 ). While there is a correla-
tion between the losses of lichen with increased fire on the range, there is still considerable
debate on the constellation of factors that are involved in the decline of the herd. The Bathurst
herd has undergone large cycles in population in the past century (Zalatan et al. 2006).

Fraser et al. (2012) examined changes in vegetation in four Arctic National Parks in
Canada using Landsat TM and ETM data, and found that there were significant increases in
greenness (NDVI) and vascular vegetation that correlated strongly with increasing temper-
atures over the past 40 years. These results support those of Bhatt et al. (2010) who found
increased greenness across the circum-Arctic region.

In the Kluane region of the southwest Yukon, a study of trends of snow melt date, snow
free season and NDVI found there was no ubiquitous ‘greening’ of this region, nor have
trends in snow cover been directionally widespread (Danby et al. 2010). However, there was
evidence of treeline change from analysis of aerial photographs (Danby and Hik 2007),
especially increasing tree size and density in the forest-tundra. The most apparent trend from
the satellite image analysis was the substantial interannual variability in both snow and
vegetation related indices. Variability in NDVI is partly related to interannual variability in
timing of snow melt, illustrating the importance of considering snow-related variables in
future ecological monitoring and in models of ecosystem change.

3.2 Forest-tundra ecotone

The transition from boreal forest to tundra in Canada varies in distance, extent and species
composition across the country. The width of the zone is generally smaller in the north-
western areas of the Yukon and NWT (10 to 50 km from continuous forest to treeline), where
trees are found up to 69º N, and grows in extent in the central and eastern areas (30 to
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>100 km) (Timoney et al. 1992; Payette 1983). In some areas in the southern zones such as
the southern coast of Hudson Bay, the forest-tundra ecotone can be very narrow (e.g.
<10 km) because of the strong temperature gradient imposed by the cold water of the Bay.
The extent of the zone is determined by many factors, including the history of species
migration after the most recent continental glaciation (Ritchie 1987), climatic fluctuations
over the Holocene (MacDonald et al. 1993) and topography. Remnants of the previous
northern migration of treeline during the medieval warm period (ca. 800–1200 ybp) are
found as isolated clonal populations beyond current treeline, and are commonly known as
tree islands (McLeod 2001; Walker et al. 2012). Within the latitudinal forest-tundra ecotone,
changes in tree density are commonly observed along altitudinal gradients on mountain
slopes and even on small hills or ridges in relatively flat areas (Payette and Gagnon 1979).
All sampling for PPSArctic sites was done along these altitudinal gradients, much of which used
common protocols for collecting environmental and vegetation data (Hofgaard and Harper 2011;
Hofgaard and Rees 2008).

The significant warming within the forest-tundra ecotone in the past few decades would
be expected to result in increased tree growth, greater densities and allow trees to grow
further north and upslope. However, our results show that treeline response to climate
change varies greatly among sites. Evidence of vegetation change was found at some sites.
For example, establishment of vigorous deciduous shrubs and trees (e.g. Populus balsami-
fera) was found above treeline in the Yukon (Savidge 2010), there was some evidence of tree
island expansion at sites near Churchill (Harper and Albertsen 2010; Mamet and Kershaw
2011) and young larch (Larix laricina) trees are establishing above treeline in Québec
(Dufour-Tremblay et al. 2010). Shrubline (the transition from shrub to non-shrub tundra)
was also found to be advancing in alpine areas of the Yukon due to the expansion of willow
patches and the presence of young willows (Myers-Smith et al. 2011).

However, much of the evidence for recent change was in assessments of reproduction and
growth at individual sites. Radial growth studies at most sites indicated all tree species in the
forest-tundra ecotone across Canada respond to warmer temperatures. Radial growth in larch
has increased over the past few decades in Quebec (Dufour-Tremblay et al. 2010) but there
was no clear evidence for increased radial growth of white spruce (Picea glauca) in the
Mackenzie Delta region (Walker 2011). Growth was positively correlated with temperature
for spruce trees on the Tuktoyaktuk Peninsula (Walker 2011) and Churchill (Mamet and
Kershaw 2011), and for willow shrubs in the Yukon (Myers-Smith 2011). However, the
sensitivity to climate was also strongly affected by the site conditions, especially soil
moisture. For example, in the Yukon the most sensitive climate-growth responses for white
spruce and lodgepole pine (Pinus contorta) were found on dry sites (Miyamoto et al. 2010).
Growth in the Mackenzie Delta region was also responsive to warmth in the current season,
but was negatively correlated to warmth in the previous season which may indicate a
cumulative moisture limitation (Walker 2011). A divergence in the response of white spruce
tree ring chronologies to temperature in the Old Crow Flats, Yukon since the mid-20th
century is also attributed to moisture stress (Porter and Pisaric 2011). This is similar to
results from studies in Alaska where radial growth of spruce tracked increases in temperature
in the first 50 years of the 20th century with the correlations decreasing over the last 50 years
(McGuire et al. 2010; Andreu-Hayles et al. 2011). However, drought did not limit radial
growth of any of the four species in the Mealy Mountains, Labrador due to high precipitation
(Trindale et al. 2011). In Labrador, there is a bioclimatic shifting of the climate-radial growth
relationship of white spruce at roughly 56°75′N resulting in an unusual configuration of tree
line in northern Labrador (Nishimura and Laroque 2011). These patterns of ‘divergence’ in
correlation are hypothesized to be the results of factors other than temperature limiting
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growth of trees near treeline (D’Arrigo et al. 2008; Andreu-Hayles et al. 2011) such as insect
defoliations in Labrador (Trindale et al. 2011).

