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The role and scale of human impact on the global environment is a question of special 
importance to the scientific community and the world as a whole. This impact has dramatically 
increased since the beginning of industrialisation, yet its understanding remains patchy. The sub-
Arctic plays a central role in forming the global environment due to the vast territory of boreal 
forest and tundra. Severe climatic conditions make its ecosystems highly sensitive to any natural 
and human disturbances. Despite all the efforts, there is a lack of uniformity in studying human 
impact, a shortage of mapping of impact over large territories and a lack of understanding of the 
relation between human activity and environmental response. 
 
This PhD dissertation develops a systematic approach to monitoring land cover and vegetation 
changes under human impact over northern Fennoscandia using the remote sensing technique. 
Remote sensing gives access to accurate and specific information about distant and hard-to-
reach areas across forest and tundra. The study area extends north and south of the treeline and 
covers around 400,000km  reaching from Finnmark in Norway, through Norrbotten in Sweden, 
Lapland in Finland up to the Murmansk region in Russia. This is the most populated and 
industrially developed region of the whole sub-Arctic and, therefore, suffering most from human 
impact. 
 
This PhD dissertation identifies industrial atmospheric pollution, reindeer herding, forest 
logging, forest fires and infrastructure development as the primary types of human impact close 
to the treeline. For each type characteristic hotspots have been identified and human impact has 
been analysed in the context of physical environment as well as cultural, economical and 
political development of the area. 
 
This dissertation presents an automated workflow enabling large-scale land cover mapping in 
northern Fennoscandia using satellite images with high throughput. It starts with an automated 
image pre-processing using image metadata and ends with an automated mapping of 
classification results. Using the developed advanced remote sensing methodology land cover 
maps have been constructed for all identified hotspots and types of human impact between the 
1980s and 2011.
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Abstract

The role and scale of human impact on the global environment is a question of special
importance to the scientific community and the world as a whole. This impact has
dramatically increased since the beginning of industrialisation, yet its understanding
remains patchy. The sub-Arctic plays a central role in forming the global environment
due to the vast territory of boreal forest and tundra. Severe climatic conditions make
its ecosystems highly sensitive to any natural and human disturbances. In this context,
the dynamics of boreal vegetation, and of the forest/tundra interface (the treeline), is
the most representative indicator of environmental changes in the sub-Arctic.

For some time now, monitoring land cover and vegetation changes using remote
sensing techniques has been a powerful method for studying human impact on envi-
ronment from landscape to global scales. It is particularly e�cient when applied to the
sub-Arctic ecosystems. Remote sensing gives access to accurate and specific information
about distant and hard-to-reach areas across forest and tundra. Despite all the e�orts,
there is a lack of uniformity in studying human impact, a shortage of mapping of impact
over large territories and a lack of understanding of the relation between human activity
and environmental response.

This dissertation develops a systematic approach to monitoring land cover and veg-
etation changes under human impact over northern Fennoscandia. The study area ex-
tends north and south of the treeline and covers around 400,000km2 reaching from
Finnmark in Norway, through Norrbotten in Sweden, Lapland in Finland up to the
Murmansk region in Russia. This is the most populated and industrially developed
region of the whole sub-Arctic and, therefore, su�ering most from human impact.

This dissertation identifies industrial atmospheric pollution, reindeer herding, forest
logging, forest fires and infrastructure development as the primary types of human
impact close to the treeline. For each type characteristic hotspots are identified and
human impact is analysed in the context of physical environment as well as cultural,
economical and political development of the area.

This dissertation presents an automated workflow enabling large-scale land cover
mapping in northern Fennoscandia with high throughput. It starts with automated
image pre-processing using image metadata and ends with automated mapping of clas-
sification results. A single classifier for multispectral Landsat data is trained on extensive
field data collected across the whole region. Open source tools are used extensively to
set up the processing scripts enabling rapid and reproducible analysis.

Using the developed advanced remote sensing methodology land cover maps are
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constructed for all identified hotspots and types of human impact. Changes in vegetation
are analysed using three or four historical land cover maps for each hotspot. More than
35 Landsat TM and ETM+ images covering the period from the 1980s until 2011 are
processed in an automated manner. A strong correlation between the level of impact and
the scale of vegetation change is confirmed and analysed. The structure and dynamics
of the local treeline and the quality of environment are analysed and assessed in the
context of changing levels of impact at each hotspot and regionally.
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Chapter 1

Introduction

1.1 Global environment and sub-Arctic ecosystems

Nature is both home and resource for man. Therefore, changes in nature reflect on
human life. In pre-industrial times ancient or medieval people submitted to and were
heavily dependant on nature. They carried out limited activity and possessed limited
knowledge to greatly change nature surrounding them. For example, primitive man used
a huge area of 100km2 per person primarily for hunting and pasturing (Golubev, 1999).
Contemporary man is the only organism that lives in and simultaneously transforms
nature through its economic activity, Figure 1. This transformation occurs by means of
interacting with the surrounding environment.

‘Environment’ is a set of physical or biological, natural or man-induced conditions
external to an object, organism or habitat that define and are essential for their de-
velopment and survival (Allaby, 2010; Clark, 2003). It is a broad term used widely
across political, economical, geographical, geological, biological, ecological, social, cul-
tural, medical and other areas. Changes to the environment at any level, from local and
regional to global, depend fully on the forces of nature and man.

A unit formed by the interactions of a community of living organisms with the
surrounding chemical and physical nonliving components and matter via a transfer of
energy and materials (nutrient cycles, energy and material flows) is known as an ‘ecosys-
tem’ or ‘ecological system’ (Clark, 2003; Tansley, 1935). Putting ecosystem in focus,
one can define ‘environment’ as a state and condition of living organisms and nonliving
components and matter that constitute an ecosystem. Boundaries of ecosystems may
vary (Allaby, 2010). On the planetary scale, the whole Earth can be consider as one
ecosystem, in which case it is synonymous with ‘biosphere’. However, for research pur-
poses it is more convenient to apply this term locally or regionally because the flows of
energy and materials at these scales can be more easily understood. In such a context,
a pond or a forest are good examples of local ecosystems. There are two groups of
ecosystems, aquatic (water ecosystems) and terrestrial (land ecosystems). This research
focuses exclusively on terrestrial ecosystems.

Just as one can consider ecosystems on the planetary scale, so one can consider the
environment, which in this case is referred to as the ‘global environment’. The formation
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Figure 1: Interdependence of man, economy and nature and the related environmental problems
on the local, regional and global levels. Environmental problems have a lot of natural causes,
but are also caused by man. In turn, environmental problems a�ect all the elements of the
man/economy/nature circle and endanger the humanity survival.

of the global environment depends on a great number of factors that define its dynamics
in space and time. Historically, the main factors were events of nature such as the
variation in solar radiation due to Earth’s orbital changes (Panin et al., 2008; Strahler
and Strahler, 2005) or volcanic activity (Smithson et al., 2002). With time, another
important factor started to take over ≠ the economic activity of man (Reid et al.,
2010).

1.1.1 Human activity and problems of the global environment

Starting from the beginning of industrialisation in the 18th century the level of resource
consumption, the volume of goods production and waste disposal increased dramatically
along with the growing population. This resulted in rapid changes in the environment,
initially only on landscape and local scales. Later, many of these local changes became
permanent causing negative consequences for the global environment (AMAP, 1997).
The accelerating increase of the Earth’s human population has resulted in the economic
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activity that develops even faster leading to even more rapid and dramatic changes in
the environment.

The role and scale of human impact on the global environment is a question of special
importance to the scientific community and the world as a whole. It is often discussed
whether now the e�ect of the human activity in the environmental change prevails over
natural factors. There is little doubt, however, that the human activity has reached
such a scale that nature often has little chance to adapt in time.

Nature enables man’s development providing the necessary resources. The lack
of resources can dramatically limit this development. The rapid growth of industrial
and agricultural development in the last two centuries increased the level of resource
consumption, both renewable and non-renewable. The complexity of interactions be-
tween ecosystems makes it di�cult to understand and predict the scale of the impact
(Tylianakis et al., 2008). Normally human activities are localised, however, their e�ects
on the environment can spread much wider. Theoretically human activities may cause a
destruction or change of the natural environmental at all levels as they cause imbalances
in the environment. The transboundary circulation of air and water can play an impor-
tant role in distributing the e�ects of local changes to the global environment (Smithson
et al., 2002).

Environmental issues spread across national borders and a�ect countries and con-
tinents. Therefore, conservation of the global environment and the resolution of the
global environmental problems require an active collaboration around the globe. Alter-
natively, environmental changes will endanger the stability of modern societies and the
very existence of humanity. Today’s major global problems such as shortages of food,
drinking water and fresh air in the highly urbanised areas have been triggered by man
and the adverse e�ect of his activity on the environment. Figure 1 illustrates the main
problems and concerns of the current global environment indicating connections and
relations between man and the environment.

Due to the complexity of the global environment (Tylianakis et al., 2008) it is often
hard to tell whether the cause of the global change lies in natural processes or in human
activity. Some of the global changes are not necessarily visible on the local scale, such
as global temperature rises do not necessarily correlate with temperature data of one
particular area. On the other hand, local and regional environmental changes may
remain localised and cause no global e�ects. The author believes that any generalisation
is only possible given a good understanding of local and regional processes. Therefore,
the author aims to study local e�ects of human impact on the ecosystems and understand
if and how such impacts a�ect regional or global environments.

1.1.2 The sub-Arctic and its ecosystems

The sub-Arctic is located south of the Arctic and close to the Arctic circle (Clark, 2003).
It covers most of northern Scandinavia, Siberia, Alaska and Canada. Figure 2 illustrates
the location of the Arctic and sub-Arctic regions globally.

There has been a great political, economical, social and environmental interest in
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Figure 2: The land cover classification map of the Arctic and sub-Arctic across Eurasia and
America, data from (WWW: Global Land Cover Facility, 2013). The sub-Arctic is located
between the Arctic circle and 70¶N and includes the tundra biome and partially the boreal
forest biome.

the Arctic and sub-Arctic from ancient times until now, Table 1. For a long time the
region was attracting attention due its beautiful nature, unique cultures of indigenous
peoples and variety of resources. By the 18th century trade started to dominate the
communication between the indigenous people and the outsiders. From the end of the
19th century trade gave way to military and industrial activities. By the middle of the
20th century, a variety of rich reserves of non-renewable resources like gas, oil, non-
ferrous minerals (both accessible and inaccessible using existing technology) attracted
di�erent types of exploration industries (EEA, 2004).

Sub-Arctic vegetation plays a special role in the global environmental processes. It
is a key regulator in the global processes like climate fluctuations, heat and radiation
balance, hydrological cycle, ocean currents etc. (AMAP, 1997; Smith et al., 2001; Symon
et al., 2005). Contributing greatly to the global biodiversity, it is home to 600 species
of mosses and 2,000 species of lichens and is the territory of breeding and nesting for
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Table 1: The history of the Arctic and Antarctic exploration (Smithson et al., 2002; Vlassova,
2002).

Timeline Focus on

ancient times
limited contacts with aboriginal people, who were occupied
with reindeer pasturing (since 17 century), hunting, harvest-
ing forest produce etc.

18≠19th centuries increase in commercial interest and development of trade com-
munications

19th century

≠ research of the Northwest passage for the aims of searching
new lands and possible trade route between the North Atlantic
and the Pacific Oceans;
≠ increase in geographical knowledge

early 20th century

≠ development of business contacts with indigenous people;
≠ map making of Arctic and sub-Arctic regions;
≠ Arctic and Antarctic expeditions;
≠ development of forestry;
≠ whaling activity in the southern ocean

1920≠30s
≠ issues of sovereignty over Arctic area between the US,
Canada, Denmark, Norway and Russia;
≠ political agreement over the Antarctic

from 1945
≠ the “Cold war”;
≠ military interest;
≠ reality of nuclear development

1950≠70s wide expansion in the search for non-renewable mineral re-
sources, mostly petrol and non-ferrous minerals

from 1980s
≠ protecting and conserving wildlife;
≠ attention to aboriginal people;
≠ attention to changes in the global environment

many birds (ACIA, 2004). At the same time, the severe climatic conditions and a lot
of natural stresses make sub-Arctic vegetation very vulnerable and sensitive to changes
in the environment (Hofgaard, 2004; Shugart et al., 1992), while cold temperatures and
slow restoration processes make damage to vegetation visible over long time periods.
Long-term e�ects of human activity on vegetation can, therefore, be clearly traced over
time in the sub-Arctic.

