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‘The Dynamics of the Tundra-Taiga Boundary:

An Overview and Suggested Coordinated and
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Terry V. Callaghan, Robert M.M. Crawford, Matti Eronen, Annika Hofgaard, Serge Payette, W. Gareth Rees,
Oddvar Skre, Bjartmar Sveinbjéfnsson, Tatiana K. Vlassova and Ben R. Werkman

The tundra-taiga boundary stretches for more than 13 400
km around the Northern Hemisphere and is probably the
Earth’s greatest vegetation transition. The trees that define
the boundary have been sensitive to climate changes in
the past and models of future vegetation distribution
suggest a rapid and dramatic invasion of the tundra by the
taiga. Such changes would generate both positive and
negative feedbacks to the climate system and the balance
could result in a net warming effect. However, the boun-
dary is becoming increasingly affected by human activities
that remove trees and degrade forest-tundra into tundra-
like areas. Because of the vastness and remoteness of the
tundra-taiga boundary, and of methodological problems
such as problematic definitions and lack of standardized
methods to record the location and characteristics of the
ecotone, a project group has been established under the
auspices of the International Arctic Science Committee
(IASC). This paper summarizes the initial output of the
group and focuses on our uncertainties in understanding
the current processes at the tundra-taiga boundary and the

“conflicts between model predictions of changes in the

location of the boundary and contrasting recently observed
changes due to human activities. Finally, we present
recommendations for a coordinated international approach
to the problem and invite the international community to
join us in reducing the uncertainties about the dynamics
of the ecotone and theijr consequences.

BACKGROUND
The papers presented in this special issue of Ambio result from

a conference and subsequent discussions of a Steering Commit-

tee that were initiated as an approved project within the Inter-
national Arctic Science Committee’s (IASC) activities. The
project was established because it was recognized that the lati-
tudinal treeline or tundra-taiga boundary is an exceptionally im-
portant transition zone in terms of global vegetation, climate,
biodiversity, and human settlement. It stretches for more than
13 400 km around the Northern Hemisphere through areas that
are experiencing different types of environmental change for ex-
ample, cooling, warming, or only small temperature change,
changes in the amount and quality of precipitation, and changes
in land use coupled with possible depopulation. '

We know that the latitudinal treeline has responded to changes
in climate in the past 10 000 years and more (1) and we expect
it to change as our current climate changes due to global warm-
ing (2). However, climate is only one of a suite of environmen-
tal factors that are now changing and a critically important chal-
lenge is to determine how human impacts in the ecotone will
modify the zone’s expected response to climate (3). The outcome
of the various impacts on the location and characteristics of the

- tundra-taiga zone will have important consequences for the ways

in which the new areas of tundra and taiga affect regional—and
perhaps global—climate through impacts on carbon storage,
albedo and hydrology (4). It will also affect human activities (3).

The Dynamics of the Tundra-Taiga Boundary initiative is op-
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erated by a Steering Committee of representatives of nations with
Arctic territories or interests, and officers who are not necessar-
ily national representatives. The Steering Committee was nomi-
nated at the first international workshop held in April 2000 at
Abisko, northern Sweden, and approved by IASC.

The current objectives are:

~ to assess the vulnerability of the tundra - taiga interface and
its associated human societies to environmental change;

— to identify and quantify interactions, including feedbacks, be-
tween the biosphere and atmosphere related to the dynamics
of this interface;

— to model and predict future changes in the location and char-
acteristics of the interface;

To achieve these objectives, the Steering Committee is

initiating and pursuing the following activities:

— stimulating international and interdisciplinary collaboration;

— providing expert advice to regional, national and international
processes;

— standardizing terminology;

- determining the current state of the fundra — taiga interface,
e.g. its location and characteristics;

~ continuing to develop the scope and representation of our ini-
tiative;

— disseminating relevant information at various levels of scien-
tific understanding.