Although not direct evidence of treeline advance, seedlings and saplings indicate poten-
tial for future increases in tree density within and beyond the forest-tundra ecotone.
Abundant seedlings were found at some treeline sites but were scarce at others despite
extensive searching and evidence of increasing temperatures (Walker et al. 2012; Jameson
unpublished). Change in seedling density over time was only measured at sites in the
Mackenzie Delta region where seedlings that had been measured for growth and reproduc-
tion in the early 1990s were revisited during the PPS Arctic Canada project. There was no
significant increase in white spruce seedling density, production of cones or viable seed, or
germination rate despite the increase in summer and annual temperatures over the past
40 years (Fig. 4) (Walker et al. 2012). However, seed production has increased in some areas
of northern Canada (Brown et al. 2010) including in northern Quebec where an increase in
viable seed production in lichen woodlands over the past 20 years shows that seedling and
sapling density is likely to increase in the forest-tundra ecotone over the coming decades
(Gamache and Payette 2005; Dufour Tremblay and Boudreau 2011).

Establishment patterns from age distributions were determined for a number of sites and
were related to climate, although there was geographic variability. In the Mackenzie Delta
region, establishment was related to cool, moist climatic periods (Walker 2011), while in
Churchill establishment occurred in warmer years (Mamet and Kershaw 2011). If the increase
in temperature in the Mackenzie Delta region results in drier conditions, establishment may be
inhibited. However, with earlier snowmelt and greater snow depth in winter the early growing
season may provide the moisture conditions for seed germination and establishment.

Despite increasing temperature and tree growth within the forest-tundra ecotone, the lack
of seedling establishment at some sites suggests that other factors are limiting treeline
advance, factors which may vary among sites. Various experiments (including transplanting
seedlings), repeated measurements and observations show that conditions are often favour-
able to the growth of seedlings once they have established. For example, planted seeds were
able to germinate, develop and persist for four years in all habitats in the Mealy Mountains
(Munier et al. 2010). Survival of planted seedlings over 15 years in tundra near tree islands
in the Mackenzie Delta region showed the climate and soil conditions are not restricting the
establishment of trees at the northern edge of forest-tundra ecotone (Walker et al. 2012).
However, seedlings planted in tundra near Churchill exhibited signs of severe stress (Mamet
and Kershaw 2011). Therefore, there may be a bottleneck to tree expansion in the forest
tundra ecotone due to limited seed production or seedling mortality. A lack of viable seed
has been hindering recruitment at sites such as the Mealy Mountains, Labrador, in the Yukon
(Brown et al. 2010) and in tree islands in the Mackenzie Delta along with the poor dispersal
of seed from southern areas (Walker et al. 2012). Herbivory is likely one of the factors
affecting seedling establishment. Although almost all pollen grains of conifers were viable in
the Mealy Mountains, <10 % of seeds were viable due to predispersal seed predation by
cone insects (Hermanutz et al., unpublished). At the same site, herbivory accounted for 20–
50 % of the mortality of first year seedlings and the exclusion of herbivores resulted in
increased growth and decreased seedling mortality (Munier et al. 2010). See Supplementary
Materials for further discussion of factors affecting seedling establishment and growth.

3.3 Arctic tundra vegetation

Arctic tundra ecosystems cover ca. 28 % of Canada (Gould et al. 2003; Walker et al. 2005).
Generally, plant size and diversity continues to decline with latitude with important local
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variations due to topographic controls on snow distribution and moisture availability
(Walker 2000). The southern areas of the Low Arctic are dominated by shrubs and there
are many species of deciduous shrubs near the forest-tundra ecotone capable of growing to
heights >1 m, while in the High Arctic there are a few species of prostrate deciduous and
evergreen shrubs and the vegetation is dominated by herbaceous species. The local land-
scape variability controls snow distribution and soil moisture, and hence other soil proper-
ties, which results in a large variety of tundra plant communities. Gould et al. (2003)
delineated 17 different tundra vegetation units in Arctic Canada that could be mapped at
the landscape scale from satellite data which were used in the CAVM (Fig. 1) (Walker et al.