In this dissertation and across the literature, the vegetation of the sub-Arctic and
Arctic is referred to as ‘northern vegetation’, and the corresponding ecosystems as
‘northern ecosystems’. A few selected examples below illustrate how alterations in north-
ern ecosystems can lead to changes in the global environment.

• Soil exposed in places of destroyed sub-Arctic vegetation has a higher albedo value
than the healthy vegetation resulting locally in a decline of evaporation, rise of
air temperatures and thawing of the permafrost. Except for Scandinavia and
the north-western parts of Russia, the sub-Arctic is underlain by a continuous
permafrost. Thawing of the permafrost changes the water balance of the northern
peatland wetlands which absorb or emit the greenhouse gases, such as carbon
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dioxide and methane, leading to changes in the gas balance of the atmosphere.
The soil is acidic dominated by podsols and gelisols further north.

• Rising air temperatures reduce the sea ice cover leading to an absorption of more
heat by the ocean, which is then returned back to the atmosphere in winters leading
to further temperature rises (ACIA, 2005). This constitutes a positive feedback
loop between the decreasing sea ice cover and the rising temperature until a new
balance is found. The sea ice cover normally preserves the regional and global
temperature balance by reflecting the heat away from the ocean surface.

• Rising air temperatures in winters promote the survival of insects in boreal forests
like spruce budworm (Lucuik, 1984), geometrid moth (Jepsen et al., 2009), Siberian
silk moth (Kharuk et al., 2003), spruce bark beetle (ACIA, 2005) etc. The great
abundance and survival of insects causes large scale defoliation. In particular in
the Norwegian part of Fennoscandia wide areas have su�ered long-term vegetation
damage from insect outbreaks (Fleming and Candau, 1998; Jepsen et al., 2009).

There are also reciprocal examples of how global environment fluctuations reflect
on the local and regional components of the sub-Arctic ecosystems. Temperature rises
in the late 17th and 18th centuries as well as during other warm periods led to the
proliferation of the Scots pine (Pinus sylvestris L.) on the Kola Peninsula (Gervais and
MacDonald, 2000; Zackrisson et al., 1995). At the regional scale of the Swedish Scandes,
the tree-limit of some tree species moved upwards by 10≠165m during the 20th century
due to warming of the climate by 0.8¶C (Kullman, 2001).

In the 1980s the importance of environmental issues related to the Earth’s global
processes became widely appreciated. The environmental interest in the North started
to pick up. The attention in the North shifted to sustainable development, supporting
biodiversity and the traditional life style and culture of indigenous communities, as well
as to the global climate change (ACIA, 2004). Nevertheless, the relationship between
human activity and the corresponding environmental feedback in the North has not
been studied su�ciently yet. Primarily, this is because of the complexity of ecosystems
and processes that cause changes, such as the disturbance of the environmental bal-
ance, reduction of biodiversity, ozone depletion, permafrost melting etc. (Goudie, 2006;
Smithson et al., 2002).

1.1.3 Characteristics of sub-Arctic vegetation

Vegetation of the sub-Arctic consists primarily of ‘boreal forest’ and ‘tundra’ in the
boreal and tundra geographical zones, correspondingly. ‘Boreal forest’ is high latitude
forest formed in the sub-Arctic (or boreal) climate (Köppen, 1936) and dominated by
conifers (Allaby, 2010; Strahler and Strahler, 2005). ‘Tundra’ is treeless vegetation of
the northernmost part of the Earth across the Arctic formed in the tundra climate and
dominated by herbs, mosses, lichens, dwarf shrubs and dwarf woody plants (Allaby,
2010; Clark, 2003; Strahler and Strahler, 2005).

Boreal forest and tundra are two of the world’s largest biomes. ‘Biome’ is a general
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ecosystem type, which consists of a group of ecosystems that have a similar climate,
set of plants and animal species, vegetation structure and characteristics. Terrestrial
biomes constitute the largest division of terrestrial ecosystems and are defined by the
characteristics of vegetation because green plants dominate the Earth’s biomass with
97%, while animals’ share is the remaining 3%. Sub-divisions and formations of biomes,
such as cold needleleaf forest, boreal forest and taiga formations in the boreal biome, or
Arctic and alpine tundra formations do not play any major role in this work and will
not be considered independently. This dissertation will avoid referring to boreal forest
and tundra biomes and will rather use the terms for the corresponding climate zones,
the boreal zone or the sub-Arctic zone and the tundra zone.

The boreal forest zone extends across the sub-Arctic in Eurasia and North America
and covers about 17% of the global land territory (Bonan et al., 1992). Constituting
more than a third (38.3%) of the global forest area, boreal forest plays a major role
in regulating the global environment through its influence on albedo, carbon cycle and
water circulation (ACIA, 2004, 2005; Cullerne and Phil, 2009). As shown in Table 2
the most considerable portion of the global forest area is situated in Russia (22.4%), of
which the majority is boreal forest. Other forest countries, Canada and the USA, carry
a much smaller portion of the global forest, 6.4% and 8.0% respectively.

Table 2: Forest areas in di�erent countries of the Arctic and sub-Arctic, in hectares and as
percentage of the total world’s forest (ACIA, 2005; Smith et al., 2001).

Arctic/ Sub-Arctic country Total forest area
(106ha)

% of global
forest area

Russia 851.4 22.4
USA, total, including Alaska 302.4 8.0
Canada 44.6 6.4
USA, Alaska only 35.0 0.9
Sweden 27.1 0.7
Finland 21.9 0.6
Norway 8.8 0.2
Iceland 0.034 <0.001
Total, the Arctic and Sub-Arctic coun-
tries

1,456.2 38.3

Total, world 3,800 100

Potential evapotranspiration, E
p

(Clark, 2003), is often used as a measure of the
amount of phytomass1 and vegetation density. According to Strahler and Strahler (2005)
and Herb (2009) the value of E

p

in tundra is normally below 35cm and stays zero for
more than 8 months a year. This defines tundra vegetation as such that should be
surviving in a low water supply under extreme temperatures. In contrast, in the boreal
forest zone the value of E

p

is normally in the range of 35 Æ E
p

Æ 52.5cm, although there
is the same 8-month period of zero E

p

. This allows conifers to dominate the vegetation,
Table 3. Severe climatic conditions of the sub-Arctic such as long winter, late snowmelt

1‘Phytomass’ is the total weight of living plants overground and underground, i.e. leaves or needles,
branches, trunks, flowers, yields as well as roots, tubers, bulbs, etc. (Bazilevich et al., 1971).
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and short vegetation season make northern ecosystems highly sensitive to any types
of natural or human disturbances (Smithson et al., 2002; Solheim et al., 1995). These
disturbances result in a quick degradation of ecosystems and change in the environment
in long term.

Table 3: Latitudinal zones of sub-Arctic vegetation in di�erent climate subtypes (Herb, 2009;
Strahler and Strahler, 2005); Ep is a potential annual evapotranspiration.

Formation class Description

Tundra Climate: Arctic / tundra / high-latitude, annual E
p

< 35cm,
E

p

= 0cm for 8 and more months

Arctic barren tundra Land with exposed soil, sand, rock or snow and no more than
10% of vegetation cover around the year

Open shrub tundra
Woody vegetation with height below 2m with 10≠60% of
shrub canopy cover. Shrub foliage can be coniferous or de-
ciduous

Close shrub tundra
Woody vegetation with height below 2m with more than 60%
of shrub canopy cover. Shrub foliage can be coniferous or
deciduous

Boreal forest Climate: sub-Arctic / boreal / mid-latitude, annual 35 <
E

p

< 52.5cm, E
p

= 0cm for 8 months

Coniferous forest / cold
evergreen needleleaf forest

Domination of woody vegetation with more than 60% of
canopy cover and height above 2m. Trees remain green all
year around. Canopy always with green foliage

Deciduous needleleaf for-
est

Domination of woody vegetation (for example larches) with
more than 60% of canopy cover and height above 2m. Annual
cycle of leaf on/o� periods

Mixed coniferous and de-
ciduous forest

Domination of woody vegetation with more than 60% of
canopy cover and height above 2m. Mosaic of coniferous and
deciduous forests. No single type exceed 60% of cover

The altitudinal variations in vegetation are caused mostly by the micro-relief, micro-
climate, drainage and soil conditions (Smithson et al., 2002). Table 4 gives an example
of the altitudinal vegetation distribution for the Hibiny mountains, Russia. High hills
and ridges are likely to be covered by bare rock or leptosol soils with sparse lichens and
mosses. Well drained tops of lower hills are likely to have slightly acidic and leached
Arctic brown soils with an underdeveloped thin humus horizon. These are covered with
lichens and variations of dwarf shrubs such as Empetrum nigrum, Vaccinium vitis-idaea,
Ledum decumbens and other. Gentle slopes have poor water drainage. This results in
the formation of tundra gley and peaty gley soils with water tolerant heath, lichen, moss
and sedge species. Depressed, low or flat areas with very poor drainage on peat soils
are typically covered by wet meadows, wetlands, and bogs. Species of moss (Sphagnum)
and sedge (Carex, Eriophorum) constitute the dominant vegetation on wetlands and
bogs here.

Until now no common classification system has been defined for northern vegetation
and its change with latitude. The most popular ones come from Canada, Russia and the
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Table 4: Altitudinal zones of sub-Arctic vegetation in the Hibiny mountains of the Murmansk
region, Russia (Mishkin, 1953).

Formation class Altitude, m
Coniferous forest with dwarf shrub 120≠300
Birch-willow forest with moss and lichen 300≠350
Birch shrub with dwarf shrub 400
Mountain dwarf shrub and lichen tundra 400≠600
Stone mountain tundra >700

USA, Table 5. The terminology used to describe the vegetation of the sub-Arctic zone
are identical in the Canadian and American systems. However, the Canadian system
is more accurate in sub-dividing the Arctic zone into shrub tundra, heath tundra and
polar tundra, while the American one defines only low and high Arctic. The Russian
classification of the Arctic zone is more detailed than the other two and it also includes
the forest/tundra transition zone in the Arctic rather than in the sub-Arctic. The
vegetation of the sub-Arctic is then described just as northern taiga without any further
sub-divisions.

Table 5: The Arctic and sub-Arctic vegetation classification systems in Canada, Russia and
the USA, adapted from Smithson et al. (2002) and Milkov (1990).

Zone Canada USA Russia
Boreal forest Boreal forest

sub-Arctic Open lichen wood-
land

Open lichen wood-
land

Northern taiga

Forest tundra Forest tundra Lesotundra
Shrub tundra Southern tundra

Arctic Heath tundra Low arctic Typical tundra
Polar tundra High arctic Arctic tundra

Polar desert

Since the industrialisation, humanity has had a greater impact on vegetation than on
any other component of the global ecosystem (Goudie, 2006). Nevertheless, the quan-
titative contributions of vegetation alterations to the global environment and climate
change have not been well researched so far. This dissertation explores how human
activity a�ects the sub-Arctic ecosystems and vegetation and how this reflects on the
regional and global environment.

1.2 Vegetation as indicator of human impact on the environ-
ment

1.2.1 Northern vegetation: vulnerable and sensitive to changes

Any change in vegetation, caused by natural and human factors, results in a change in
the corresponding ecosystem or ecosystems and the environment on di�erent levels. The
reciprocal e�ect of the environmental change is that it reflects back on the ecosystem,
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the vegetation and human activity within the ecosystem. Focusing on human activity
Figure 3 illustrates how human impact on vegetation a�ects the components of litho-
sphere, atmosphere, pedosphere, hydrosphere and biosphere, and how these, in turn,
lead to further changes in vegetation and reflect back on the human activity.
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Figure 3: Illustration of the feedback loop between human, vegetation and Earth’s geospheres,
adapted from Goudie (2006).

In the extreme geographical conditions, such as those of the sub-Arctic, the vul-
nerability of vegetation with respect to external disturbances increases dramatically
(Hofgaard, 2004; Symon et al., 2005). Changes in vegetation are rapid and are clearly
visible in the amount of the ground phytomass as well as in the numbers and variety
of plant species (Golubeva, 1999). The most stable vegetation species in the sub-Arctic
are dwarf shrubs; the least stable are lichens (Babitch et al., 1998; Golubeva et al., 2003;
Govorova et al., 2002).

Many research teams show a strong correlation between the amount of toxic indus-
trial pollutions in the air, water and soil and the speed of vegetation degradation and
change (Kruchkov and Syroid, 1984; Moiseenko et al., 2002; Tømmervik et al., 2003).
This relationship and the overall sensitivity of the northern vegetation to environmental
changes make vegetation of the sub-Arctic one of the best indicators of environmental
changes in general, and of human activity, in particular.

