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Abstract Understanding the responses of tundra systems
to global change has global implications. Most tundra
regions lack sustained environmental monitoring and one
of the only ways to document multi-decadal change is to
resample historic research sites. The International Polar
Year (IPY) provided a unique opportunity for such research
through the Back to the Future (BTF) project (IPY project
#512). This article synthesizes the results from 13 papers
within this Ambio Special Issue. Abiotic changes include
glacial recession in the Altai Mountains, Russia; increased
snow depth and hardness, permafrost warming, and
increased growing season length in sub-arctic Sweden;
drying of ponds in Greenland; increased nutrient avail-
ability in Alaskan tundra ponds, and warming at most
locations studied. Biotic changes ranged from relatively
minor plant community change at two sites in Greenland to
moderate change in the Yukon, and to dramatic increases
in shrub and tree density on Herschel Island, and in sub-
arctic Sweden. The population of geese tripled at one site
in northeast Greenland where biomass in non-grazed plots
doubled. A model parameterized using results from a BTF
study forecasts substantial declines in all snowbeds and
increases in shrub tundra on Niwot Ridge, Colorado over
the next century. In general, results support and provide
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improved capacities for validating experimental manipu-
lation, remote sensing, and modeling studies.

Keywords IPY - Glaciers - Permafrost -
Snow stratigraphy - Tundra vegetation -
Limnology - Shrubs - Treeline

INTRODUCTION

Climate change over the past half century has been both
dramatic and amplified in the Arctic (Callaghan et al. 2005;
IPCC 2007; Kaufman et al. 2009). Polar and alpine envi-
ronments appear to be changing rapidly due to increases in
temperature, as well as other factors such as altered
hydrology (Smith et al. 2005), and land use (Kumpula et al.
2011). The impacts on ecosystems and their function have
potential consequences for local residents (Chapin et al.
2005a) and the global community (Chapin et al. 2005b;
Walter et al. 2007; Schuur et al. 2008). Tundra areas are
vast and diverse, however, and the knowledge of geo-
graphical variation in environmental and ecosystem chan-
ges is limited to relatively few locations such as flagship
observatories (Shaver et al. 2004; NRC 2006), or to remote
sensing approaches that integrate a variety of different
ecosystem properties to single indices (Stow et al. 2004),
and is limited to mostly just the past few decades (e.g.,
Bhatt et al. 2010). Given the implications of change, the
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paucity of observations in tundra ecosystems (Callaghan
et al. 2005) relative to other regions on the globe, and the
dramatic and rapid nature of observed changes in some
locations (e.g., ACIA 2005; Hinzman et al. 2005; Johans-
son et al. 2006; Post et al. 2009; Bhatt et al. 2010; Forbes
et al. 2010), there is an urgent need to further assess the
type and extent of current and future change in tundra
regions. The International Polar Year (IPY) provided a
context, stimulus and timely opportunity for rescuing and
re-visiting old research sites and data sets to collate data on
past changes, to pass knowledge from old to new genera-
tions of researchers, and to document the dynamics of
change to facilitate detection and attribution of future
changes. Consequently, the project “Retrospective and
Prospective Vegetation Change in the Polar Regions: Back
to the Future (BTF)” was proposed and endorsed as an IPY
activity (IPY project #512). The aims of the BTF Project
were (Callaghan et al. 2011a [this issue]):

1. To assess multi-decadal past changes in the structure
and function of polar terrestrial and freshwater
ecosystems and environments in relation to diverse
drivers of change

2. To assess the current status of polar ecosystems and
their biodiversity

3. To permanently record precise locations of old sites in
order to perpetuate platforms for (a) the assessment of
future changes in polar ecosystems and their environ-
ments and (b) sampling for polar research and
assessment programmes.

With national funding support, teams of researchers re-
visited former sites and data sets throughout the Arctic and
several alpine regions. These efforts have amounted to a
gamut of “BTF” studies that are collectively geographi-
cally expansive and disciplinarily diverse. A selection of
these studies are introduced and presented in the current
Special Issue (Callaghan and Tweedie 2011 [this issue]). In
this paper, we focus on aim 1 (see above), to present and
discuss the geographic and disciplinary variability in
environmental and ecosystem changes observed at widely
distributed locations in the Arctic and at two alpine loca-
tions. Because change, or lack of change, is estimated from
site re-visits or retrieval of data, the essence of aim 2 above
(“To assess the current status of polar [and alpine envi-
ronments and] ecosystems and their biodiversity”) is
implicit throughout. The site re-visits and retrieval of old
data have ensured that old study locations have been
recorded with modern global positioning systems (GPS)
and that data sets are stored (within papers, as on-line
material in this Special Issue, or in national data reposi-
tories), thereby fulfilling aim 3 above.