Fig. 4 Proportion of white spruce individuals (a) producing cones in 1993, 1994, and 2009 at tree island sites
on the Tuktoyaktuk Peninsula; and (b) producing low, medium, and high levels of cones in 2009 at sites
through the forest tundra, correlated with distance from treeline. Treeline defined as in Timoney et al. (1992).
Trendline indicates a significant relationship (ρs0−0.742, P00.013). Positive and negative values on the x-
axis indicate north and south of the treeline, respectively. From Walker et al. (2012)
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2005). The strong variation in soil moisture and snow cover imposed by microtopography is
seen in the complex of plant communities at small spatial scales (e.g. Muc et al. 1989;
Walker 2000). Many species of tundra plants have wide ranges of tolerance and are found in
a variety of habitats, and plant communities can have rather subtle differences in composi-
tion (Muc et al. 1989). Occupying a range of habitats has likely resulted in a number of
ecotypes of species, and the responses of each species to environmental change will depend
partly on the ecotype (Bennington et al. 2012).

Tundra systems are known to be restricted by nutrient supply (Chapin et al. 1995), largely
due to the cold permafrost soils that result in poor decomposition and mineralization.
Warming will have direct effects on tundra systems by increasing temperature limited
biological activity, but these will likely be mediated through secondary effects, especially
effects on soil processes involved in nutrient dynamics.

Species responses to environmental change have been followed in experimental studies
throughout the circum-arctic region for >30 years in some sites (Chapin et al. 1995; Henry
and Molau 1997). Phenology and growth are both stimulated by warming with greater
growth response in more southern Arctic sites (Arft et al. 1999); although, there is consid-
erable annual variation, dependent on the date of snow melt (Henry et al., unpublished).
Reproductive effort and success in high Arctic plant species were stimulated by long-term
(12 y) passive warming, with greater seed weight and germination rates, especially in shrub
and graminoid species (Klady et al. 2011). These changes indicate a potential shift in
vegetation composition with warming, although longitudinal studies of seedling establish-
ment and survival would be required to verify changes over time. However, the general
pattern of increased reproductive effort and success in shrubs and graminoids supports the
changes found in long-term assessments of species composition and abundance of tundra
systems (Walker et al. 2006; Elmendorf et al. 2012b).

Long-term and repeated measure studies show there have been responses in tundra
systems to general warming over the past 20–30 years. Increased shrub cover and
height has been found at a number of sites along the southern Low Arctic and in the
forest-tundra (Myers-Smith et al. 2012; Ropars and Boudreau 2012). The changes in
shrub cover in the Canadian Arctic are part of a clear circum-Arctic signal of shrub
responses to climate changes over the past 50 years (Tape et al. 2006; Lantz et al.
2009; Lantz et al. 2010; Elmendorf et al. 2012b; Myers-Smith et al. 2012). The
increase in shrub density is predicted to result in important feedbacks to the atmo-
sphere and to ecosystem structure and processes. The darker and denser canopy will
lower albedo and increase net radiation and lead to greater regional and global
warming (Chapin et al. 2005). The taller shrubs will enhance snow depth and affect
winter soil temperatures, which could result in greater rates of soil processes and
greater nutrient availability (Sturm et al. 2005). The increased dominance of shrubs
will have implications for herbivores, especially species such as caribou who depend
on the mixture of lichens, herbaceous and woody plants.

Research on responses of High Arctic tundra systems to climate variability and change
has been conducted at Alexandra Fiord, Ellesmere Island, Nunavut, an important site in the
ITEX network, since 1980 (Svoboda and Freedman 1994; Henry and Molau 1997). As part
of the IPY research, Hudson and Henry (2009) found changes in permanent plots in a heath
community over the past 15 years were consistent with the predictions from warming
experiments (Walker et al. 2006; Hudson and Henry 2010; Hudson et al. 2011; Elmendorf
et al. 2012a). There had been an increase in the cover of evergreen shrubs and bryophytes
(Fig. 5), although there were no changes in other growth forms and the number of species
remained the same. In a similar study, Hill and Henry (2011) found significant increases in

Climatic Change



biomass of wet sedge tundra over the past 30 years: above ground biomass had increased by
140 % and root biomass was 67 % greater than in the early 1980s. The increased net primary
production was strongly correlated with an increase of 3 °C in average temperature over the
past 40 years (Hill and Henry 2011).

These site-specific results were part of an IPY synthesis of vegetation change throughout
the tundra biome over the past 30 years, using long-term data from permanent plots and from
re-measurement of sites that had been previously assessed throughout the tundra biome
(Elmendorf et al. 2012b). As in the Canadian studies, there was a general increase in height
and abundance of major growth forms, especially shrub species, and a decrease in the
abundance of lichens and bryophytes (Supplementary Materials Fig. 4). While these changes
correlated strongly with the warming across the tundra regions, the greatest changes
occurred in sites that were already warm, such as Low Arctic areas near the forest-tundra
(Elmendorf et al. 2012b).