The foci of interest of the project are:

— In space, the tundra - taiga ecotone between the closed boreal
forest to the South, and the open treeless tundra to the North.

— In time, the Holocene, the recent past (200 years), the present,
and the next 100 years.

— In scope, cross-cutting issues such as environmental degra-
dation and change, monitoring and detection of change and
sustainable resource use. :

This first volume resulting from the project seeks to assess
the state-of-the art related to the 3 objectives above. The brief
overview presented in this paper comments in the broadest terms
on the major issues that will be raised by the detailed chapters
and then proceeds to make recommendations on how the Steer-
ing Committee’s proposed activities can be accomplished within
the international research community.

MAJOR CERTAINTIES AND UNCERTAINTIES

"General Characteristics of the Tundra-Taiga Boundary

Despite research spanning nearly one century on the treeline and
related phenomena, the lack of standardization of terminclogy

- and the wide variation in methodology applied to locate; char-

acterize and observe changes in the boundary have resulted in a
rather poor understanding of the current location and character-
istics of the boundary. A compilation of our present knowledge
of the latitidinal treeline location even at a global scale shows
particular areas of uncertainty such as the Lena Delta of Siberia
(5). One of the major problems in the current studies of the lati-
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etc. is the concept of “line”. Most of the papers in this speeial
Ambio Report recognize that these boundaries are not lines, but
zones. The transition from taiga to tundra is often observed as a
transition from forest, through an area dominated by forest in
which patches of tundra occur, to tundra in which patches of for-
est occur, and then eventually to tundra without trees. Often there
are east-west gradients related to the presence of a river valley,
bogs, uplands, etc. which also confound the concept of a linear
boundary and necessitate the application of a concept based on
gradients of tree cover/density expressed on an area, not linear,
basis. :
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Dynamics of the Boundary

In view of the uncertainties of defining and accurately locating
the current location of the tundra-taiga boundary, it is not sur-
prising that it is difficult to quantify changes in the location of
the boundary over time. However, it is known that the tundra-
taiga boundary is associated with the northern geographical limit
of several tree species that have changed their distributions since
the Last Glacial Maximum some 20 000 years ago (1). Much of
the Russian Arctic was not glaciated in the Late Pleistocene and
Holocene and it was partly forested. In western Siberia, newly
deglaciated areas were colonized by trees as early as 15 000 to
13 000 years ago and about 10 000 years ago in northern
Fennoscandia. At that time, pine was growing 500 m above its
present altitudinal limit in northern Sweden and spruce was
present there. During the  last 6000 wyears in northern
Fennoscandia and Eurasia, there has been a general cooling
(about 2—4°C) and a southwards retreat of the treeline with
change in species composition. Larch and birch retreated be-
tween 400 and 500 km during this period and spruce retreated
then moved northwards to occupy its present position in Lapland
only 2500 to 3000 years ago. The pattern of postglacial recov-
- ery in North America differed from that of Eurasia because most

forest trees spread northwards from a large southern ice-free

refugium in northwestern North America whereas part of the
eastern Canadian Arctic was deglaciated more recently. Dis-
placements of the North American treelines of up to 350 km have
been reported but the data are uncertain and treeline movements
in the region of 50 to 100 km are more likely with tree migra-
tion rates in the order of 0.2 to 0.4 km yr, particularly in east-
ern Canada. _ :

In view of the dynamic nature of the tundra-taiga boundary
seen in the past, it is somewhat surprising that modern changes
in the boundary associated with warming over the last century
(ca 1°C per 10 years between 1965 and 1994 in some Arctic ar-
eas (6)) have rarely been reported. An exception is an increase
in the treeline of 40 m during the 20" century in northern Swe-
den (7, 8), and an increase in shrub growth'in Alaska (9). In fact,
most of the changes in the location of the tundra-taiga bound-
ary presented in this volume show a surprising displacement of
the boundary to the south (3, 10). Part of this is a counter-intui-
tive repose to warming in which increasing oceanicity together
with permafrost thawing and waterlogging have led to
paludification and the death of treeline trees (2). In addition, hu-
man activities of various types, for example, mining, farming,
forestry, have led to ecosystem degradation in the lesotundra (the
Russian term for the tundra-taiga ecotone) zone and its south-
ward displacement (3).