Within the time frame of the fourth IPY (2007-2009),
the BTF study could not be comprehensive in time or
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space. Instead, snapshots in time are presented in cases
where continuous data sets are missing, and the geo-
graphical coverage can be viewed as case studies that could
be used for establishing baselines for future change
detection, hypotheses of future change, and/or directing
future monitoring effort. In areas without extensive and
sustained long term monitoring, BTF studies represent one
of the only options by which change over multi-decadal
time scales can be attained for many tundra regions. This
Special Issue begins to collate information from BTF
studies and presents 13 papers that assess multi-decadal
change and variability in the biophysical environment of
northern tundra ecosystems. This synthesis pays particular
attention to vegetation, focusing particularly on produc-
tivity trends and changes in plant species richness and
community structure. Because some plant communities
have not changed substantially, yet show early signs of
change, we also discuss communities in transition and refer
to a study that models community change based on prob-
abilities of transitions between communities. Figure 1
highlights the broad geographic coverage and disciplinary
breadth of BTF studies as well as key findings from pub-
lished papers, papers from this Special Issue, and others
that are in preparation. Following conclusions from the
study, we outline the legacy from BTF, which was a pre-
requisite of IPY endorsed projects (Krupnik et al. 2011).

MULTI-DECADAL VARIATION IN THE ABIOTIC
ENVIRONMENT

Case studies from the Altai Mountains of southern Siberia
and the Swedish sub-Arctic show considerable changes in
the cryosphere (glaciers, snow, and lake ice) over the past 3
to 6 decades. These findings are in line with a pan-Arctic
assessment of the changing cryosphere (SWIPA 2011).
Long-term observations from the Altai Mountains, where
about 1,030 glaciers with a total area of 805 km? and
volume of 42.5 km® were recorded prior to 1978, have
been up-dated and made available in this volume. Between
1952 and 2008, glacier area decreased by 9-27%, and
volume by 12-24%. As a result of glacier degradation, the
total number of glaciers decreased to 953 with an area of
724 km? and volume of 38 km®> (Narozhniy and Zemtsov
2011 [this issue]). During this period, the average summer
air temperature increased by between about 0.2 to 1.1°C
and annual precipitation increased by 8-10%.

In the Swedish sub-Arctic, snow depth measurements at
one location showed a gradual increase over the twentieth
century (Kohler et al. 2006) but an accelerating decrease
since the mid 1980s (Callaghan et al. 2010). In the present
Special Issue, analysis of repeat photography spanning
30 years (1978-2007) by Andrews et al. (2011, this issue)
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has extended snow measurements from one location to the
landscape level in a mountain area. Low and high elevation
snow cover were reduced by 5.1 and 3.1 weeks, respec-
tively, and there was a general rate of decline at high
elevations of 0.1 week year ' between 1978 and 2007. At
lower altitudes, the on-set date of snow cover was found to
be more or less stable for the period, whereas the spring
snow thaw was found to be occurring significantly earlier
at a rate of 0.12 week year™' (Andrews et al. 2011 [this
issue]). Over the period 1978-2008, simple linear regres-
sion analysis showed that annual mean temperatures
increased by 2.06°C at a rate of 0.07 (SE = 0.01)
°C yearfl. Also in the Swedish sub-Arctic, C. Johansson
et al. (2011 [this issue]) document changes in snow prop-
erties such as grain size throughout the vertical snow
profile that indicate weather conditions during the winter
such as extreme warming events and brief snow melt. This
unique record of snow stratigraphy over a 50 year period
(1961-2009) also shows a significant increase in very hard
snow layers with harder snow in early winter and more
moist snow in spring. These changes are coupled with a
striking increase in very hard snow layers at the ground
level between 1961 and 2009—probably in response to
more warming events in winter rather than general
increases in winter temperatures (C. Johansson et al. 2011
[this issue]). These hard snow layers have major implica-
tions for plants (Bokhorst et al. 2009) and animals (e.g.,
Kausrud et al. 2008).