The changes in the tundra vegetation over the past 30 years were consistent with the
results from warming experiments (Walker et al. 2006; Elmendorf et al. 2012a). The
experiments also showed significant changes in plant biodiversity, with increases in abun-
dance of shrubs and graminoids and decreases in mosses and lichens (Supplementary
Materials Fig. 5).

4 Soils and belowground processes

During the IPY, studies were conducted on the spatial variability of soil properties and
processes, especially as related to the production and emission of greenhouse gases (CO2,
CH4 and NO2). In this section, we review the results of studies conducted on soils in a
number of Canadian tundra sites in the and at Toolik Lake, Alaska.

The permafrost soils of the northern terrestrial regions of Canada contain ca. 40 % of the
soil carbon of the country (Tarnocai 1999). Tarnocai et al. (2009) calculated that permafrost
soils in the Northern Hemisphere contain 50 % of the soil carbon of the planet, double that of

Fig. 5 Changes in biomass of functional groups in permanent plots in tundra heath vegetation at Alexandra
Fiord, Ellesmere Island. From Hudson and Henry (2009)
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previous estimates. Much of the carbon is frozen in the permafrost, which is found under
nearly 50 % of the soils in Canada. Hence, melting permafrost will lead to greater avail-
ability of soil carbon for oxidation by soil microbes, and could become an important extra
source of CO2 and CH4 to the atmosphere (Schuur et al. 2008).

4.1 Nitrogen fixation

The warmer climate could also result in more productive ecosystems, with nutrient availability
increased because of greater decomposition and mineralization (Rolph 2003; Schimel et al.
2004). Nitrogen fixation will also be affected, and studies at high and low Arctic sites showed
that nitrogen inputs from N-fixation was nearly twice that through precipitation at a Low Arctic
site and was highest in wet sedge communities with abundant bryophytes (Stewart et al. 2011a).
Previous studies at a high Arctic site showed that experimental warming had a positive effect on
N-fixation and altered the microbial community structure and genotype richness of both nosZ
and nifH (Deslippe et al. 2005; Walker et al. 2008). However, the differences in soil processes
such as N-fixation and microbial structure and genotype frequency were much greater between
plant communities than the effect of experimental warming in any single community. Similarly,
Stewart et al (2011b) found that N-fixation in a low Arctic birch hummock community was not
strongly related to the abundance of nifH over the season in either hummock or hollow locations,
suggesting that nutrient availability, especially P was a greater limitation to N-fixation than the
abundance of N-fixing microorganisms. Microtopographic controls on moisture supply also
strongly affect the rate of N-fixation, with rates in hollows 15x higher than on hummocks
(Stewart et al. 2011b). A comprehensive survey of factors affecting N-fixation across Arctic
environments showed that water availability as it affected the abundance of bryophytes was an
important control on fixation rates in tundra systems (Stewart et al. 2011c). The supply of N
through fixation, while relatively low compared to cycling processes in the soil, may limit the
development of vegetation in areas such as polar deserts despite a warming climate.

4.2 Belowground responses to experimental manipulations

In an assessment of the effects of factorial combinations of warming and fertilization of a
high Arctic shrub heath, Lamb et al. (2011) found essentially no effect on soil microbial
diversity. The treatments increased plant cover and height, but had little effect on the
abundance of important nitrogen cycling genes or emissions of CO2, CH4 or N2O. The
resistance of this soil system to change is curious, but the lack of shift in microbial diversity
in response to treatments supports the lack of significant difference in diversity among soils
at the global level (Chu et al. 2010) (Supplemental Material Fig. 6).

In contrast to the High Arctic site, Deslippe and Simard (2011) found changes in the
structure of soil fungal and bacterial communities in organic and mineral soil horizons in plots
warmed by greenhouses for 18 years and in control plots at the Arctic Long-term Ecological
Research site at Toolik Lake, Alaska. They found that microbial communities were temporally
stable, but strongly structured by warming. Warming led to a reduction in the diversity of
bacteria and an increase in the diversity of fungi. Reductions in the diversity of bacteria
occurred most strongly in the organic soils, where temperature change was greatest, and were
associated with a significant increase in the dominance of the Actinobacteria and a significant
reduction in the Proteobacteria. The increase in fungal diversity with warming was driven by
the important ectomycorrhizal fungi Russula spp., Cortinarius spp., and members of the
Helotiales suggesting that increased growth of the shrub Betula nana was an important
mechanism driving this change (Deslippe and Simard 2011).
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4.3 Mycorrhizal associations and the expansion of shrub and tree species

Many tundra plant species form symbiotic associations with mycorrhizal fungi, especially
shrub species (Kohn and Stasovski 1990; Deslippe et al. 2011). These associations are
known to increase the ability of plants to access water and nutrients, and are expected to
respond to climate change (Agerer 2006; Deslippe et al. 2011) and hence, will affect the
composition and abundance of plants. This could be especially true for deciduous shrub
species and could help to explain the current increase in shrub cover found in many Arctic
regions (Deslippe et al. 2011; Myers-Smith et al. 2011; Elmendorf et al. 2012b).