Predicting Future Changes in the Tundra-Taiga Zone and
Their Implications

In order to model changes in the location and characteristics of
the tundra-taiga ecotone, it is necessary to understand the causes
of the treeline. Despite huge research efforts during the last 50
years, opinions on the causes of the treeline vary greatly. Some
researchers see the limit of tree growth as a universal mecha-
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12) or carbon limitation (13). Others see a range of possible
physiological mechanisms that operate in different places and
at different times (14). These physiological mechanisms are in
turn affected by environmental factors such as incident radia-
tion, temperature, wind, moisture, and soil nutrients, and result
in impacts on tree reproduction, seedling establishment and the
growth and physiology of mature trees. In addition, extreme con-
ditions such as ice crystal abrasion that damages conifer nee-
dles and soil movement that displaces-individuals, also directly
damage treeline trees. Diseases, herbivory, pests, fires and hu-

* man activities may also exert some control on the treeline at cer-

tain places and at certain times.

Models of vegetation redistribution resulting from global
change operate on more general mechanisms such as biogeog-
raphy and biogeochemistry (2, 4). Most current global vegeta-
tion models and regional models suggest that a major part of the
tundra (up to approximately 30%) will be displaced by an ad-
vance of the boreal forest over the period in which atmospheric
CO, will double (2). However, it is clear that this rate of forest
migration has not yet been recorded even though temperature
has risen dramatically in some areas. Alsc, most observations
of the latitudinal treeline show a recent southern migration. In
the Archangelsk region and the Komi Republic, the southern
border of the lesotundra zone now lies 40 to 100 km further south
than when previously surveyed. Human-derived tundra now cov-
ers about 470-500 000 kin’ of the lesotundra stretching from
Archangelsk to Chukotka (3). Clearly, we need a new genera-
tion of models focussing on a wider range of processes in the
North including land-use scenarios.

The changes in the extent and location of the tundra and taiga
and the ecotone between will affect the feedbacks from the land
surface to the atmosphere (15, 16). Using a state-of —the-art veg-
etation distribution model, BIOME 3, for current and 2 x CO,
scenarios, changes in extent of the Scandinavian, Central North-
etn Siberian and Eurasian tundra areas were calculated as be-
tween 10% and 35% as a result of displacement by taiga (4).
This process was calculated to significantly increase CO, draw-
down and to significantly reduce CH, emissions with a net re-
sult in favor of carbon sequestration in the biosphere of a mag-

. nitude that would alter the radiative forcing of the Earth. How-

ever, while this negative feedback from biosphere to climate is
occurring, a positive feedback will also operate. Earlier disap-
pearance of snow from the tundra and a decrease in albedo of
new areas of forest will lead to a significant-heating of the lower
atmosphere. This positive feedback could offset the negative
feedback due to increased carbon sequestration (4). The transi-
tion from tundra to forest also affects evapotranspiration and the
water storage capacity of the biosphere such that freshwater run-
off via rivers to the Arctic Ocean may decrease (4).

Human activities also have impacts on the local climate of the
lesotundra. Deforestation; as a result of industrial activities or
forestry, increases wind speeds; pollution leads to earlier snow-

"melt and increased temperatures, and the northwards extension

of farming and settlements in general induce permafrost thaw-
ing (3).