Further reasons for choosing vegetation as a leading indicator of human activity and
its impact on the environment are the following. With an exception of water there is
no other element of the environment covering as much of the Earth’s territory as vege-
tation. According to Bazilevich et al. (1971) the biomass of vegetation (phytomass) is
orders of magnitude greater than that of animals and other organisms, 2.40◊1012tonne.
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Vegetation masks the background of the Earth surface behind its canopy defining the
spectral radiance response in the remote sensing images, see Section 4.1.2 for further
details.

Figure 4: Geographical distribution of latitudinal boreal forest, treeline and other border lines
according to Heikkinen (2005); Hustich (1979). Border lines: 1 ≠ the economic forest line;
2 ≠ the physiognomic forest line; 3 ≠ the treeline; 4 ≠ the tree-species line; 5 ≠ the historic
treeline. The present forest/tundra zone is located between the economic forest line and the
tree-species line. The locations of the border lines are schematic because of the mosaic pattern
of plant species.

1.2.2 The border line approach to vegetation mapping

Hustich (1979) suggested the ‘border line’ method to map northern vegetation: the
boundaries of vegetation are mapped using the density and gradient of the tree cover
(where the term ‘line’ refers only to a particular value at the gradient). A series of five
border lines is considered in the literature, starting from the ‘economic forest line’ in the
South, followed by the ‘physiognomic forest line’, the ‘treeline’, the ‘tree-species line’ and
the ‘historic treeline’ in the North, see Figure 4 (Hare and Ritchie, 1972; Hustich, 1979;
Kihlman, 1890; Sernander, 1900; Spear, 1993). One of the most important border lines
is the ‘treeline’, which is located in the forest/tundra ecotone (Hustich, 1979). Treeline
is the boundary at high latitudes and altitudes beyond which trees do not generally
grow at all (Smithson et al., 2002). The ‘treeline’ is one of the most environmentally
important border lines with respect to monitoring changes in the environment caused
by natural processes and man.
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The vegetation in the forest/tundra ecotone changes gradually and this has been the
reason for a controversy in using the line concept. In the context of interpreting remote
sensing data by classification, computers use a quantitative approach to map pixel values
of the Earth’s surface reflectivity into user defined classes. Within the forest/tundra
ecotone classifiers will be forced to make a binary decision for either forest or tundra
depending on the level of signal, which is determined by the tree density. The boundary
between the two can be seen as a treeline with roughly 0.3 canopy density based on the
definition of the forest line. This is illustrated in Figure 5. Here tree canopy density
changes from high for closed forest in the South to low for tundra in the North. The
treeline is a mixed zone with some areas where forest dominates over a few tundra
spots, and other areas where tundra dominates and forest/tree spots are included here
and there.
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Figure 5: Illustration of the canopy density in the forest/tundra transition zone. The transition
is controlled by the latitudinal temperature gradient. The treeline is located approximately at
the 30% canopy density. The treeline is a zone with areas dominated by forest with tundra
inclusions or areas dominated by tundra with forest inclusions.

The present treeline stretches across the Northern hemisphere for more than 13,400km
(Callaghan et al., 2002). Being located at the edge of extreme conditions the treeline is
highly sensitive to a slightest change in the environment. The location of the treeline
depends on climate, human activity and biotic factors. The impact of these factors on
the treeline dynamics has been investigated by a number of research groups (Bocharov,
2012; Gervais and MacDonald, 2000; Kullman, 2005). However, the variety of often con-
flicting or complementary definitions makes it di�cult to derive a single methodology
for monitoring the dynamics of the treeline as well as add to the lack of understanding
of the treeline position and characteristics (Callaghan et al., 2002).

Even though the treeline moves around at local and regional scales, globally its
position has hardly changed over the past few decades (Kullman, 2001; Vlassova, 2002).
Even though there have been numerous publications researching the dynamics of the
treeline, the mechanisms of those changes including the specific causes that led to the
change are still poorly understood. It was also shown that human activity contributes
to the treeline dynamics (Vlassova, 2002), but this subject has not been thoroughly
studied yet.

Geographically this work focuses on territories close to the treeline. This is also
where all the research hotspots are located. The position and the dynamics of the
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forest/tundra ecotone are widely used as good indicators of environmental changes.
They were shown to be dependent on the geographical conditions and the environment
(Callaghan et al., 2002; Moen et al., 2008; Odland, 1996; Spear, 1993). With such a
dependence it is reasonable to assume that changes in the environment should result
in shifting the positions of the forest/tundra ecotone and the treeline. High visibility
of the treeline makes it ideal to visually detect, inspect and monitor changes in the
environment.

1.2.3 Remote sensing for vegetation change detection in the sub-Arctic

‘Remote sensing’ is a broad term that describes the process of collecting information
about an object through interpreting data acquired about the object without being in
a direct physical contact with the object. According to Lillesand and Kiefer (2000)
“‘Remote sensing’ is the science and art of obtaining information about an object, area,
or phenomenon through the analysis of data acquired by a device that is not in contact
with the object, area, or phenomenon under investigation.”

Initially, remote sensing of the environment was based on observing, taking notes
and making drawings. Technical methods that operate within the above definition go
as far back as the 4th century BC (Rees, 2001) when Aristotle described his camera
obscura. Being an optical device projecting a picture of its surroundings on a screen and
translated from Latin as a dark (obscura) room (camera), it is the forefather of modern
cameras. Since then the development of photography, aviation, satellites, advances in
optics and physics of electromagnetic radiation defined the direction of the remote sens-
ing development. This extraordinary evolution of the method made the above definition
too broad and general for the modern day.

Today, remote sensing is a combination of art and science applied widely for the aims
of measuring the characteristics of environment and for the environmental monitoring
of natural processes and human activities. Schowengerdt (1997) defines it simply “as
the measurement of object properties on the Earth’s surface using data acquired from
aircraft and satellite”. Shay (1980) provides a more evolved definition: “‘Remote sensing’
is the term currently used by a number of scientists for the study of remote objects
(Earth, Lunar, and planetary surface and atmosphere, stellar and galactic phenomena,
etc.) from a great distance. Broadly defined, remote sensing denotes the joint e�ects of
employing modern sensors, data-processing equipment, information theory and devices,
space and airborne vehicles, and large-systems theory and practice for the purposes of
carrying out aerial or space surveys of the Earth’s surface”.

Massive volumes of remote sensing imagery data have been collected in many archives
around the world to this date. Initially many archives were closed, however, in the recent
decades more and more archives opened up providing data for free or at a reasonable
price. The digital nature of most remote sensing data enables a straightforward use of
computerised data processing. With the availability of accessible data, remote sensing
takes its position as a rapid and relatively cheap method for conducting research of the
land cover by obtaining an up-to-date data coverage for a large territory rather than for
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individual points. This makes remote sensing extremely useful for researching remote
and di�cult to reach areas such as the Arctic and sub-Arctic, forests, mountains, glaciers
etc.

The ability to research territories otherwise di�cult to reach to has made remote
sensing a very popular tool for environmental studies such as assessment and monitoring
of the environment, atmosphere, land and water surfaces (Jensen, 2007; Lillesand et al.,
2004; Rees, 2001; Richards and Jia, 2006). It is also an excellent tool for the on-going
monitoring of vegetation and the environment at di�erent scales (Craighead et al., 1988;
Danks, 2006; Golubeva et al., 2010; Hofgaard et al., 2010; Rees and Williams, 1997;
Tømmervik et al., 2003): it provides accurate and specific information about the state
of plants and is ideal for the purposes of vegetation monitoring. Applying remote sensing
often makes updating Geographical Information Systems (GIS) layers for digital maps
easy.

Despite many advantages remote sensing has a number of issues as well. The avail-
ability of remote sensing images over particular territories and with particular charac-
teristics (such as spatial and spectral resolution, low cloudiness etc.) as well as inter-
pretation of the results are the two main problems. Collecting the ‘ground truth’ data
for accuracy assessment is not always possible in remote areas.

1.3 Scientific rationale and research objectives

One of the most pressing issues of the present time is the problem of changing climate
and environment. Despite all the research, the role of human activity in forming the
global environment and influencing the climate change remains an open question. While
the Earth’s environment is controlled by a large number of complex factors in di�erent
parts of the globe, the e�ect of human impact on the environment even on regional
and local scales is not uniformly understood and the analysis remains patchy. Methods
for statistical inference to draw conclusions about global climate change can only be
developed with a good understanding of the underlying data (local and regional obser-
vations), which is currently lacking. Under such conditions, it would be foolish to draw
general conclusions about the global climate change before more knowledge is collected
on regional and local scales.

In this dissertation we concentrate on collecting local and regional knowledge about
how human impact a�ects vegetation of the European North. In earlier sections we
have discussed the importance of northern vegetation for the global environment. Span-
ning across two continents and tens of millions of square kilometres it forms two largest
terrestrial biomes (boreal forest and tundra) occupying about 18% of the Earth’s land
surface. This vast territory of mostly pristine nature, undergoing very slow restoration
due to severe climatic conditions, represents an ideal target for researching human im-
pact on vegetation and on the global environment and climate. Many research teams
have been studying northern vegetation, they have been analysing and monitoring the
impact of human activity. It is, therefore, most unfortunate that we are still lacking
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a common classification of types of human impact, an understanding of connections
between particular human activities and their environmental response, the land cover
mappings of the impact over large territories (even within Europe and Fennoscandia),
and, finally, tools for monitoring the vegetation change across large territories.

A vast amount of research has been produced studying individual types of human
impact and their influence on local and regional environments in the North. Rarely
authors looked at analysing di�erent types of impact together. Furthermore, many teams
and institutions produced land cover mappings for a large number of impact hotspots
using remote sensing data and methods. Rarely the mappings have been coherent,
based on the same land cover classification and produced with the same classification
thresholds or the same data preprocessing. Finally, plenty of tools for monitoring the
environmental change are being created. However, one will struggle to find any tool
available in the public domain that, given expert geographical and local knowledge,
would allow for a straightforward change detection and monitoring of the land cover
change over such a large territory.

This dissertation does not answer all these outstanding questions. However, first, it
brings together, analyses in detail and provides a classification for major types of human
impact in the North. Using further developments in remote sensing it delivers coherent
land cover mappings for more than ten thousand square kilometres of boreal forest and
tundra in the European North. It delivers the analysis of types of human impact in
their selected hotspots alongside other human activities. Finally, it provides ideas and
examples for developing the tools needed for a large scale monitoring of environmental
change.

Based on the rationale given above, we can define the following two main goals for
this dissertation:

• Advance the remote sensing methodology to enable studying land cover and mon-
itoring land cover changes over large territories in an automated fashion.

• Monitor and analyse land cover and environmental changes attributed to di�er-
ent types of human impact in northern Fennoscandia between the 1980s and the
present day and draw conclusions about the state of the environment and its
change during this period.

These goals are achieved by fulfilling the following objectives:

a) define the role of northern ecosystems and northern vegetation in the global envi-
ronment and in local and regional environmental, political, economical and cultural
development;

b) describe physical conditions such as geomorphology, climate, hydrology, soil and
vegetation for Fennoscandia and for selected hotspots of human impact as physical
conditions define which human impact is characteristic for the area;

c) analyse and systematise the types of human impact on vegetation in northern Fennoscan-
dia; identify and separate types of impact by chemical or mechanical e�ects, by lateral
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spread (localised, regional or global), by area (forest, pre-tundra or tundra); select
representative hotspots;

d) advance remote sensing methodology for large scale monitoring by studying and
introducing coherent image pre-processing techniques, exploring advantages of mul-
tispectal image classification, researching and integrating band transformations into
multispectral classification, assessing the advanced methodology and validating clas-
sification maps;

e) map land cover for hotspots of human impact by collecting cloud-free Landsat TM
and ETM+ images from open archives, collecting and using field data for training
the classifier and validating the maps, developing a united mapping legend suitable
for mapping all types of human impact, and by running automated scripts to apply
image pre-processing, classify land cover and generate mappings;

f) identify land cover changes in the selected hotspots between the 1980s and the present
day by performing the vegetation change detection (area of changes, spatial varia-
tion), detecting, monitoring and assessing the level of impact;

g) finally, characterise the quality of the environment in the hotspots on local, regional
and global scales.