Monitoring of permafrost has been ongoing since 1978
in the Abisko area, northernmost Sweden. Measurements
of active layer depth at nine lowland mires showed
increased active layer thickness at all sites and disappear-
ance of permafrost at three sites (Akerman and Johansson
2008). In 1980, boreholes were drilled in three mires to
record permafrost temperatures. During the IPY “Back to
the Future” and “Thermal State of Permafrost” projects,
new boreholes were drilled that enabled year-round tem-
perature monitoring (M. Johansson et al. 2011 [this issue]).
Mean annual ground temperatures in the mires are now
close to 0°C, ranging from —0.16 to —0.47°C at 5 m depth.
Ground temperature in the upper and lower permafrost
profiles increased 0.4 to 1°C between 1980 and 2002. At
one of the mires, permafrost thickness decreased from
15 m in 1980 to ca. 9 m in 2009, with an accelerating
thawing trend during the last decade.

Lake ice covering the large Tornetrdsk in the Swedish
sub-Arctic has decreased in duration by a substantial
40 days over the 20th and 21st centuries with accelerating
losses since the mid 1980s (Callaghan et al. 2010). Within
the “Back to the Future” project, the long-term manual
observations have been augmented by analysis of repeat
photography over the period 1978-2008 (see Andrews
et al. 2011 [this issue]). Between 1978 and 2007, the winter
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freeze of Lake Tornetrdsk was found to be occurring
significantly later in the year by 0.20 week year '.
Regression estimates show lake freeze-up to be occurring
5.8 weeks later by the end of this period, during week 2
(15-22 January) in 2007, compared with week 48 (26
November-02 December) in 1978. The on-set of lake-
freeze and the average temperatures in November and
December were found to be significantly correlated. These
correlations suggest that lake freeze could be delayed by
0.55 weeks and 0.49 weeks for every 1°C increase in
November and December average temperatures, respec-
tively. April, May, and June temperatures were all found to
be significantly correlated with the first date of ‘ice free’
water, suggesting earlier melts of 0.46, 0.49, and
0.61 weeks for every 1°C rise in respective average
temperature.

Assessments of climate change impacts in the Arctic
emphasize the importance of hydrological changes for
ecology, biogeochemical cycling, land use, and water
resources (e.g., ACIA 2005; Hinzman et al. 2005; IPCC
2007; SWIPA 2011). However, changes in soil moisture
throughout the Arctic are variable, with some areas expe-
riencing the drying of ponds and/or loss of standing surface
water in Alaska (Hinzman et al. 2005), Siberia (Smith et al.
2005), and Canada (Smol and Douglas 2007; Bhatt et al.
2010) and others experiencing water logging and pond
formation such as in sub-Arctic Sweden (Johansson et al.
2006). Within the BTF Project, photographic evidence
resulting from site re-visits has also shown drying of a
pond in Central mid-West Greenland between 1970 and
2009 (Callaghan et al. 2011b [this issue]). Repeated sam-
pling and vegetation mapping of a shallow pond in South-
east Greenland has shown a similar trend over approxi-
mately the past 100 years with conspicuous vegetation
changes (Daniéls and de Molenaar 2011 [this issue]). These
changes suggest increased evaporation/precipitation ratios
associated with environmental warming and possibly
decreasing snow accumulation in winter (Daniéls and de
Molenaar 2011 [this issue]). In Alaska, re-visits to Inter-
national Biological Programme (1970s) study sites near
Barrow were made by Lougheed et al. (2011 [this issue]).
The Barrow IBP tundra ponds represent one of the very
few locations in the Arctic where changes in freshwater
ecosystem structure and function have been documented
over a period of four decades. The BTF project at Barrow
showed significant changes in the physical, chemical and
biological characteristics of these ponds over time due to
the rapid climate changes that have occurred in northern
Alaska. These changes include increased water tempera-
tures, increased water column nutrient concentrations, the
presence of at least one new chironomid species, and
increased macrophyte cover. However, significant annual
variation in many measured variables was observed and
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Fig. 1 Environmental and ecosystem change in tundra regions: the Inter-
national Polar Year Back to the Future Project. Blue box this issue, red box
published studies, orange box in preparation studies. See text for details. The
map shows changes in NDVI between 1982 and 2008. This map and figure ¢
have been reproduced from Bhatt et al. (2010)
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¢ 1964-10: Plant community change.

(h).

Lin et al. (multiple sites)

+1948-08: Land cover change in Matveyeva.

Beringia. (g). *1970-10: Minor vegetation

g change despite large change in
= landscape topography.

Van Bogaert et al. 2010,

2011

¢ 1912-09: Treeline locally
advanced, descended or
remained static. (j).
Aspen invasion at treeline.

Narozhniy and Zemtsov

e 1952-08: Warming, increased
precipitation, decreased
glacial extent and volume. (i).