Deslippe et al. (2011) examined the ectomycorrhizal community of the deciduous
shrub Betula nana in experimental plots at Toolik Lake. The plots had received factorial
combinations of warming and fertilization for >20 years and B. nana had responded
strongly to the treatments, and had increased in abundance in the control plots (Chapin
et al. 1995). Warming caused an increase in the diversity of the ectomycorrhizal
community, whereas fertilization decreased the diversity (Fig. 6). Warming also caused

Fig. 6 Proportion of clones affiliated with ectomycorrhizal fungal families in clone libraries constructed from
Betula nana root tips from the four treatments at the Arctic LTER site, Toolik Lake, Alaska. Significant
treatment effects, relative to the control are denoted by symbols as follows: *P<0.05, ***P<0.001. From
Deslippe et al. (2011)

Climatic Change



a shift to species with greater biomass, and potential to access a greater soil volume. In
a related study, Deslippe and Simard (2011) found that there was considerable carbon
transport between B. nana plants through their ectomycorrhizal networks. None of the
other species investigated showed this ability. Hence, expansion of deciduous shrubs
such as B. nana in the warming climate will likely be enhanced by the shift to larger
mycorrhizal networks and the ability to transport carbon from older plants to newly
established individuals (Deslippe and Simard 2011; Deslippe et al. 2011).

The ability of conifer species to form ectomycorrhizal associations is expected to
influence their ability to grow in areas above or beyond the current tree limit. In an
examination of mycorrhizal associations in the forest tundra of the Mealy Mountains,
Labrador, conifer seedling growth was correlated to the amount of ectomycorrhizal
colonization and availability of soil nutrients (Reithmeier 2011). Seedlings were found
to have greater ectomycorrhizal colonization and growth when grown in soils that had
supported species of Salix than in Arctostaphylos or Betula soils, although the richness
and diversity of ectomycorrhizae were not significantly different (Reithmeier 2011).
Alternate host plants above the current treeline, such as Salix spp., could potentially
facilitate ectomycorrhizal colonization and establishment of trees expanding into higher
elevations or northern habitats through their existing networks of colonized roots and
mycelia (Reithmeier 2011).

5 Carbon fluxes in tundra ecosystems: measurements and modelling

The exchange of radiatively active gases (i.e., greenhouse gases, GHGs) between ecosys-
tems and the atmosphere is fundamentally important to the state of the climate system. Two
GHGs of critical concern are carbon dioxide (CO2) and methane (CH4), both of which are
regulated by complex biophysical processes. Understanding the magnitude and direction of
the exchange of these gases and how they might vary in response to climatic change is a
major scientific challenge and is increasingly important as these systems respond to global
warming. In Arctic tundra regions these challenges are complicated because of several
factors. The large expanse of circumpolar tundra and great variety of vegetation communi-
ties suggest that the response of GHGs to climate change will be complex. Large changes in
climate (temperature and precipitation) are expected throughout the Arctic, but magnitude of
these changes will vary regionally. The large store of carbon in permafrost soils of northern
ecosystems shows that they have been sinks for atmospheric CO2 for long periods of time,
and likely throughout the Holocene for many areas (Tarnocai et al. 2009). It is unclear
whether these systems will continue to be sinks or will become sources as the soils warm and
microbial activity increases the oxidation of the buried carbon. Finally, the response of
permafrost will have both positive and negative impacts on GHG exchanges (Schuur et al.
2008).

This heterogeneity adds further complexity to characterizing GHG fluxes in tundra
environments and is responsible for widely varying fluxes in a given area (Oechel et al.
2000; Heikkinen et al. 2004). Moisture is an important control on the CO2 and CH4

exchanges both temporally and spatially. Temporally, drying tends to decrease both CH4

emissions and net ecosystem production (NEP 0 the difference between gross ecosystem
production (GEP) and ecosystem respiration (ER)) at a given site (Griffis et al. 2000; Olivas
et al. 2010). Spatially, fluxes vary along moisture gradients, but in part this variation can be
attributed to vegetation changes along the moisture gradient (Welker et al. 2004; Oberbauer
et al. 2007). Increases in temperature generally enhance CH4 emissions. Temperature effects
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on NEP are more complex because increased temperature can increase both GEP and ER
and the overall effect on NEP may therefore vary between sites as physiological responses
vary among species; hence, different ecosystems will respond differently. This underscores
the varying results from experimental manipulations at tundra sites.