This dissertation aims at systematising information about types of human impact on
the sub-Arctic vegetation, developing a novel method for studying these types of impact,
and, finally, studying human impact on vegetation across northern Fennoscandia. Even
though the dissertation presents a novel analysis method, the actual application of the
method to studying human impact in a number of selected hotspots across Fennoscandia
and the corresponding discussion are the primary aims of this research.

The method development requires good knowledge of existing analysis methods,
knowledge of physics (for understanding the nature of data), maths and statistics (for
developing data preprocessing and setting up the classification) as well as computer
scripting (for automating the classification workflow to cover large territories). System-
atising information about types of human impact, training the classifier for land cover
mapping and analysing land cover maps for northern Fennoscandia involves field data
collection, hotspot selection, monitoring land cover and environmental change as well as
assessment of impact. These activities require good knowledge of Earth sciences, popula-
tion geography etc. This dissertation is, therefore, a highly inter- and multi-disciplinary
research.
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Chapter 2

Study Area

2.1 The geographical location

As discussed above, vegetation of the sub-Arctic is sensitive to changing conditions and
preserves the e�ects of the damage over long periods. This, and its importance in forming
and controlling the global environment, make it ideal for studying long-term e�ects of
human activity on vegetation and the environment. This research can be applied to a
wide range of northern terrestrial ecosystems across the American and Eurasian sub-
Arctic, but it focuses on the northern part of Fennoscandia. This is the most populated
and industrially developed area of the whole sub-Arctic and, therefore, su�ering most
from human impact. This area spreads north and south of the treeline and covers more
than 25,000km2 reaching from Finnmark in Norway, through Norrbotten in Sweden,
Lapland in Finland up to the Murmansk region in Russia. This region is rich in natural
resources such as wood, gas, oil, coal, ferrous and non-ferrous minerals. Therefore, it
has become the most industrialised and economically developed region of the Arctic
and sub-Arctic (AMAP, 2006). Its proximity and the presence of a lot of professional
contacts across the research institutes in Norway, Sweden, Finland and Russia make it
additionally attractive to analyse in detail. Due to the presence of a lot of research
teams in the area, individual types of human impact have been studied with di�erent
degrees of detail and the data are available for validation.

The study area spreads for 100≠150km north and south of the treeline and stretches
for about 2,500km from the West to the East, from Finnmark in Norway, through
Norrbotten in Sweden, Lapland in Finland up to the Murmansk region in Russia (Mur-
manskaya oblast). Wilhelm Ramsay, a Finnish geologist, described this area in 1898
as ‘Fennoscandia’. Figure 6 shows the study area in detail along with individual local
administrative territories.

Within the study area in northern Fennoscandia a series of hotspots for di�erent
types of human impact on vegetation had been identified. These are described in detail
in Chapter 3.
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Figure 6: Geographical location of the study area: (a) Fennoscandia on the circumpolar region
map; (b) northern Fennoscandia on the regional level: Norrbotten in Sweden, Lapland in Finland,
Finnmark in Norway and Murmansk region in Russia; (c) sub-regions on the local level.
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2.2 Physical environment of the study area

A deep understanding of physical conditions is crucial for understanding the sort of
impact human activity may have on the environment. In many cases the level and the
distribution of human impact depends on the geographical conditions. In this section
we discuss the physical conditions for the whole territory of the study area as well as
the most interesting facts about the physical environment next to the selected hotspots
of human impact.

2.2.1 Geomorphology

The study area spreads across a number of geological domains within the Precambrian
Fennoscandia basement (Gorbatschev and Bogdanov, 1993). The Archean domain aged
over 2.5Ga1 covers the northern parts of Finland, the Murmansk region and a small
northernmost part of Sweden. This domain includes mainly granitoid gnesses and green-
stones. The Svecofennian domain with rocks aged between 1.9Ga and 1.86Ga was formed
in the early Proterozoic Era. It covers northern Sweden and consists of the rock groups
of the northern and southern Svecofennian Volcanic Belts. The Norwegian parts of
study area are based on the Precambrian and Lower Palaeozoic rocks deformed during
the Caledonian orogeny (Lidmar-Bergstöm and Näslund, 2005).

Geological processes, such as land uplift, sedimentation and erosion are the most im-
portant factors in forming landforms, changing the vegetation growth forms, originating
lake forms, accumulating mineral deposits, defining the location of human settlements
and distributing pollutions. Having mainly Precambrian granites and gneisses in the
base of bedrock, Fennoscandia demonstrates quite a variety of landforms in di�erent
places due to tectonism and glacial erosion. These factors play a significant role in the
formation and changes of the relief of Fennoscandia. Therefore, the present landscapes
of the northern Norway and Sweden are defined by the overlying Cambrian strata2

(Lidmar-Bergstöm and Näslund, 2005) ≠ these are hilly and rise more than 200m above
sea level.

The Scandinavian mountains, the Scandes, stretch from Norway through northern
Sweden and Finland up to and along the Russian-Finnish border and reach more than
2,000m above sea level, Figure 7. This is the most mountainous region in the study
area. The steep Scandes create a natural border between Norway and Sweden. Another
mountain range of up to 1,500m is located in the Murmansk region: Hibiny and Lovozero
are the two biggest alkaline-rock centres of the Kola’s Paleozoic Era alkaline province of
the Fennoscandian shield (Arzamastsev et al., 2008). The eastern part of the Murmansk
region is a plateau.

The northern Finnish landscapes are mainly a flat sub-Cambrian peneplain with low
elevation, less than 200m above sea level (Högbom, 1910). The main lowland lies here

1Ga stands for Giga-Annum, a billion of years
2
stratum ≠ “roughly horizontal individual layer of homogeneous material, its surfaces parallel to

layers of di�erent material laying above and below. The term is usually restricted to a bed or layer of
sedimentary rock” (Clark, 2003)
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Figure 7: Topography and bathymetry of the Barents region including northern Fennoscandia,
the Arkhangelsk region, the Nenets okrug and the archipelago of Novaya Zemlya. Reprinted
from (WWW: P. Rekacewicz, 2011).

around the lake Inari with the lake surface just 119m above sea level. ‘Peneplain’ is a
wide area of low relief, almost plain and featureless; “gently undulating land surface,
the penultimate stage before the stage of the plain without relief in a cycle of erosion or
denudation” (Clark, 2003).

Figure 8: Morphological regions of northern Fennoscandia formed by glacial erosion, adapted
from Seppälä (2005).

As seen in Figure 8 the landforms of the study area have been defined primarily by

20



the glacial erosion in a striped manner directed along the ice flow or along the ice margin
caused by the glacial erosion (Lidmar-Bergstöm and Näslund, 2005; Seppälä, 2005).

Drumlins3 are common in the northern part of Fennoscandia, especially in Finland
(Seppälä, 2005). They are orientated towards the north and northwest here (Heikkinen
and Tikkanen, 1979). Drumlin landscape can be easily detected in satellite images
because drumlins are covered in forest with wetlands and elongated lakes in between.

The region around the basin of the lake Inari in Finland is a typical ablation moraine,
or dead-ice moraine. This moraine forms an irregular landscape here covered in big
stones.

The variations of relief and the changes from mountains to flat landscapes result in
di�erences in micro-climate and vegetation types from one area to another. They also
result in di�erent ways of land use.

2.2.2 Climate

According to Köppen (1936) most of the study area is characterised by the boreal cli-
mate (type Dfc). This type of climate is demonstrates significant di�erences between
the coldest and warmest months, Figure 9, a≠h; long moist and cold winters with
the temperatures of the coldest month below ≠3¶C, and short cool summers with the
temperatures of the warmest months above +10¶C (Strahler and Strahler, 2005). The
mountain parts of the study area are characterised by the tundra climate (type ET), with
severe and long winters and temperatures below +10¶C for the warmest month (Tikka-
nen, 2005). Over the whole study area the maximum of solar radiation is achieved in
July and the minimum in December, during the polar night period.

Norwegian and Russian coastal areas are influenced by oceanic air masses and have
cool summers and relatively warm mild winters. Wet warm Atlantic air masses turn
dry, but still warm, on passing the Scandes, where they are known as the Föhn wind.
According to Moen and Odland (1993) southern Finnmark in Norway, the north-eastern
part of Sweden, most of northern Finland as well as the central part of the Murmansk
region in Russia lie in a weakly continental humidity section, Figure 9d≠h, with an-
nual precipitation of 400≠600mm (Autio and Heikkinen, 2002). This is the case for
Kautokeino, Enontekio and Kiruna. According to Zhulidov and Brannen (1997), the
influence of Arctic air masses is less pronounced on the majority of the study area than
the influence of Atlantic air masses, except for the central and southern part of the
Murmansk region, where mostly the cyclonic weather regime dominates. The level of
continentality increases from West to East along the predominant wind direction and
from the coastline to the central part of the study area due to polar and Arctic air masses
(Tikkanen, 2005). The strongest winds are at heights of 10≠12m above the surface and
can be found in areas of low elevation such as in the flats of the lake Inari. Strong winds
are also frequent at the coast line, mountains and areas free of trees such as logging

3parallel elongated moraine hills of up to 60m high, several kilometres long and 3 ≠ 4km wide
(Aartolahti, 1995), . . . “composed of basal till containing unstratified silt, boulder clay and rounded and
unrounded boulders” (Seppälä, 2005)
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Figure 9: Temperature and humidity values in the regional centres of northern Fennoscandia,
from meteorological data for 2010 (WWW: Reliable Prognosis, 2011). Data for Nikel and Kiruna
for the month of December were unavailable.
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areas.
Since the late 19th century the average annual temperatures in Fennoscandia have

increased by around 0.80 ± 0.20¶C (Panin et al., 2008). The seasonal temperature
increase varied from 0.9¶C in spring, 0.7¶C in winter, 0.5¶C in summer to 0.4¶C in
autumn (Izrael, 2006; Panin et al., 2008). However, Kullman (2001) found di�erent
variations in spring and in summer, 0.15¶C and 0.10¶C respectively. Rising spring
and summer temperatures caused earlier snowmelts (Alexandersson, 2002) as well as
drying of the boreal forest soils (Spodosols) and tundra soils (Gelisols) (Kullman, 2001).
Moberg et al. (2005) notes that warming of springs and winters in the 1990s is likely to
be due to strong west winds.

The weather is characterised by humidity of around 85% and more, especially in
the eastern parts and in the mountains, Figure 9. Precipitation is usually in form of
snow during winters and rain during summers. Despite relatively limited precipitation
some Finnish and Swedish regions of the study area, like the basin of the lake Inari in
Finnish Lapland with 400mm of precipitation per year (WWW: Finnish Meteorological
Institute, 2011), are more humid than the other. This is often due to lower evaporation
at the overall lower temperatures. As seen in Figures 9 d, f and g, the mean annual
temperatures here are between ≠3¶C and ≠1¶C (WWW: Finnish Meteorological Insti-
tute, 2011). The lowest winter temperature recorded in the study area was ≠51.5¶C in
January 1999 in Kittilä, Lapland, and ≠51.4¶C in January 1886 in Karasjok, Finnmark
(Tikkanen, 2005). In Lapland the first snow falls in the first half of October, which by
the end of the month forms a permanent cover. It only starts melting in May and early
June (Tikkanen, 2005).

The sky is typically cloudy with the maximum cloudiness observed around May and
November/December because of the cyclonic weather, and the minimum in March and
July. A big number of cloudy days restrict to use remote sensing data all year around.

The photoperiod and air temperature are the two major environmental factors con-
trolling the growth and distribution of northern plants (Downs and Borthwick, 1956).
Brockmann-Jerosch (1913) suggested that the forest-line distribution was strongly cor-
related with the maximum daily temperature. Helland (1912) analysed the daily mean
temperatures of 4 warmest months and identified the birch forest line at 7.3¶C. Odland
(1996) identified the mountain birch forest line at 13.2¶C over the same measurement
interval. It is possible, that in some cases, the limited distribution of other tree species
at higher altitudes creates lower competition and helps a wide spread of birch (Hämet-
Ahti, 1963). Helland (1912) further suggested that the forest line of spruce and pine is
located at the level of higher mean summer temperatures than the birch limit.