Hedenads et al.
¢ 1980’s-09: Minor change in
meadow species composition.

Andrews et al.

* 1978-07: Warming, earlier
lake and snow melt and
budburst, decreased winter
snow and ice cover.

Hedenads et al.

* 1997-10: Increased tree
biomass, decreased snow
bed vegetation cover.

C. Johansson et al.

¢ 1961-09: Increased snow
hardness.

M. Johansson et al.

¢ 1978-09: Increased
permafrost temperature,
decreased permafrost
1 2 5 10 15 20 25 thickness.

. Rundgquvist et al.
- MaX|mum NDVI ¢ 1976-10: Increased shrub

e, 1982_2008) and tree cover. (k). 2009 (k)

@ Springer



710

AMBIO (2011) 40:705-716

this variation must be taken into account when attempting
to make statements about long-term change.

MULTI-DECADAL VARIATION IN ARCTIC
VEGETATION

Landscape, Plant Community, and Productivity
Change

Changes in plant communities specifically related to
climate change date back to at least the late 1950s when
shrub expansion was observed at the treeline in sub-arctic
Sweden (Sandberg 1963), even though there was no
apparent warming during that period (Callaghan et al.
2010). In the 1990s, many studies were published and
showed that in response to climate warming, plant species
range margins would extend upwards and northwards,
plant productivity would increase, and species and life
forms within communities would not respond equally,
thereby leading to the formation of non-analogous plant
communities. Most of these conclusions were based on
experimental increases of air temperature in the field such
as those conducted as part of the International Tundra
Experiment (ITEX: Henry and Molau 1997; Arft et al.
1999; Walker et al. 2006) and several pre-ITEX warming
experiments (Havstrom et al. 1993; Parsons et al. 1994;
Chapin et al. 1995).

Recently, Bhatt et al. (2010) documented increased
summer warmth and greening in arctic landscapes. They
used a recently derived satellite data set spanning
1982-2008 and the normalized difference vegetation index,
which is known to be a proxy of plant productivity in arctic
landscapes (Boelman et al. 2003, 2005). Greening occurred
over the majority of the circumarctic, in contrast to the
browning of some boreal forests (Verbyla 2008), but was
greatest along the northern coast of Alaska adjacent to the
Beaufort Sea and in the Canadian High Arctic (Bhatt et al.
2010). Although there are limited time series observations
from ground based studies that can be used to verify such
observations of low spatial resolution satellite imagery,
observations from several BTF-like studies that docu-
mented increased productivity (Hudson and Henry 2009)
and vegetation succession following glacial retreat and loss
of snowbeds (Webber et al., unpublished—see Walker
et al. 2010) appeared to support the observed greening in
northern Canada. The Bhatt et al. (2010) study, clearly
demonstrates the extent and likely magnitude of change
that has occurred in arctic landscapes over the past three
decades but challenges the ecological community to define
the changes in land cover and plant community composi-
tion and structure that are associated with these satellite-
derived changes.

@ Springer

Over the past decade, increasing evidence from ground
observations and remote sensing has validated many of the
generalized projections interpolated from manipulative
experiments, but a complexity of responses from plant
species and communities to climate warming has become
apparent. Among the most dramatic changes reported is the
general expansion and densification of shrubs and trees
(Sturm et al. 2001; Tgmmervik et al. 2004; Tape et al.
2006; Forbes et al. 2010; Hallinger et al. 2010; Van
Bogaert et al. 2010; 2011) and mostly up-ward movement
of the treeline (e.g., Kullman 2002; Danby and Hik 2007).
In the Swedish sub-Arctic, however, treeline has increased
in elevation, remained stable or descended down-slope
within the past 50 to 100 years (Van Bogaert et al. 2011).
This local complexity of biological change, which occurred
under the same climate change regime, implies that a
variety of drivers, perhaps interacting, are affecting tundra
species and communities. With this context, the BTF
vegetation projects provide a multi-decadal time scale
perspective of change from widespread geographical
locations, and from the landscape-scale rather than the
research plot scale at which most manipulative experiments
are conducted. Collectively, these studies also provide new
capacities for ground validation of remote sensing products
such as that of Bhatt et al. (2010) and also perspectives for
the parameterization and verification of predictive models
(sensu Wolf et al. 2008; Euskirchen et al. 2009; Wramneby
et al. 2010). The BTF vegetation studies within this Special
Issue present evidence of change from dramatic increases
in treeline tree and shrub abundance in sub, mid and high
arctic regions to subtle changes in species composition of
plant communities.