Monitoring Future Changes in the Tundra-Taiga Boundary
Much of the extensive tundra-taiga boundary is remote and ac-
cessible only with difficulty. Remote sensing from space-borne

platforms is, therefore, likely to play a significant role in deter-
mining the dynamics of the tundra-taiga boundary (17). At a

" circumpolar scale, resolution between 30 and 100 m is probably

the most feasible. At this scale, individual trees cannot be rec-
ognized. However, statistical parameters estimated from satel-
lite images that record in the visible and near infra-red parts of
the electromagnetic spectrum, or use radar techniques, have been
applied successfully to treeline problems in the Russian Arctic
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(17). This technique has also been success-
fully applied to determine the extents of
forest insect pest outbreaks (18), fires (19,
20), industrial pollution impacts (21-25)
and reindeer overgrazing (26-30) in the
lesotundra.

RECOMMENDATIONS FOR
FUTURE RESEARCH

The complexity and great extent of the tun-
dra-taiga ecotone, the uncertainties in its
present location and characteristics, and our
need to understand, predict and monitor
changes in the ecotone require a circum-
arctic approach using generally agreed defi-
nitions and concepts, and standardized,
measuring and experimental techniques. At
its first meeting in Edinburgh in Novem-
ber 2000, the Steéring Committee of the
IASC project on the Dynamics of the Tun-
dra Taiga Boundary outlined some ap-
proaches and measurements that should be
made at locations throughout the circum-
arctic tundra-taiga ecotone (Tablel). At its
second meeting in Quebec in September
2001, the Steering Committee prioritized
some activities that should be started as
soon as possible (Fig. 1). We hope that
members of the international research com-
munity will join our endeavours to under-
stand and if possible protect the Earth’s

Table 1. Framework for standardized
characterization and monitoring of the
dynamics of the tundra-taiga interface.
(Developed by the Steering Committee of
the tundra-taiga project within the
International Arctic Science Committee)

Location and characterization of the interface

Standardized GPS information

Mathematical representation of tree distribution
patterns

Reference data sets from existing maps,
photographs {terrain and aerial), satellite
images and monitoring from digital
photography to be initiated at sites.

Monitoring of biclogical parameters

Phenology of coniferous and deciduous trees

Growth (annual and retrospective}

Reproductive ecology

Biodiversity and abundance of trees, shrubs,
understorey pfants and animals

Plant-animal interactions

Human pressures

Disease of trees

Damage to trees by climate, fire,
contaminants, etc.

Monitoring of physical parameters (these

should also relate to existing programs such as

the International Tundra Experiment and the

Long Term Ecological Research Programme)

Snow characteristics and plant exposure
during winter

Temperature

Wind speed

Humidity

Soil moisture and tlooding

UV radiation

Fire interval

Salifluction

Radiation and energy characteristics

Figure 1. Research priorities and tasks identified

by the IASC Dynamics of the Tundra-Taiga

Priovity 1. Where s the circumarctic treeline
now, what are its characteristics, and what is
changing?

Tasks:

1.1 Define treeline, foresl tundra, et

1.2 Hentify its iocation

1.3 Identify its characteristics, i.e. species, area
occupied. spatial patteras, elc, (Table 1}

1.4, Tdentify the correlation betwesn the location of
the treeline and aspects of its physical environment
—p 1.5 Determine how the location is changing

Priority 2. How has the circumarctic treellne
responded to enviroomental change in the last
100 yrs? .

Tasks: .

2.1 Review the literslure, idenlily the regions where
studiss were done, with their processass, and identify
other regions without information
2.2 Collate information from photographs, old maps,
and satellits images
2.3 Initiato basoline measurements in rogions
without information

Priority 3. How will circumarctic treelines
respond to predicted onvironmental change,
and what are the mechanisms?

Tasks:

3.1 Review vegetalion and ecosysiem models (o
analys the rangs of model outputs

i—Pp 3.2 Review the information obtained when addressing
Priority 2

3.3 Simulate experimentally responses te future
climates

3.4 Produce refined models

largest, but possibly most vulnerable, ecotone, and that the preceeding papers in this

Ambio Report will provide a baseline for these activities.

site: http:/www.iasc.no
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