2.2.3 Forest, pre-tundra and tundra vegetation

Boreal forest in the sub-Arctic is dominated by spruce and pine with birch in between.
According to Mishkin (1953) and Golubeva et al. (2003) typical species that form the
background are dwarf shrubs (Vaccinium myrtilis, Vaccinium vitis-idaea, Empetrum
hermaphroditum, Ledum palustre, Vaccinium uliginosum), mosses (Pleurozium schere-
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beri and Hylocomium splendens) and lichens (Cladonia, Cetraria and Stereocaulon ssp.
which is common in the driest and poorest soils). Spruce forests are dominated by
Picea abies and Picea fennica. Dwarf shrubs form the background of 80% of all the
spruce forests (Golubeva et al., 2003). Elsewhere, pine forests of the northern type of
the Scots pine (Pinus sylvestris ssp. lapponica Fries) with the dwarf shrub and lichen
background constitute the largest forest area. In comparison to other pine species Pinus
sylvestris ssp. lapponica Fries has short needles with an average life of four to seven
years (Ramenskaya, 1983).

According to pollen analysis, the Scots pine appeared firstly in northern Finnish
Lapland about 9,500≠9,000 years ago (Payette et al., 2002) and reached the maximum
cover between 7,000 and 4,500 years ago (Eronen and Huttunen, 1993). At that time the
pine forest spread 500m above its current altitudinal location in the Swedish Scandes
(Kullman and Kjällgren, 2000). Spruce (Picea abies) expansion to its current area
started 2,500≠3,000 years ago in Lapland (Hyvärinen, 1976) and finished 2,000≠2,500
years ago in Norway (Hafsten, 1992). The direction of spruce migration was from the
south-east/east to the north-west. This is possibly because the south-east area, mostly
the Russian sub-Arctic, was not glaciated much in the Late Pleistocene and Holocene
and was forested by spruce (Callaghan et al., 2002; Kozharinov et al., 2010). Birch
(Betula pubescens) colonised northern Fennoscandia about 10,000 years ago in the early
Holocene, when a lot of the Scandinavian ice sheet melted away (Payette et al., 2002).

Pre-tundra consists of the lichen/green moss/dwarf birch shrub spare forest with
a mix of tundra vegetation. The Nordic mountain birch Betula pubescens ssp. cz-
erepanovii, earlier called ssp. tortuosa, with a mix of Betula subarctica and Betula
callosa dominates in birch shrubs and the spare birch forest. Vaccinium vitis-idea, Vac-
cinium myrtilus, Empetrum nigrum, the dwarf shrub Betula nana, grass species Festuca
ovina, Deschampsia flexuosa are very common in the lower layer of these birch forests.
Birch forests with dense cover of fruticose lichen, Cladina ssp., in the ground layer are
limited in height reaching an average of 2≠3m and show only a few grass species (Tøm-
mervik et al., 2004). Moss-rich birch forests, on the other hand, are rather productive.
They are characterised by trees of an average height of 4≠7m, both low and tall grass
species, and grow on meso- to eutrophic subsoils (Wielgolaski, 2001b).

Mountain tundra begins around 380≠400m above sea level in the forest zone and
around 240≠260m above sea level in pre-tundra zone and extends further upwards
(Bazilevich et al., 1986; Golubeva et al., 2003). It is characterised by dwarf shrubs Be-
tula nana, Salex glauca, Empetrum nigrum, Vaccinium myrtillus, Vaccinium vitis-idaea
and lichens Cladonia mitis, Cladonia stelaris, Cladonia rangiferina, Cetraria nivalis,
Cetraria islandica (Mishkin, 1953; Ramenskaya, 1983).

Due to di�erences in the climate conditions the amount of phytomass in forest is
150≠400t/ha, which is much higher than 5≠50t/ha in tundra, Table 6 (Karlsen et al.,
2007a; Rees and Williams, 1997).
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Table 6: Values of phytomass in di�erent ecosystems and formation classes, in tonnes per
hectare, adapted from Milkov (1990).

Ecosystem and formation class Amount, tonne/ha
Tundra: arctic tundra 5.0
Tundra: shrub tundra 12.5≠25.0
Pre-tundra 25.0≠50.0
Forest: northern taiga (coniferous forest) 150.0≠300.0
Forest: southern taiga (mixed forest) 300.0≠400.0
Semi-desert 5.0≠12.5
Desert 2.5≠5.0

2.2.4 Hydrology and wetlands

Being a deglaciated region, the study area is characterised by many large and small water
bodies such as rivers, brooks, streams and lakes. River and lake basins, or watersheds,
have a relatively recent glacial origin, therefore, they are not fully formed (Hyvärinen
and Kajander, 2005).

Water quality is high and water is often suitable for drinking. However some human
activities have a�ected water quality. For example, the draining of forests, peatlands
and wetlands in the agricultural areas has increased the supply of sediments and nutrient
elements to the nearest water bodies; industrial and urban waste has a�ected rivers and
lakes.

The number of lakes is changing due to natural and human processes. Some lakes are
filling up by sediments and becoming wetlands. Other lakes are drained for water supply
or for generating hydroelectric power (Hyvärinen and Kajander, 2005). In Finland, forest
logging has led to the expansion of wetlands due to the reduction of the natural removal
of soil moisture by trees and due to decreased evapotranspiration in the absence of
trees. In Fennoscandia the annual evapotranspiration is much lower than the annual
precipitation, in particular within the study area (Hyvärinen and Kajander, 2005).

The cold climate with low evaporation in moist depressions on the flat relief represent
ideal conditions for wetland development. In Finland the wetland area is larger than in
any other Nordic country. It is 104,000km2 vs. 70,000km2 in Sweden and 30,000km2

in Norway (Kivinen and Pakarinen, 1981). It is di�cult to compare the area of wet-
lands from country to country because of the di�erences in terminology and the set of
assessment parameters.

The term ‘wetland’ was introduced by the Ramsar Convention on Wetlands of In-
ternational Importance in 1971 and is defined in Article 1.1 as “areas of marsh, fen,
peatland or water, whether natural or artificial, permanent or temporary, with water
that is static or flowing, fresh, brackish or salt, including areas of marine water the depth
of which at low tide does not exceed six metres” (UNESCO, 1994). In the framework
of the current research the term ‘wetland’ will be used as a general term to describe
ecosystems intermediate between aquatic and terrestrial landscapes as well as natural
and human landscapes where the soil is water-logged (Clark, 2003). With respect to
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terminology, the following terms are used throughout the literature, with their meaning
summarised below: ‘bog’, ‘fen’, ‘peatland’, ‘mire’ and ‘wetland’.

Scandinavian researchers use the term ‘bog’ to describe only ombrotrophic wetlands,
receiving water from precipitation (Allaby, 2010; Clark, 2003; Pajunen, 2005). Their soil
is normally very acidic. The term ‘fen’ is more accurate for wetlands where the feed
is both rheotrophic (water is going via any ground flows), and ombrotrophic (Allaby,
2010). Fens are defined as peat forming ecosystems (Allaby, 2010). In fens the water
table is below or at the level of the sediments during summers. Fen soil is alkaline,
neutral or slightly acidic, in contrast to bogs. The main di�erences between a ‘bog’ and
a ‘fen’ is in the way the wetland is fed with water and, as a consequence, in the level of
soil acidity. The term ‘peatland’ is defined in Finland as a wetland area with organic soil
of at least 30cm thickness (Heikurainen, 1960). Or in the definition by Allaby (2010),
it is an area with a minimum peat layer depth of 40cm and at least 65% of dry weight
containing organic material. ‘Mire’ is a peat producing ecosystem with a spongy and
water-logged surface. The terms ‘mire’ and ‘wetland’ are general terms and in some
cases are synonyms.

With respect to assessment parameters there are di�erences between the Finnish
and the Swedish wetland classifications. In Finland the wetland classification is based
on the forest inventories rather than on geological surveys. There are four main wet-
land types: (1) pine fens with Betula nana, Calluna vulgaris, Ledum palustre dwarf
shrubs with Rubus chamaemorus herb and thick Sphagnum moss; (2) eutrophic fens or
‘brown-moss’ fens with Carex dioica, Carex flava, Saxifraga hirculus and some sparse
mosses; (3) spruce swamps or hardwood-spruce fens ≠ the most forested type with
dense spruces, birch, alder, Vaccinium myrtillus, Vaccinium vitis-idae and tall grasses;
(4) open fens or treeless fens, or oligotrophic/mesotrophic Sphagnum fens characterised
by Sphagnum spp., Vaccinium oxyccoccos, Andromeda polifolia, Eriophorum vaginatum,
Carex spp. and Tricophorum cespitosa (Cajander, 1913; Pakarinen, 1995; Seppä, 2002).
The Swedish wetland classification, on the other hand, is based on the gradients of spe-
cific wetland complexes, such as wet-dry (hummock-mud-bottom), poor-rich (bog-poor
fen-rich fen) and margin-expanse (Pakarinen, 1995).

Wide areas of wetlands are formed by a combinations of environmental conditions
and (related to them) wetland site types. These combinations are called mire or wetland
complex types (Cajander, 1913; Eurola et al., 1984). Two wetland complex types domi-
nate the study area. These are the “aapa” wetlands (or patterned fens) and the “palsa”
wetlands (“aapa” and “palsa” are Finnish names used also in scientific publications in
English).

The “aapa” wetlands are formed by long, hummock-string formations with Sphagnum
spp., Betula nana and Ledum palustre and intermittent lower and wet flark formations
with Carex spp., Eriophorum spp. and Sphagnum spp. (Seppä, 2002). The shapes of
these formations are defined by biotic factors, mostly by frost heaving and snowmelt
water flows. The aapa wetlands are mainly minerotrophic (receiving water from mineral
soils and rocks) and rheotrophic and have an open tree-free area in the centre of the
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wetland, but their raised edges are cover by forested pine bogs (Keränen and Kalpio,
2011).

The “palsa” wetlands are a special form of the aapa wetlands and are situated in
the areas of discontinuous permafrost in the northern Lapland, Norrbotten and south-
ern Finnmark close to the forest-tundra zone (Seppälä, 2006). They are classified like
Sphagnum hummock with a frozen peat centre of 1≠10m height, called palsa, even
during summers (Keränen and Kalpio, 2011; Pajunen, 2005).
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Chapter 3

Types and Locations of Human
Impact in the Study Area

As discussed earlier, di�erent areas are characterised by di�erent geological, physical
and climatic conditions, and are di�erently developed in the economical and social sense.
This leads to types of human impact being specific for every particular area. Within the
study area we can identify the following five major types of human impact on vegetation
of northern Fennoscandia as such that cause most of the damage: industrial atmospheric
pollutions, reindeer herding and grazing, forest logging, forest fires and infrastructure
development (primarily mining development), Figure 10.

Comparing the map in Figure 10 with the geological map shows that the locations
of types of human activity correlate clearly with the locations of the corresponding re-
sources. Almost all non-Saami settlements are organised around or close to the resource
bases. The copper-nickel smelters and the mining industry are close to the relevant
deposits. The reindeer grazing includes areas of tundra and forest where reindeer can
find food. Forest logging is only possible in the forest zone. Human activities that are
linked directly with and depend on the development of excavation and disposal infras-
tructure are very stable in their locations until the exhaustion of the resource in the
reserve. At the same time, grazing and logging migrate over years as resource is being
exhausted and while they require little infrastructure. Fires caused by tourism have no
defined permanent location and depend purely on the current preferences of the local
population.

Some types of impact spread over large territories, other are localised. Due to wind
and water flows, atmospheric pollutants spread far from the impact epicentre, details in
Section 3.1.

Reindeer herding and grazing is the most widespread type of impact across the whole
territory of Fennoscandia, details in Section 3.2. Only the western side of the Kola
peninsula is an exception here due to a high concentration of mining industry and high
urbanisation, and as a consequence a low reindeer density. Forest logging is widespread
in Finland and across the western part of the Kola peninsula in Russia, details in Sec-
tion 3.3. In some areas of Finland logging takes place across the same territory as used
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Figure 10: Map of human impact types and hotspots in northern Fennoscandia, constructed
by the author using field data and literature sources.

for reindeer grazing. Reindeer grazing and forest logging are characterised by extensive
activities, in some cases being the cause of changes in the processes of the ecosystems
at di�erent scales. Such types of human activity are called ‘extensive types’ of impact.

Other selected types of impact such as fire and mining development are also able to
lead to disturbance of the environment, but are much more localised in space and a�ect
the environment locally. Forest fires are co-located with the highly urbanised areas and
the mining industry sites, where the development of the industry led to high levels of
atmospheric pollutions and an extinction of green vegetation. These sites are primarily
around the city of Monchegorsk and north of Kovdor in Russia.