In the sub-Arctic (68°N), at forest line and treeline,
Rundqvist et al. (2011 [this issue]) recorded the change in
coverage of willow species, juniper, aspen, mountain birch,
dwarf birch, and rowan over a 32-34-year period
(1976/1977-2009/2010). There was a substantial increase
of shrubs and tree cover (up to 600%), particularly for
dwarf birch and mountain birch and newly established
aspen was recorded nearby by Van Bogaert et al. (2010).
Other species revealed inconsistent changes among the
plots. A re-survey in 2010 of biomass and plant community
cover in 549 plots originally surveyed in 1997 in the same
but wider area confirmed the results of Rundqvist et al.’s
(2011) long-term study (Hedenas et al. 2011 [this issue]).
In the latter study, Hedenas et al. recorded a 19% increase
in tree biomass mainly within the existing birch forest and
significant increases in the cover of two vegetation types—
“birch forest -heath with mosses” and “meadow with
low herbs” (Hedenas et al. 2011 [this issue]). In contrast,
the cover of snow bed vegetation had decreased signifi-
cantly, which agrees with nearby observations made by
Bjork and Molau (2007), and results from resampling of
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marked vegetation plots in alpine tundra on Niwot Ridge,
Colorado that spanned three decades (Johnson et al. 2011
[this issue]). The vegetation changes observed in northern
Sweden might be caused by climate (Callaghan et al.
2010), as growing season length increased by 2.4 weeks
from an estimated growing season of 12.1 weeks in 1978 to
14.6 weeks in 2007 (Andrews et al. 2011 [this issue]).
Herbivory (Olofsson et al. 2009) and past human impact
(Van Bogaert et al. 2009) may also partly explain these
trends. Irrespective of the cause/s, the longer and shorter
term observed transitions of the vegetation in northern
Sweden will have substantial effects on the mountain
ecosystems in the area. This area was excluded from the
area of coverage included by Bhatt et al. (2010) but
observed increases in shrub and tree cover are consistent
with remote sensing studies of mountain birch forest den-
sification reported by Tgmmervik et al. (2004).

Further north, in high Arctic East Greenland (Jameson
Land 70°N), above-ground biomass in a moss fen ungrazed
by geese more than doubled between 1982/1984 and 2008
and the temperature sum for June—July tripled (Madsen
et al. 2011 [this issue]). During this period, the number of
moulting geese had tripled. Despite consuming most of the
graminoid production in available moss fens, and appear-
ing to fill available habitat in 1982/1984, in 2008 overall
plant species composition in a goose-grazed fen was
unchanged but the frequency of graminoids had decreased
and the area with dead vegetation and bare ground had
increased. In a nearby moss fen ungrazed by geese, above
ground plant biomass more than doubled. The net change
of productivity in the area, i.e. the balance between grazed
and ungrazed areas, is unknown but remote sensing shows
a modest increase in the Normalized Difference Vegetation
Index (NDVI) of the area (Bhatt et al. 2010). As in the
example of treeline trees and shrubs outlined above, and in-
line with most warming experiments and models, climate
warming appears to have lead to increased productivity. It
is currently unknown, however if higher herbivory rates
may have long-term negative consequences for the number
of geese the habitat can sustain (Madsen et al. 2011 [this
issuel]).

On Herschel Island, also located at 70°N but on the
western Arctic coast of the Yukon Territory, a BTF Project
using examination of historic photographs, repeat vegeta-
tion surveys and monitoring of long-term plots provided
evidence of considerable change in shrubiness during the
twentieth century (Myers-Smith et al. 2011 [this issue]). In
this study, canopy-forming willow (Salix richardsonii, S.
glauca, and S. pulchra) patches increased in both size and
height, and repeat photograph comparisons show that the
former discrete patches of shrubs have now coalesced to
nearly continuous cover in some areas, possibly as a result
of establishment of new patches. A simple model indicated
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that the majority of willow patches for each of these spe-
cies became established between 1910 and 1960, although
some patches could have established as late as the 1980s.
There was no evidence that expansion of willow patches is
currently limited by herbivory, disease, or growing condi-
tions. Shrub expansion in this area is consistent with the
substantial increases in NDVI over the period 1982-2008
reported by Bhatt et al. (2010) and the general circum-polar
increase in shrubiness (Sturm et al. 2001; Tape et al. 2006;
Forbes et al. 2010; Hallinger et al. 2010; Rundqvist et al.
2011 [this issue]).