Experimental warming of tundra increases gross primary productivity (GPP) and ecosys-
tem respiration (ER) in most studies (Oberbauer et al. 2007; Edwards 2012). However,
increases in ER were generally greater than those of GPP at drier sites, where below-ground
ER was stimulated by soil warming. In wetter sites, below-ground ER was limited by poor
aeration. Thus, experimental warming reduced NEP of moist tussock tundra but increased
that of wet sedge tundra in Alaska (Oberbauer et al. 2007). However, in the Canadian High
Arctic warming increased NEP of dry and mesic sites, while reducing that of a wet site
(Welker et al. 2004). Warming effects on NEP are therefore likely to depend on initial site
conditions and the interactions among site conditions, landscape hydrology and climate
(Shaver et al. 2000).

Temperature and precipitation have strong influences on the exchanges of CO2 and CH4

at all scales, and they are focus of climate change impacts on carbon cycle feedbacks in the
Arctic. The predicted increases in both temperature and precipitation will impact the
magnitudes and directions of the fluxes (ACIA 2005). Predicting these impacts is a crucial
task for ecosystem models. These models must be sufficiently advanced to simulate the soil
and plant processes responsible for GHG exchanges and at the same time be able to operate
over long time scales and large spatial areas. Scenarios of future climates are derived from
global climate model projections and the ecosystem models run with these conditions to
predict future fluxes of CO2 and CH4. While there may be considerable uncertainty
surrounding these predictions, because of uncertainty in the climate predictions and model
complexity and assumptions, confidence in the predictions is derived from comparisons of
model output based on current climate and vegetation conditions with fluxes measured on
the tundra. This process is also important because the coupling of measurements and models
helps us to understand where models may need improvement. (See Supplementary Materials
for a short history of carbon flux research the Canadian Arctic).

During 2008, as part of the CiCAT IPYproject, fluxes of CO2 and CH4 were measured over a
wide variety of tundra in the Canadian Arctic (Fig. 1; see Lafleur et al. (2012) for site details). We
undertook studies of the carbon flux over eight tundra sites from near treeline to the High Arctic
and a range of tundra types fromwet sedge meadow to high Arctic polar semi-desert. Both tower-
based eddy covariance and chambers methods were used. Although specific projects had their
own goals, the overall objectives were to assess the exchange of greenhouse gases (mainly CO2

and CH4, but also other gases) between Arctic terrestrial environments and the atmosphere, and
determine the importance of these exchanges for global warming and their sensitivity to climate
change. In this section, we summarize the results of the measurements made during the IPY, and
include results from modeling of these fluxes using an ecosystem model.

6 Results and discussion

Complete records of whole ecosystem flux of CO2 were only available for the month of July,
but clearly showed that all sites indicate a diurnal amplitude in NEP and were net sinks for CO2

(positive NEP) during this period (Fig. 7). There was a clear distinction between low- and high-
Arctic tundra sites, with the relatively unproductive high Arctic sites (HZ, CB, PI, IQ) having
smaller diurnal amplitudes and significantly lower NEP. The latitudinal gradient is not strictly
followed, for example Iqaluit (IQ) is at similar latitude to the Daring Lake (DL) sites, but its
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NEP ismore similar to the high-Arctic sites. Iqaluit is located on the coast of Frobisher Bay and its
proximity to the Arctic Ocean results in mean July temperature that is 6 °C below that at DL,
consequently the site contains only about half the biomass of DL. In addition, the highest latitude
site (Lake Hazen, HZ) did not have the smallest monthly NEP. Twenty four hourday length and
fair weather contributed to greater NEP than at either Pond Inlet (PI) or Cape Bounty (CB).

The only sites with multiple-year records were the mixed upland tundra (DL_m) and
sedge fen (DL_f) at Daring Lake, NT. Although both sites display considerable interannual
variability in growing season NEP, variation is somewhat larger at the wet fen site
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Fig. 7 a Diurnal variation in net ecosystem production (NEP) at seven tundra sites in the Canadian Arctic
(Churchill, CH; Daring Lake wet fen, DL_f; Daring Lake mixed upland, DL_m; Iqaluit, IQ; Pond Inlet, PI;
Cape Bounty, CB; Lake Hazen, HZ). b Total NEP during July 2008 for sites in panel (a) displayed as a
function of latitude in degrees North. See Fig. 1 for locations. From Lafleur et al. (2012)
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(Supplementary Materials Fig. 7). It has been previously shown that this interannual
variation is related to growing season maximum GEP (Humphreys and Lafleur 2011).

Periodic observations of carbon fluxes were conducted with chamber systems in a
number of different experiments during IPY. These experiments are of great value because
they can isolate individual species or communities and highlight the spatial variation in CO2

and other greenhouse gas fluxes from tundra. See Supplementary Materials for further
information on measurements of CO2 and CH4 fluxes from chamber systems.