The author has a long experience researching di�erent types of human impact across
northern Fennoscandia having worked in the area for over a decade. The time frame of
this dissertation does not permit to apply a continuous monitoring of human activity
in space and time for the whole study area of northern Fennoscandia, which spreads
for about 400,000km2. Therefore, a series of hotspots that represent areas of the most
prominent or severe impact on vegetation for each type of impact was selected for this
research project. Their locations are given in Figure 11. The term ‘hotspot’ is an
area where the ecosystem su�ers significantly from one or more types of human impact.
Usually such areas are clearly distinguishable in the field and remote sensing data.

The size of individual hotspots is driven by specific biological, ecological, geologi-
cal and economical characteristics. All individual hotspots and their characteristics are
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Figure 11: Locations of the hotspot Landsat images (in natural colours) on the map of northern
Fennoscandia representing the actual areas of hotspots.

Table 7: Location and size of hotspots of human impact on vegetation.

Impact type Location Hotspot centre Area/km2 Vegetation
zone

Atmospheric
pollutions

Monchegorsk, Russia 67¶54ÕN, 32¶58ÕE 2,023±23 forest
Nikel, Rus 69¶25ÕN, 30¶15ÕE 1,257±1 pre-tundra

Grazing Finnish/Norwegian border 68¶50ÕN, 23¶52ÕE 5,906.8 pre-tundra
Logging Finnish/Russian border 67¶51ÕN, 29¶36ÕE 3,500±60 forest
Fire Monchegorsk, Russia 67¶54ÕN, 32¶58ÕE 2,023±23 forest

Nikel, Russia 69¶25ÕN, 30¶15ÕE 1,257±1 pre-tundra
Finnish/Russian border 68¶36ÕN, 29¶25ÕE 3,570 forest

Mining Kiruna, Sweden 67¶50ÕN, 20¶10ÕE 202.3±11 forest
Kirkeness, Norway 69¶38ÕN, 30¶00ÕE 448 pre-tundra
Kirovsk and Apatity, Russia 67¶38ÕN, 33¶44ÕE 1,231±63 forest
Olenegorsk, Russia 68¶08ÕN, 33¶15ÕE 503.5 forest

summarised in Table 7. The mining hotspots of Kirkenes, Kiruna, Olenegorsk, Kirovsk
and Kovdor are located in a very close proximity of the ore deposits and are very lo-
calised. The copper-nickel smelters in the Monchegorsk and Nikel hotspots of industrial
pollutions do not use local ore any longer and the size of these hotspots is much larger
primarily due to the spread of the pollutants in the air. Logging and grazing spreads over
a very large territory and the hotspots were selected over representative limited areas
which could be easily detected visually in the satellite images. The Finnish/Norwegian
border showed a clear contrast over the territory with di�erent grazing regimes. For
logging, no newly developed logging areas have been reported in the literature for the
territory of the study area. The selected hotspot near the Finnish/Russian border shows
the e�ects of heavy logging in earlier times.
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The size of the hotspots was additionally a�ected by the availability of satellite
images for the corresponding territories. It was not always possible to find images with
the same scanner, path, row and day of the year over the 10 year period. Therefore
some hotspots have a complicated shape.

3.1 Industrial atmospheric pollution

3.1.1 Degradation of vegetation under atmospheric pollution

The greatest impact on vegetation across northern Fennoscandia is exercised by the non-
ferrous metal industry via its highly toxic atmospheric pollutants, such as heavy metals
and sulphur dioxide (Glazovskaya and Kasimov, 1987; Lukina et al., 2005; Zhirov et al.,
2007). These elements spread in the atmosphere, lithosphere and hydrosphere according
to prevailing winds, topography and soil properties (Doncheva, 1978; Kruchkov and
Syroid, 1984). Winds can transport toxic pollutants over long distances aiding their
migration between and accumulation in the components of the ecosystem (Crane and
Galasso, 1999; Kruchkov, 1993; Lukina et al., 2005). Di�erences in the mass and mobility
of heavy metals and sulphur dioxide lead to their accumulation at di�erent distances
from the source of pollution (Rautio et al., 1998). Typically, farther areas su�er more
from lighter sulphur dioxide, while areas close to the smelter su�er from heavy metals
(Tømmervik et al., 1998; Zhirov et al., 2007).
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Figure 12: Distribution of ground phytomass for species of dwarf shrubs, grasses, lichens
and mosses (percentage of the total) from undamaged forest to forest su�ering under industrial
atmospheric pollution around the copper-nickel smelter Severonikel, adapted from Golubeva
et al. (2003).

Excessive levels of copper and nickel result in a reduced physiological activity and
potentially lead to a total vegetation degradation (AMAP, 1997; Nikolaevskiy, 1989;
Solheim et al., 1995; Toutoubalina and Rees, 1999). Toxic pollution reduces the lifetime
of needles from 6≠9 years in undamaged areas to 1≠3 years in severely damaged areas
(Yarnishko, 2005). They are the main cause of developing high rank skeletal branches
in trees. The first visual evidence of the degradation is a reduction in the numbers of
species and in the vegetation phytomass as shown in Figure 12 for the area around the
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Figure 13: Degradation of vegetation under the e�ect of industrial atmospheric pollutions,
adapted from Doncheva and Pokrovskiy (1999).

Severonikel smelter in Monchegorsk, Russia. If the industrial impact remains consider-
able the ecosystem loses stability, links between its components break and the ecosystem
may die, Figure 13.

3.1.2 Atmospheric pollution in the Murmansk region

The Murmansk region in the Kola peninsula, Russia, is the most socially, economically
and industrially developed region of the European North. It is also home to the non-
ferrous metal industry of the European North and the most polluted region in the
area. The industrial development across the Kola peninsula started with a number of
geological expeditions aiming at discovering mineral resources such as copper-nickel,
apatite-nepheline and iron ores (Fersman, 1953). An active occupation of this territory
began with its industrial development in the early 1920s (GMK, 2005; Krasovskaya and
Evseev, 1990). By 2006 GKS (2007) reports 790 thousand people living in industrial
cities, which constitutes nearly 92% of the total population of the region. Of these about
26% are reported to work in the mining industry (WWW: All-Of-Russia Directory, 2012),
while about 39% in non-ferrous metal industry (WWW: Social Atlas of Russia, 2012).
A number of reasons contributed to the rapid development of the region:

• a wealth of natural resources (Fersman, 1953; Volkov, 1996), which triggered nu-
merous expeditions;

• political and economical interests in the geographical location such as Barents Sea
staying ice free because of the Gulf Stream with entrances to the Barents and
White Seas located close to the central Russia (Rihter, 1934; Volkov, 1996);

• a vast knowledge about the geography and geology of the area accumulated in
many expeditions to the region (Dvinin, 1966; Kudravtcev, 1882; Ogorodnikov,
1869; Platonov, 1923; Vise, 1912);

• friendliness of the indigenous Saami people who helped to explore the Kola penin-
sula (Fersman, 1924).
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Figure 14: Geographical location of the Monchegorsk hotspot of industrial atmospheric pollu-
tion in the Kola peninsula, Russia, shown on the Russian military topographic map. The hotspot
is located in the boreal forest zone beyond the Arctic Circle. The composition of the Q-36-03-04
and R-36-33-34 map sheets (WWW: Genshtab, 2013) at the original scale of 1:200,000 is used
scaled, the grid is 2◊2km. Photograph by the author (July 2007): the view of the Severonikel
copper-nickel smelter from the top of the Sopcha mountain, 67.89N 32.85E.
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Figure 15: Geographical location of the Nikel hotspot of industrial atmospheric pollution in
the Kola peninsula, Russia, shown on the Russian military topographic map. The hotspot is
located in the pre-tundra and tundra zones beyond the Arctic Circle. The composition of the
R-36-19-20-1-2 and R-36-19-20-3-4 map sheets (WWW: Genshtab, 2013) at the original scale of
1:100,000 is used scaled, the grid is 1◊1km. Photograph by the author (July 2006): the view
of the Pechenganikel copper-nickel smelter from the technogenic barren on a nearby hill, 69.41N
30.22E.
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The rapid industrial development boosted the economic success of the Murmansk
region. At the same time, it caused the degradation of the pristine environment in the
proximity of the industrial zones. These zones are clearly visible in satellite images and
are often referred to as ‘industrial hotspots’. Even though there are many industrial
hotspots in the Murmansk region, the most severe with respect to damages to the
surrounding vegetation are the area around the city of Monchegorsk, Figure 14, and the
area around the town of Nikel, Figure 15, see also Figures 10≠11. The copper-nickel
smelters Severonikel and Pechenganikel, respectively, are situated at these locations.
The smelters form the Kola GMK1 metallurgic company, which is a part of Norilsk
Nickel enterprise with the head o�ce in Norilsk, Russia (WWW: Norilsk Nickel, 2012).

The first e�ects of industrial influence on the environment from the Severonikel and
Pechenganikel smelters appeared shortly after they started their operation in the 1930s
(Barkan and Poznyakov, 2003). Initially the impacts were local but they have grown
dramatically with the increase in the levels of production (Evseev and Krasovskaya,
1996; Kruchkov and Syroid, 1984; Lukina and Nikonov, 1993). By 1946 dry forest
had spread up to 6km around the Severonikel smelter (Karpenko, 1994). By 1950 the
volume of copper and nickel production increased to 6.3 and 10 thousand tonnes per year,
respectively, (Yarnishko, 2005). Nevertheless, the area around Nikel was still covered
by dense birch forest, Figure 16, and the area around Monchegorsk by nearly healthy
spruce forest. The levels of production kept rising after the 1950s.

Figure 16: View of the Pechenganikel copper-nickel smelter from the surrounding undamaged
birch forest in the 1950s. Photocopy by the author from the local historical museum in Nikel,
July 2006.

In 1968≠1973 the increase in the production volumes and the use of Norilsk sulphur-
rich ore (which has a three times higher sulphur concentration than the local ore) resulted
in high levels of sulphur dioxide emissions. These rose from 40 thousand tonnes in 1940
to about 290 thousand tonnes in 1973. This had caused a complete destruction of the
ecosystems at distances of 5≠6km (Doncheva, 1978). By the middle of the 1970s, the
impact of the Severonikel smelter spread to the area of 728km2 of which 80km2 consti-
tuted severely damaged vegetation (Yarnishko, 2005). The rise of emissions from the
Pechenganikel smelter was even more dramatic. The levels of sulphur dioxide emissions

1GMK, (gorno-metallurgicheskaya kompaniya in Russian ≠ a metallurgic mining company)
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rose from around 100 thousand tonnes in 1933≠1957 to 400 thousand tonnes in 1979.
At present, technogenic barren around the Severonikel smelter stretches 4≠5km to

the south and 6≠8km to the north of the smelter (Golubeva et al., 2003). Elsewhere the
vegetation is at di�erent stages of industrial damage from technogenic barren to slightly
damaged (Doncheva, 1978; Kruchkov and Syroid, 1984).
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Figure 17: Dynamics of atmospheric emissions from 1990 to 2005 in the Russian European
North. Data from (WWW: FSGS, 2012) as well as GMK (2005); Høgda et al. (1995). (a)
Total volumes of emissions across regions of the Kola peninsula and the levels of sulphur dioxide
emissions from the copper-nickel smelters; (b) the volumes of heavy metal emissions from the
copper-nickel smelters.

An analysis of annual environmental and industrial reports shows that the amount
of industrial emissions closely depends on the volume of production and the quality
of ore (Radetzkiy, 1994). Due to the collapse of the USSR in the beginning of the
1990s the industry of the Murmansk region decreased production substantially. The
smelters also changed to the local ore with a smaller sulphur content, which resulted
in a further decrease of industrial emissions, Figure 17. By 2005 the level of sulphur
dioxide emissions from the Severonikel and Pechenganikel smelter reduced from around
290 and 400 thousand tonnes in the 1970s down to about 40 and 105 thousand tonnes,
respectively. The total level of heavy metal emissions from the Severonikel decreased by
77% or from about 4.9 thousand tonnes in 1990 to about 1.1 thousand tonne in 2005.

As follows from the data in Figure 17 the levels of heavy metal emissions from the
Pechenganikel smelter remained more or less constant since the 1990s, but significantly
lower than those of the Severonikel smelter. While Pechenganikel emits nearly twice as
much sulphur dioxide as Severonikel, its levels of heavy metal emissions are very low
compared to Severonikel. This is because Pechenganikel specialised on the production
of the high quality converted matte from the ore, which is then used at Severonikel in
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further technological processes.