In contrast to these reports of considerable increases in
productivity and area expansion of shrubs and graminoids
that were predicted from warming experiments (Arft et al.
1999; Walker et al. 2006), results from Disko Island,
Central West Greenland, at 69°N show only minor changes
(Callaghan et al. 2011b [this issue]). Comparisons of
photographs of a tall willow scrub (Salix glauca ssp. cal-
licarpea), a rich herb slope, and fell-field community
between 1967/1970 and 2009 show no signs of shrub
height increase or expansion. However, re-sampling of
species frequency and cover showed that some low shrubs
(Betula nana and Empetrum nigrum) not recorded in 1967
had established at the fell-field site by 2009. During this
period, temperature warming has only recently (since about
1984) become substantial (about 9°C maximum difference
in mean annual temperature between 1984 and 2009).
These modest changes nevertheless contrast with the lack
of change over a 70 year period recorded on Svalbard at
78°N by Prach et al. (2010) even though both communities
were superficially similar, and are open communities on
exposed, gravely ground. Furthermore, the lack of obvious
productivity changes on Disko Island is consistent with the
lack of increase in NDVI measured between 1982 and 2008
(Bhatt et al. 2010).

Changes in Plant Species Richness, Diversity
and Community Structure

Remote sensing proxies of changes in plant productivity to
some extent integrate changes in productivity per se with
changes in community structure and standing surface water
(Goswami et al. 2011), each of which is difficult to isolate.
In addition, there is a strong likelihood that there could
have been changes in community composition and other
characteristics that would not affect spectral indices such as
NDVI, which could be used to indicate a change in pro-
ductivity. Within BTF projects, detailed re-sampling of
plant communities at several sites over multiple decades
has provided evidence of both substantial change and lack
of change in arctic plant communities and these are likely
to greatly enhance capacities for validating space-borne
remotely sensed products (sensu Bhatt et al. 2010).
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In the Yukon, Canada (61°N), repeat measurements of
alpine tundra communities surveyed in 1968 were made in
2010 (Danby et al. 2011 [this issue]). Plant community
composition was resurveyed on the same four slopes using
the same methods as the original study. Species richness
and diversity increased significantly over the 42 years and
ordination using non-metric multidimensional scaling
indicated that community composition had also changed
significantly. However, the direction and magnitude of
change varied with aspect and dominant species were not
replaced or eliminated but, instead, declined in relative
importance. The period of study corresponds to a mean
annual temperature increase of 2°C, suggesting that climate
warming has influenced these changes.

In a fell-field community on Disko Island, Central West
Greenland, changes in species and communities were less
pronounced (Callaghan et al. 2011b [this issue]). In contrast
to the increase in species richness at the alpine site in the
Yukon, there was a net species loss but in a herb-slope
community, species losses were balanced by species gains.
The type of species establishing and increasing in frequency
and/or cover at the fell-field site, particularly prostrate dwarf
shrubs, indicates a possible shift toward a heath, rather than
a fell-field community. At the herb-slope site, those species
that established or increased markedly in frequency and/or
cover abundance indicate a change to drier conditions.
This is confirmed both by the decrease in abundance of
Alchemilla glomerulans and Epilobium hornemanii, and the
drying of a nearby pond. The causes of these changes are
unknown, although mean annual temperature range has
been about 9°C since 1984 with the highest temperatures
recently (Callaghan et al. 2011b [this issue]).

The observations from Disko Island generally parallel
those from Tasiilaq, low arctic Southeast Greenland (65°N)
where change in the distinct Arctic vascular plant flora
between around 1900 and 2007 was studied by comparing
historic literature with field observations made in the late
1960s and in 2007 (Daniéls and de Molenaar. 2011 [this
issue]). The similarity between the 1900 and 2007 floras
was 90%, as it was between the 1900 and 1968/1969 floras
(Daniéls and de Molenaar 2011 [this issue]). Similarity
between the 1968/1969 and 2007 floras was 98%. Since
1900, the percentage of widely distributed arctic species
decreased distinctly, whereas that of the low-arctic species
somewhat increased and boreal species increased very
slightly. Vegetation monitoring of 110 sample plots
revealed minor changes and showed that several ther-
mophilous and xerophilous species increased between
1968/1969 and 2007, whereas some hygrophilous species
decreased. In spite of climate warming, expansion of a
nearby town, and increasing human impact including
tourists, species composition of flora and vegetation on the
whole was rather stable during the last 40 years and no
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invading species or introductions were recorded (Daniéls
et al. 2011; Daniéls and de Molenaar 2011 [this issue]).