To date, the only detailed modelling study of tundra biophysical processes and GHG
exchange on Canadian Arctic tundra was undertaken by Grant et al. (2011). The ecosys
model (Grant 2001) was used to simulate current and future CO2 exchanges at the Daring
Lake mixed tundra site. Simulations of current NEP had high correspondence with the fluxes
measured from the eddy covariance system and was used to test three hypotheses: (i) annual
net primary production (NPP) and heterotrophic respiration (ER) both increase in warmer
years with longer growing seasons and are lower in cooler years with shorter growing
seasons; (ii) interannual variability in NPP is larger than that in ER and causes NEP to rise in
warmer years and to decline in cooler years; (iii) mid-summer warming events (e.g., Ta>20 °
C) increase ER more than NPP and thereby briefly lower NEP. Changes in NPP and ER
arising from these hypotheses supported two further hypothesis based on model projections
of NEP under a climate change scenario. First, NPP, ER and their interannual variability
increased with warming during the first 100 years of climate change, causing increases in

a

b

c

Fig. 8 a Heterotrophic respiration (Rh 0 ER), net primary productivity (NPP), (b) net ecosystem productivity
(NEP) and its running average, and (c) ecosystem C modelled during a continuous 150-year model run under
repeating sequences of weather data recorded at Daring Lake from 01 Jan. 2004 to 31 Dec. 2007. These
weather data were altered hourly during model years 2008 to 2157 according to climate change predicted by
the Canadian Regional Circulation Model (CRCM) v4.2 grid cell within which the Daring Lake site is located.
From Grant et al. (2011)

Climatic Change



NEP and its interannual variability (Fig. 8). These greater increases in NPP were largely
driven by more N mineralization with greater ER in warming soil. Second, increases in ER
gradually exceeded those in NPP after more than 100 years of climate change as mid-season
warming events became more frequent and intense, causing NEP to decline.

This modelling study raises important implications for climate change. The CO2 sink
strength of this tundra type increases with future warming; however, the process is limited in
time. The model showed this tundra type will begin to add to the atmospheric CO2 burden
approximately a century from the present. Although these results pertain to only one site, they
underscore the need for continued measurements and modelling of other types of Arctic tundra.

7 Summary and synthesis

The vast northern terrestrial ecosystems in Canada provide vital services to local communities
including habitats for wildlife and catchments for drinking water, and at the regional and global
scales act as regulators for biogeochemical cycling and climate. The studies of these systems
during the IPY have shown they are changing, and that changes are in response to the changing
climate. However, there is considerable variability in the responses, as would be expected given
the enormous variation in ecosystems across the Canadian North. Northern residents, especially
Inuit and First Nation people, have an intimate knowledge of the changes and have shown how
their ecological knowledge (e.g. IQ) provides the necessary context for understanding the changes
in the ecosystems which affect them directly. Their observations of changing phenology of
species and the timing of events in the physical environment, changes in vegetation composition
and abundance and other environmental components have greatly contributed to the understand-
ing of the variability in the responses of these systems. The combination of local knowledge and
scientific study in the berry shrub projects and plant workshops in Arctic communities has given
high school students the opportunity to learn how the ecological knowledge of their elders can be
combined with standard scientific approaches, which will hopefully inspire some of them to
pursue a scientific career. This would be a great legacy of the IPY.

In our studies during the IPY, there were three other major interrelated efforts: to assess the
changes or potential changes in vegetation and the processes involved in response to climate
change; to better understand the effects of environmental change on the soil processes that will
affect how these ecosystems respond; and to measure and model the carbon fluxes in tundra
ecosystems. In all of the projects, an overarching goal was to provide both the context for and
predictions of the changes in these systems. We found important shifts in vegetation at the
regional scale indicating an increase in plant growth (NDVI) over time and a decrease in lichen
cover in the forest tundra in the central Arctic, likely as a result of increased fire frequency.
These changes could impact the caribou populations that depend on lichen cover for winter
forage. Both of these results fit expected responses in a warming climate, and show the variation
in response to climate change. The changes in vegetation will depend on the responses of
individual species to warming temperatures, altered precipitation regimes and changes in
disturbance, such as fire and insect damage, but also industrial activities. In the forest-tundra
regions there have been increases in tree growth and reproductive variables over the past few
decades, but no clear widespread increase in tree cover or recruitment. Tree islands are unlikely
to become important nodes of tree expansion due to lack of seedling establishment and
relatively poor seed production (Walker et al. 2012). Areas with adequate moisture for both
seed production and seedling establishment will likely see increases in tree density in the
coming decades (Brown et al. 2010). This process will be delayed in areas with dry soils or
where precipitation decreases or becomes more variable, and there may be areas of degradation
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in forest cover with increased fire frequency (Brown and Johnstone 2012; Chen et al. 2012a)
and the potential for greater disturbance by insect pests as their ranges expand northward.