3.1.3 Restoration of vegetation su�ering from atmospheric pollution

The INEP research institute in Russia was tasked with identifying the ways to further
restore the severely damaged vegetation and vegetation in the areas of the technogenic
barrens. The research teams developed a functional approach to restoration whereby
the territory was initially seeded with grasses followed by species that can sustain the
severe conditions of the damaged soils such as birch and willow. Even though the
method started to show some initial good results, the main problems were related with
high toxicity of the soils which prevented the balance of soil nutrition (Isaeva, 2006b;
Nikonov et al., 2005). To deal with this situation it was suggested to replace the soil
layer with healthy soil and based on this a restoration prognosis for the area around
Monchegorsk could be made, Figure 18. The unsolved issue remained, however, the
disposal of the toxic soil.

The natural restoration of severely damaged vegetation takes place whenever the
levels of emissions decrease. Due to substantial reductions of emissions from the smelters
by the middle 2000s and due to the introduction of additional emission filtering processes
at the smelters some technogenic barrens started to restore with birch and willow. The
author’s own field observations show that starting from the beginning of the 2000s about
50% of earlier technogenic barrens became covered with birch and willow as seen in the
example in Figure 18.

3.1.4 Transboundary pollution

The border location of the Murmansk region and high levels of the copper and nickel
production make this area a source of a transboundary pollution by wind and water flows.
Yablokov (1996) reports that the industrial atmospheric emissions from the Murmansk
region have visibly changed the concentration of copper sulphate and nickel in the Arctic.
It was established that the air pollution from Pechenganikel spread over 30km radius in
Russia and Norway (Høgda et al., 1995; Kashulin et al., 2003). Kruchkov (1993) reports
that vegetation necrosis, Figure 19, caused by toxic pollutants in the atmosphere is seen
at distances as large as 55≠60km. The same author reports that the geochemical analysis
of plant and soil samples shows traces of pollutants at distances of up to 80≠90km.

According to (WWW: Murmansk Region Presentation, 2012) the total amount of
transboundary sulphur dioxide pollution from all sources in the Murmansk region in
2004 was 21,000 tonnes over the Russian/Finnish border and 67,000 tonnes over the
Russian/Norwegian border. The influx of pollutants from Pechenganikel was 11,000
tonnes over the Russian/Finnish border and 60,000 tonnes over the Russian/Norwegian
border.
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Figure 18: Map of the vegetation restoration prognosis for the Monchegorsk hotspot (INEP,
2003). Photograph by the author (July 2007): restoration of the technogenic barren of the
Severonikel smelter with birch and willow, 67.88N 32.79E.
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Figure 19: Needle (a) and leaf (b) necrosis caused by industrial atmospheric pollutions around
the Severonikel copper-nickel smelter. Photographs by the author, July 2007.

3.2 Reindeer husbandry and grazing

3.2.1 Reindeer herding in the Arctic and sub-Arctic

Reindeer are physiologically and environmentally well adapted to the severe conditions
of the sub-Arctic and Arctic where it is a widespread species across boreal forest and
tundra, Figure 20 (Colpaert et al., 2003). From boreal forest to tundra in Canada,
Finland, Norway, Russia, Sweden and the USA the reindeer herding is the only industry
in the Arctic and sub-Arctic which involves mostly indigenous people.

The total world reindeer population currently stands at about 5 million, of which 2
million are in Eurasia. Approximately 1 million reindeer are estimated for the area of
750,000km2 between the North Sea and the Ural mountains, primarily in boreal forest
and tundra (Rees et al., 2008). 20% of these are in Norway and the same number in
Finland, 25% in Sweden and 35% in Russia, although over a much greater territory than
in other countries. The current reindeer density ranges from 0.3 animals/km2 in Russia
to 13 in the northern parts of Norway and Finland (Rees et al., 2008).

Usually reindeer migrate seasonally between summer pastures in tundra and moun-
tains dominated by green grass and herbs, ‘green pastures’, and winter pastures in
pre-tundra and forest dominated by lichen. This migration poses a bottle-neck in the
reindeer herding development. Natural seasonal migration of reindeer between pastures
gives reindeer a better diet with high-quality food over the year and helps protect areas
from overgrazing (Johansen and Karlsen, 2005). High quality of summer pastures abun-
dant in green grass and plants is imperative for the success of reindeer growth and their
survival during cold winters. Good winter pastures are of no lesser importance and are
characterised by the accessibility of lichen under snow. Safe calving areas, shelter from
the wind and predators and comfort are essential for female reindeer during May.

The reindeer migration is often referred to as the ‘tundra type’ of reindeer herding
(Novikova, 2003). It is characterised by large groups of reindeer (from one to three
thousands) involved in a migration that takes place over long distances under human
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Figure 20: The reindeer habitat in the Arctic and sub-Arctic regions (Huntington, 2001).

supervision. The main aim of the tundra type of herding is the production of reindeer
meet and skin.

The most important problem of reindeer herding today is ‘reindeer management’,
which facilitates itself in maintaining the balance between the number of reindeer, the
size of their herds and the structure, quality and size of pastures (Paine, 1994). Maintain-
ing the balance requires a close cooperation between the reindeer people, the authorities
and other land users such as forest or gas industries.

A poorly organised reindeer management often results in the overpopulation of rein-
deer. This leads to overgrazing and pasture degradation, namely, destruction of the
plant community structure, alteration of the plant distribution, damage to seedlings
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and saplings in winters (den Herder et al., 2007; Moen et al., 2008; Zöckler et al., 2008).
As a result of overpopulation pastures are trampled down in summers and autumns
(Köyahkö and Pellikka, 1994). Increases in the reindeer population also cause a prolif-
eration of predators and lead to big losses of the reindeer population in hard climatic
conditions of northern winters.

Lichen is essential vegetation component for the formation and the steady develop-
ment of the boreal-arctic ecosystem where a reindeer is a part of this environment. At
the same time lichen is a vital natural source of winter reindeer food (Helle et al., 1990).
However, capacity exceeding of the permissible reindeer number per km2 and permanent
all-year-around usage of the same pastures leads to the damage of the lichen cover and
complete pasture degradation, especially summer type of pastures (Kumpula, 2010).
This happens because dry lichen is highly fragile (Pegau, 1970), especially Cladonia
unciali (Bayfield et al., 1981), and the growth of lichen is a slow process, up to 3≠6mm
per year for Cladina spp. (Pegau, 1968). Therefore, lichen, mostly ground, is a good
parameter for the reindeer grazing detection (Boudreau and Payette, 2004) by remote
sensing techniques. Composition of lichen species, percentage of lichen cover and the
height of lichen are the main indicators of grazing pressure on environment (Bråthen
and Oksanen, 2001).

Recent studies have indicated that although the reindeer is less vulnerable to chang-
ing vegetation cover, winter temperatures and wind regime (i.e. to climate change),
it is highly vulnerable to the impact of pollution, industrialisation, logging and other
industrial activities (Rees et al., 2008). The potential availability of reindeer pastures
decreases with the development of di�erent industries, such as mining, oil and gas, log-
ging, etc. As follows from the GLOBIO report (Nellemann et al., 2001) many areas
suitable for pastures become unavailable due to the growth of industry and due to the
conflict between various types of industries and human activities on land.

3.2.2 Reindeer people and reindeer herding in Fennoscandia

The Rangifer tarandus reindeer of Fennoscandia, Figure 21, constitute the majority of
all reindeer in Europe (Rees et al., 2008). Almost all them are either domestic or semi-
domestic managed most often by the Saami, Figure 22. Reindeer grazing is one of the
traditional uses of land for the Saami. It plays a major role in their life, culture and
identity. For these people the reindeer herding and grazing is more than just economic
activity, it is their life. Reindeer are also an important tourist attraction in the region.
Consequently, the e�ect of reindeer herding and grazing on the environment can be
considered as human impact and is not negligible.

The Saami started to hunt for reindeer only in the 9th century (WWW: Reindeer
Husbandry in Sweden, 2012). They first domesticated the reindeer in the 15th century
(Johansen and Karlsen, 2005) when reindeer breeding and herding formed as a stan-
dalone type of Saami economical and social activity. Before that the main occupations
of the Saami were farming, hunting and fishing (Novikova, 2003). In northern Finland
the reindeer business became an integral part of the economy in the 18th century (Helle,
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Figure 21: Photograph of a semi-domestic reindeer, Rangifer tarandus, the most popular and
widespread reindeer species in Fennoscandia. Photograph by the author taken at the Nutti Sami
Siida open-air museum, Sweden, 2011.

Figure 22: Map of the distribution of reindeer in Europe, modified from Rekacewicz (2001).

1966). In Fennoscandia reindeer herds in small groups of up to several hundred animals
with no human supervision. They are not involved into any long-distance migration
and are sometimes collected in herding units. Historically, this type of herding was used
to provide personal transport, as well as for carrying post and goods. Today, only the
reindeer people, the Saami, carry on using reindeer for transportation.

In highly industrially developed northern Fennoscandia reindeer tend to avoid man
and its obstructions keeping a distance of at least 4km. The limited use of pastures
close to the industrial development areas and roads increases the density of reindeer in
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the undisturbed areas. On a regional scale this may have a long-term negative impact
of the grazing industry (Johansen and Karlsen, 2005). The continued spread of mineral
extraction, forest logging and infrastructure development threatens the stability of the
grazing land and the reindeer population. Today the loss of pastures is the most im-
portant problem in many traditional reindeer areas including Fennoscandia (Jernsletten
and Klokov, 2002).

Figure 23: The visible e�ect of reindeer grazing between summer pastures separated by a fence
in tundra in the Finnmark plateau, Norway, 70.43N 27.52E. Photo by the author, July, 2011.

Fenced-o� state borders and roads impose further restrictions on the migration of
wild reindeer. Thus, the e�ect of wild reindeer grazing should also be attributed to
human (or human induced) impact on vegetation. Figure 23 shows how well the border
of the recently used reindeer pasture is visible on a tundra landscape.

Table 8: Numbers and density of reindeer across countries of Fennoscandia: Norway (2001),
Sweden (1998), Finland (2000) and Russia, Murmansk region (2010) (FSG, 2012; Jernsletten
and Klokov, 2002; Pridannikov, 2012; Thuen, 2003).

Region Number of Saami Number of
reindeer

Grazing
area/km2

Reindeer
density per
km2

Norway 35,000≠40,000 165,000 140,000 1.2
Sweden about 18,000 227,000 160,000 1.4
Finland 5,000 186,000 114,000 1.6
Murmansk region 1,800 58,896 66,000 0.9

Table 8 provides a detailed view into the numbers of the Saami and reindeer across
northern Fennoscandia. Finland has the greatest density of 1.6 reindeer per km2. But
the greatest number of reindeer lives in Sweden, 227,000 animals. By far the greatest
number of Saami involved in managing reindeer is in Norway, with about 1 Saami for
every 4≠5 reindeer. Such di�erences are caused by the di�erences in the governmental
policies of reindeer managements across countries.

To understand the e�ect of reindeer management on the environment in di�erent
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Table 9: Reindeer management systems in Norway, Sweden, Finland (Jernsletten and Klokov,
2002) and Russia (Novikova, 2003).

Country Ownership Right of ownership Licence Regulation
Norway communal-

private
Norwegian Saami;
Norwegians in con-
cession areas

‘husbandry unit’ “Norwegian reindeer herd-
ing act"

Sweden communal-
private

Swedish Saami;
Swedes in concession
areas in Norrbotten
only

membership of
Saami village

“Swedish reindeer herding
act"

Finland communal-
private

any citizen of Finland
and the EU

permanent
residence in
community;
membership in
the co-operative

“Reindeer herding act"

Russia communal,
private, state

≠ ≠ The Constitution; Land,
Forest, Civil Codes; laws
in environment, agricul-
ture, mineral resources;
Federal law of the rights
of northern indigenous
small-people

parts of Fennoscandia we need to understand the di�erences in the reindeer manage-
ment policies between countries. Traditionally, the Saami managed reindeer herding
with their Siida system, which is the ancient reindeer herding community system that
normally assumes groups of 2 to 6 families who are helping each other in grazing, hunt-
ing and fishing (Jernsletten and Klokov, 2002). Today, reindeer herding is licensed in
all countries of Northern Europe, including Russia.

In Norway, Sweden and Finland the respective Ministries of Agriculture are respon-
sible for the national reindeer herding policy, Table 9, passing the executive authority
onto regional governments. All reindeer areas are divided into smaller units for better
management. Even though the administrative principles are similar, the policies are
di�erent in each country and they do not assume the traditional Siida system. The
distinctive feature of reindeer herding in these three countries is the location in highly-
populated areas next to reindeer pastures and the conflict for land between grazing and
other industries like logging, mining and farming (Jernsletten and Klokov, 2002).