Other recently published BTF papers include Van
Bogaert et al.’s (2010) study on treeline dynamics near
Abisko in sub-arctic Sweden discussed above, and studies
by Hudson and Henry (2009) and Hill and Henry (2011).
The latter studies measured plant biomass in heath and wet
sedge tundra communities at Alexandra Fiord, Ellesmere
Island in the Canadian High Arctic and compared these
with measurements made in the early 1980s. Significant
increases in biomass were documented which correlate
well with summer warming also documented for the study
period. Interestingly, different plant groups responded
differently within and between these the heath and wet
sedge tundra communities. In another BTF plant commu-
nity change study in the Canadian High Arctic on Baffin
Island near the Barnes Ice Cap, plots that were re-measured
in 2009 and compared with measurements made in 1964
show dramatic increases in plant cover, succession fol-
lowing deglaciation, a general drying of surface hydrology
following loss of snowbeds as well as species range
extensions (Bhatt et al. 2010; Walker et al. 2010). These
ground-based BTF studies in the Canadian High Arctic
strongly support Bhatt et al.’s (2010) report of large mag-
nitude increases in NDVI documented for the region over
the past three decades. Several other BTF vegetation and/or
landscape and ecosystem studies are under final develop-
ment and include additional sites in sub-arctic Sweden
(Hedenas et al., in preparation), the Taymyr Peninsula
(Matveyeva, in preparation), Beringia (Lin et al., in prep-
aration), and multiple sites throughout the North American
Arctic (Lara et al., in preparation, Villarreal et al. in
preparation; see Fig. 1).

Mosses and lichens remain relatively poorly studied
over multi-decadal time scales in the Arctic and have not
been included in the majority of BTF studies in this Special
Issue. Several BTF studies in preparation aim to improve
this (e.g., Villarreal et al., in preparation). Some existing
studies have shown that mosses and lichens in general are
disadvantaged by climate warming as they tend to be out-
competed by responsive vascular plants and their litter
(Lang et al. 2009; Van Wijk et al. 2004). In contrast,
Jonsdottir et al. (2005) found moss communities did not
respond to experimental warming in Iceland compared to
other experimental warming studies, and Hudson and
Henry (2009) reported significant increases in bryophyte
biomass between 1981 and 2008 on Ellesmere Island,
which has warmed over the past few decades.

Plant Communities in Transition

Expansion of forest at treeline, increased shrubiness and
graminoid abundance and increases in species richness
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denote substantial transitions in communities (Tape et al.
2006; Walker et al. 2006; Danby and Hik 2007). However,
in some of the areas where such changes in plant com-
munity structure were not obvious (Tasiilaq and Disko
Island, Greenland), small changes in plant species abun-
dance nevertheless suggested the very early stages of a
transition in one community to another. At Tasiilaq, new
species recorded were predominantly low arctic in nature
suggesting a development to a community of more benign
environmental characteristics (Daniéls and de Molenaar
2011 [this issue]). Similarly, on Disko Island, the changes
in species suggested a development from a fell-field to
heath community and a drying of the herb-slope (Callaghan
et al. 2011b [this issue]).

Such transitions from one community type to another
were modeled for alpine tundra sites established during
the International Biological Program on Niwot Ridge,
Colorado, to establish hypotheses of future change tra-
jectories for their BTF site that could be tested through
sustained monitoring (Johnson et al. 2011 [this issue]).
The authors use a probabilistic modeling approach that
forecasts vegetation change using plant abundance data
collected from marked plots established in 1971 and
re-sampled in 1991 and 2001. Assuming future change
can be inferred from past change, they extrapolate change
for 100 years from 1971 and correlate trends for six plant
communities (fell-field, dry meadow, moist meadow, wet
meadow, snowbed, shrub tundra) with time series envi-
ronmental data (1971-2001). Their observations showed
possible two-way transitions between fell-field and dry
meadow, which appeared to be decoupled from other
community types. Moist meadow was found to be rela-
tively stable over time and snowbed, wet meadow and
shrub communities were found to be relatively dynamic.
Also, the models suggest that once plots transitioned to
shrub communities, they were unlikely to transition to
another community. Projecting forward, the models pre-
dicted a marked decrease in the extent of snowbed veg-
etation (also observed in the sub-Arctic by Hedenas et al.
2011 [this issue] and Bjork and Molau 2007) and a
marked increase in the extent of shrub tundra by 2071 (as
observed in many of the BTF, experimental and other
studies reported above).