Changes in shrub cover in forest-tundra and tundra regions is thought to be one of the
most important effects of climate change in these northern systems because of the potentially
strong feedbacks to climate through changes in albedo (Chapin et al. 2005) and influences
on other ecosystem processes (Myers-Smith et al. 2011). Increases in NDVI in these regions
is often related to the greater growth and cover of shrubs (Olthof et al. 2008; Bhatt et al.
2010; Forbes et al. 2010; Macias-Fauria et al. 2012). Our results indicated that there has been
an increase in shrub cover and height in some forest tundra and tundra areas (Myers-Smith et
al. 2011; Elmendorf et al. 2012b), similar to results found in experimental warming studies
(Walker et al. 2006; Elmendorf et al. 2012a). In order to maintain higher rates of growth in
the warming climate, shrubs need to increase access to soil nutrients. Our studies showed
that warming can cause shifts in ectomycorrhizal associations with deciduous shrubs to
fungal species that have greater biomass, which may increase the volume of soil available
for uptake of water and nutrients (Deslippe et al. 2011). The mycorrhizal networks linked to
some shrub species (e.g. Betula nana) also allows transfer of carbon between individual
shrubs, which likely contributes to the shrub growth. These mechanisms combined with the
increased winter soil temperature due to the deeper snow pack in shrub patches (Sturm et al.
2005) and the resulting increase in rates of decomposition and mineralization, could help
explain the continued increase in shrub cover in some regions.

While most studies found increases in growth and reproduction of species (e.g. Klady et al.
2011) and in species abundance (Hudson and Henry 2009; Hill and Henry 2011; Elmendorf et al.
2012a, b), there were tundra ecosystems that showed resistance to experimental warming, both in
the plant community (Hudson and Henry 2010) and the soil (Lamb et al. 2011). This resistance to
warming is attributed, in part, to the initial conditions of the system, where dominant species are
relatively unresponsive to the change perhaps until a higher threshold is crossed.

We found that some soil processes were responsive to climate and experimental warming
while others were insensitive. Nitrogen fixation rates were strongly related to moisture con-
ditions that promoted bryophytes or biological crust development at the regional and micro-
topographic scales (Stewart et al. 2011b, c). Nitrogen input from N-fixation is important in
tundra systems, as it is more than double the amount from deposition (Stewart et al. 2011a). Soil
microbial diversity in tundra soils was found to be essentially the same as in soils in other
biomes (Chu et al. 2010) and did not change in response to long-term warming and fertilization
in a high Arctic study (Lamb et al. 2011). However, microbial diversity, especially fungal
diversity, did show responses to long-termwarming in a lowArctic shrub tundra (Deslippe et al.
2012). Changes in the microbial diversity and abundance will affect soil processes linked to
nutrient dynamics and affect the changes in other ecosystem components, especially vegetation.

Tundra soils contain an enormous amount of carbon, much of it currently frozen in
permafrost (Tarnocai et al. 2009). Warming soils tended to increase the emission of CO2 and
CH4 especially in wet tundra (Hayne 2009; Edwards 2012). However, our studies were not
designed to determine the source or age of the carbon emitted from the soils. Our measurements
of net ecosystem production (NEP) at eight sites across the Canadian Arctic showed they were
sinks for carbon during the warmest summer month, and continued measurements at most sites
will help determine their source-sink state over a year and among years (Lafleur et al. 2012). At
the one site that has multiple years of measurements, factors controlling gross ecosystem
production (e.g. photosynthesis) are important in determining the NEP of tundra systems.

Our research during the IPY included the first modelling study of Canadian tundra (Grant
et al. 2011). The modelling, based on data from a low Arctic shrub tundra site and standard
climate change scenarios, indicated that internannual variability in both NPP and ER would
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increase with climate warming over the coming century, but NEP would remain positive.
Under continued warming, after about 100 years ER would increase more than NPP and this
type of tundra would become a carbon source. This single modelling study should be the
beginning of a long-term effort to include all of the major northern terrestrial systems in
Canada in the model in order to provide a comprehensive set of predictions for how they will
respond to the changing climate, and to improve the model.

8 Conclusions

Canada’s northern terrestrial ecosystems are in a state of transition as they respond to the
changing climate and environment. Vegetation changes detected at regional scales were gener-
ally supported by observations and experimental studies across the northern boreal forest and
into the Arctic, although variation in response in space and time was found in nearly all studies.
Important soil processes, including N-fixation and mycorrhizal associations, were found to
respond to experimental conditions simulating climate change and to environmental changes
in space at various scales. Microbial diversity in the soils, however, was found to be resistant to
the environmental changes imposed by experiments or across landscapes, and was similar to
diversity in other biomes. At present, the northern terrestrial systems in Canada we measured are
sinks for atmospheric CO2, but have the potential to become important sources because of the
huge stores of carbon in the soils. However, modelling of the carbon dynamics of a low Arctic
tundra site indicates that the sink status of this tundra type will likely continue for the next
century. Our studies during the IPY provide both a baseline for future research and monitoring
and, hopefully an impetus for new research questions on the structure and function of northern
terrestrial ecosystems. The combination of local knowledge and scientific studies was highly
successful in our IPY projects, and is one of the strongest legacies. Our success was also in the
large number of students and other researchers who were trained in northern terrestrial research
and who will form the next generation of northern researchers and managers in Canada.
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