It has been argued that simple transitions from one
current community to another might not occur (Melillo
et al. 1990; Wookey 2008) because species respond to
environmental change individualistically (Chapin and
Shaver 1985) and new assemblages of species are likely to
occur. However, in the BTF data sets, there is little evi-
dence of changes in “conventional” community structure,
although this has not been investigated quantitatively.
Possible exceptions are the colonization of birch treeline
forest by thermophilic aspen (Rundqvist et al. 2011 [this
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issue]; Van Bogaert et al. 2011) when replacement of birch
by an evergreen tree species would be expected.

CONCLUSIONS

A limitation of the BTF approach is that it often provides
“before and after” snapshots with little information on
inter-annual variability, and no representation of extreme
events (Bokhorst et al. 2009; Post et al. 2009). However,
this Special Issue shows that there have been major losses
in area and volume of glaciers in the Altai mountains over
the past 60 years (in concert with the general trend for
northern (SWIPA 2011) and global (IPCC 2007) glaciers),
permafrost temperatures have increased in concert with
those throughout the Arctic (SWIPA 2011), ice layers
representing winter thaw processes have become more
common in sub-arctic Sweden in the past 50 years, and
ponds have decreased in area and physical and biological
characteristics have changed in mid- and southeast
Greenland and northern Alaska (Fig. 1). Plant community
structure and species richness have varied from substantial
change (most BTF vegetation studies) to almost no change.
Where shrubs and trees were found, all BTF studies
reported increases in woody plant cover and abundance in
line with many other studies around the Arctic. Although
attribution of the changes is difficult as many local factors
can be involved, temperature increase appears to be an
underlying feature in most studies reported in this issue.

The plant communities showed various degrees of
resistance/resilience to change. The trends can be broadly
ranked from maximum to minimum as: ponds > forest and
scrub > snowbeds > meadows > heaths and fell-fields.
Within communities, plant functional types responded
differently over time: trees and shrubs > graminoids >
herbs. Although these trends are similar to those found in
ITEX experiments (Arft et al. 1999; Walker et al. 2006),
the greater length of observation period and areal extent of
observations (i.e., not plot-based) in the BTF studies con-
firms that the ITEX changes are persistent over time and
that the relatively simple ITEX and pre-ITEX warming
experiments appear to have been useful at forecasting
future states of tundra plant communities.

The results for multi-decadal vegetation change pre-
sented here generally agree with the trends derived from
satellite-based measurement of NDVI over the past three
decades—1982 to 2008 (Bhatt et al. 2010). Also, the BTF
data sets are uniquely able to assess dynamic vegetation
model projections as the 40+ year changes represent a
significant time period within model projections for the
next 100 years. BTF results validate many of the qualita-
tive projections of current vegetation models applied to the
Arctic, particularly the projections of increases in woody
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biomass and tree and shrub range extensions (e.g., Calla-
ghan et al. 2005 (and references therein); Wolf et al. 2008;
Wramneby et al. 2010). However, rates of change and
extent of range margin shifts contrast between models and
BTF observations. Forest has been predicted to displace
between 11 and 50% of tundra between 2000 and 2100.
Already, however, one published BTF study has suggested
that such current model projections could over-estimate
treeline advance due to climate warming by about 2000
times (Van Bogaert et al. 2011). In contrast, BTF multi-
decadal observations of an increase in the density of woody
vegetation in shrub and treeline areas suggest change has
been dramatic (Myers-Smith et al. 2011; Rundqvist et al.
2011, both this issue) compared with model projections in
general.

Since understanding the response of tundra systems to
global change has global implications, and most tundra
regions lack sustained environmental monitoring, there is
an urgent need to maximize the capacity of using all
approaches (experiments, remote sensing, modeling, repeat
sampling of historical research sites) together (NRC 2006).
The BTF results reported here have supported and provided
improved capacities for validating these other approaches
and exemplify the benefits of the BTF approach.

LEGACY FROM BTF

The BTF project was part of the IPY programme that
sought legacy from its activities. BTF is built on the legacy
of collaborations that were established primarily during the
International Biological Program of the 1960s and 1970s
and it provides further legacy for the future. The sites,
studies, and data that have been recovered from many
decades ago have now been preserved by the documenta-
tion in this volume and associated supplementary on-line
material and many of the studies have archived data with
respected data centers. Furthermore, knowledge has been
transferred from older researchers, who established sites
many decades ago, to young researchers and both genera-
tions appear in the authorship of almost every paper in this
issue: BTF, therefore, represents an IPY legacy and has
built capacity for future research in a rapidly changing
environment.
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