This research focuses on reindeer herding in Norway and Finland, therefore, the
reindeer management systems and the dynamics of reindeer numbers is considered in
detail only for these countries. Di�erences in the reindeer management systems and high
densities of reindeer populations in Fennoscandia have led to the formation of an easily
detectable hotspot, ‘Javrresduottar’ or ‘Jauristunturit’, along the Finnish/Norwegian
border shown in Figure 24.
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Figure 24: Geographical location of the reindeer grazing hotspot at the Finnish/Norwegian
border shown on the Russian military topographic map. The hotspot is located in the pre-tundra
and tundra zones and is defined by the di�erences in the use of territory for reindeer pastures
(all-year round on the Finish side and winter only on the Norwegian). The composition of the
R-34-119-120 and R-35-109-110 map sheets (WWW: Genshtab, 2013) at the original scale of
1:100,000 is used scaled, the grid is 1◊1km.

Norway

There are 90 ‘reindeer pasture districts’ where only Norwegian Saami in the ‘husbandry
units’2 are allowed to herd the reindeer as well as Norwegians in concession areas3

2A husbandry unit is a form of licence which is given to a person to legally own reindeer and to
belong to a reindeer pasture district

3A concession area is a territory outside of the main Saami pastures, where both Saami and Norwe-
gians/Swedish (depending on country) are allowed to own and herd reindeer

45



only (Jernsletten and Klokov, 2002), see Table 9. These are further subdivided into 78
summer and all-year districts, and 12 autumn, winter and convention districts.

The reindeer pastures cover about 40% of the total country territory (Jernsletten and
Klokov, 2002), but the the majority of reindeer are concentrated in Finnmarksvidda4.
Between the middle of the 1970s and the middle of the 1980s the total number of reindeer
more than doubled here, from 90,000 to 210,000. This is almost the same as the total
number of reindeer for the whole of Sweden on just a quarter of the territory (Kashulina
et al., 1997). The reasons for such a significant rise in the reindeer population are not
completely clear. Possible causes are mild winter conditions, supplementary feeding,
anti-parasite treatment and a favourable policy in the owner registration system. The
rapid growth in the number of reindeer immediately reflected in the degradation of
vegetation (Jernsletten and Klokov, 2002). Evans (1996) reported visible erosion ridges
and open soil along migration paths.

In Finnmark the lichen-rich areas close to the Finnish border are only used as winter
pastures. The coastlines rich in grass, herbs and sedges are more popular as summer
pastures. According to the GLOBIO report (Nellemann et al., 2001) around 26% of the
grazing areas are lost in Norway, and about 50% of possible areas are under a high level
of human impact.

From the 1990s to the 2000s the reindeer population here decreased from around
218,000 to 165,000 due to a growing number of predators, a number of severe winters,
the governmental programme for saving pastures and the national management plan for
a reduction of reindeer numbers (Jernsletten and Klokov, 2002). The current o�cial
view in Norway is that there are still too many reindeer, in particular in Finnmark,
than is safe for maintaining quality pastures. It is, therefore, compulsory to take steps
towards reducing the reindeer population for social, economical and environmental rea-
sons (Jernsletten and Klokov, 2002). The main source of the loss here is predators, 96%,
primarily from wolves and golden eagles. Only 4% of the reindeer loss is attributed to
climatic conditions followed by a tiny number attributed to diseases and accidents. To
help the Saami deal with the natural loss of reindeer, in particular under the programme
of the reindeer population reduction, the Norwegian government provides support and
compensation for a natural loss of reindeer.

Finland

Finnish reindeer are private property marked by earmarks. They are also less mobile
due to the limited area of pastures, only 300≠600km2 per herd. However, for practical
reasons Finnish reindeer are managed collectively. Counting of animals, the slaughter,
roundups for marking take place across 56 ‘reindeer co-operatives’ or districts (Jernslet-
ten and Klokov, 2002), where any citizen of Finland or the European Union is allowed
to herd reindeer, Table 9. The total area of pastures comes to 123,000km2, which con-
stitutes about 33% of the total country territory, or about 600≠5,700km2 per district

4Finnmarksvidda, or the Finnmark plateau, is the inland part of the Finnmark county, which lies
300≠500m above sea level and makes up around 35≠36% of Finnmark
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(Colpaert et al., 2003). Each district has a fixed number of reindeer, from less than 1,000
to 12,000 (Colpaert et al., 2003). The numbers are set by the Ministry of Agriculture
and Forestry on the basis of the district size, quality and area of pastures etc. Almost
all pastures in Finland are occupied all year around and 75% of Finnish reindeer graze
in the forest areas (Jernsletten and Klokov, 2002).

The total number of reindeer has been changing significantly over the 20th century
due to additional supplemental winter feeding (Väre et al., 1996): from 100,000 at the
beginning of the century to 112,000 in 1946, or 1.0 reindeer per square kilometre, to
140,000 in 1960, 200,000 in 1983≠1984 and 265,000 in 1992, or 2.3 reindeer per square
kilometre (Colpaert et al., 1995). The large increase in the number of reindeer over
several decades has resulted in an increase in grazing and pasture trampling. Visually
one can see theses e�ects in a significant reduction of lichen and the total biomass in
the areas dedicated to pastures. This reduction has led to soil erosion, especially along
the mire fences and dry ridges. During the 1980s the winter pastures in Finland started
to degrade rapidly due to a rapid growth of the number of reindeer. However, the first
inventory of the Finnish reindeer pastures, on the basis of remote sensing, was launched
only in 1995 and finished in 1998 (Colpaert et al., 1995).

3.3 Commercial forest logging

For a number of centuries the forestry industry has been operating in boreal forests of
Fennoscandia targeting primarily coniferous trees (Dudarev et al., 2002). As the result,
the primary coniferous forest of Fennoscandia is currently estimated at less than 1%
(Griesser et al., 2007; Linder and Östlund, 1998) leading to a nearly complete change of
the structure and characteristics of boreal forest.

The key to the forestry sustainability is the correct and successful regeneration of
logged forests (Leinonen et al., 2008). There are two ways of forest restoration, i.e.
natural and man-made methods. Due to active restoration programmes the share of
the natural restoration in Finland amounts to only 20%, while the artificial to 80%
(Leinonen et al., 2009; MPR, 2007). In the Murmansk region of Russia the situation
is exactly the opposite: 80% of vegetation undergoes a natural restoration process and
20% the man-made one.

Large scale industrial clear-cutting poses one of the greatest mechanical hazards to
the preservation of plants and animals (Essen et al., 1992). It leads to the poverty of
biodiversity (Helle and Järvinen, 1986), the reduction in the number of habitats (Linder
and Östlund, 1998), causes changes in the composition of flora and fauna and causes
changes in the forest and landscape structure (Hansson, 1992). Large scale logging and
clear-cutting is also connected with the development of the road network and leads to
significant changes in the landscape causing further alterations to wetland drainage, soil
temperature regime and its microbial activity at the landscape level (Kreutzweiser et al.,
2008).

A mechanical tree removal by clear-cutting, and fires, leads to the deprivation of
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lichens growing on tree branches during winters a�ecting the reindeer food chain. It
increases wind speeds and snow drifting in areas free of trees (Vajda et al., 2006). Little
snow accumulates in such unforested areas leaving ground surface unprotected against
reindeer trampling. This, in turn, causes the post-logging, and post-fire, regeneration
slowdown.

Figure 25: Geographical location of the logging hotspot at the Finnish/Russian border shown
on the Russian military topographic map. The composition of the Q-35-01-02 and Q-35-05-06
map sheets (WWW: Genshtab, 2013) at the original scale of 1:200,000 is used scaled, the grid
is 2◊2km. This hotspot is located in forest zone.
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Finland and Russia are the two countries with a broad forest zone and constant
logging activities in northern Fennoscandia. Depending on the socio-economical and
technical conditions, di�erent approaches to logging and restoration are taken there.
The logging hotspot in this dissertation spreads across two logging hotspots, one in
Finland and one in the Murmansk region of Russia as discussed below, Figure 25.

3.3.1 Forest logging in Lapland

Finland is the most forested country in Europe. 3/4 of Finland is covered by pine, 50%,
spruce, 31%, and birch, 16%, forests (Pahkasalo, 2009). Therefore, forest industry is one
of the important industries here along with metal, electrical and electronic engineering
(Ylitalo, 2011). The national income from the forest industry in Lapland is EUR1,196
million followed far behind by EUR377 million from tourism (Vihervaara et al., 2010).

Forest restoration and regeneration is essential for a sustainable development of the
forest industry and is practiced extensively in Finland. Normally the forest restoration
occurs by pine, Pinus, (Kolehmainen, 2006), which is realised within the commercial
growth cycle of 80≠120 years (Wigrup, 2012). Spruce is not popular in Finland due to a
low commercial value of spruce wood (Kreutzweiser et al., 2008). The restoration cycle
also includes the removal of trees aiming at increasing the forest productivity. After the
removal of ill and low quality trees the forest becomes more open as the cleaning process
destroys all forest layers under the tree canopy (Griesser et al., 2007). As a result, the
tree diversity and age structure become uniform, which is good for the commercial use
of the forest but not as a natural habitat.

Forest lands, including old-growth areas in Finnish Lapland, are highly protected
today through a broad network of nature reserves, national parks, wilderness areas etc.
with no or little interventions permitted (Parviainen et al., 2007).

The Finnish logging hotspot is located in the Saihonmurusta area in North Lapland
very far from any settlements between the municipalities of Salla and Savukoski and
close to the Finnish/Russian border. The hotspot represents a narrow strip which is
bordered by the Värrio strict nature reserve (Värriön luonnonpuisto) and the Tuntsa
wilderness area (Tuntsan erämaa) in the South, as well as the Urho Kekkonen national
park (Urho Kekkosen kansallispuisto) in the North. This is the only area with no
significant logging restrictions around. Since 2006 the forest industry started cutting the
unprotected old-growth spruce forests (WWW: High conservation value forests, 2013)
over the gently sloping landscape in this hotspot (WWW: Greenpeace, 2013). The
newly developed logging areas are close to the habitat of the red-listed species such as
Moehringia lateriflora in the valley of Törmäoja river gorge (Liimatainen et al., 2006).

The organic soil layer and soil drainage are normally mechanically damaged during
the clear-cutting in the sub-Arctic, which results in water-logging and a removal of
minerals from open and bare upper horizons by wind and water erosion (Olsson et al.,
1996). Therefore, soil preparation measures are essential to start forest restoration
(Närhi et al., 2013). These aim at establishing good soils drainage and improving soil
nutrition for more e�ective seeding and planting (Akselsson et al., 2007; Örlander et al.,
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1996). Such areas of old logging can be identified as brooks/ditches in topographic maps
and can be correlated with old logging areas in the land cover maps.

Overall, the Finnish economy depends on forestry significantly; however, the bio-
diversity of Lapland boreal forest and the reindeer herding Saami lifestyle are being
destroyed by forest logging. In this hotspot, it is particularly di�cult to find a compro-
mise between the economy, the environment and the traditional Saami lifestyle.

3.3.2 Forest clear-cutting in the Murmansk region

Spruce and pine are two dominant coniferous softwood species which cover almost 70%
of the forest areas in the Murmansk region (Dudarev et al., 2002). Same as in Finland,
pine is a more commercial type. Therefore, long-bodied pine stands are cut down first
even if spruce is more accessible. Despite of wide forest areas, the quality of wood stock
and the raw wood reserves in the Murmansk region are relatively low in comparison
with other forest regions of Russia. Therefore, the forest industry had been developed
mostly for the domestic roundwood trade of the region rather than for external trade.

Since the 1930s the wood stock was realised mostly in the southwest of the region.
Between the 1950s and 1990s the significant clear-cutting activity was carried out by
the Verhnetulomskiy logging enterprise between the village of Verhnetulomskiy and
the town of Kovdor. The application of the clear-cutting logging method and heavy
caterpillar tractors led to the formation of unforested areas with a fully destroyed dwarf
shrub/lichen/moss background between the end of the 1950s and the beginning of the
1960s. Being the biggest logging company in the Murmansk region at that time the
Verhnetulomsk logging enterprise, with the help from the Kovdor logging enterprise,
reached by the end of the 1980s the maximum timber harvesting of 380 thousand m3

per year. In the 1990s the resources were exhausted and the enterprises sharply decreased
their logging activity here. As a result of such an intensive logging impact, the forests
along the north bank of the Verhnetulomsk water storage basin and around Kovdor were
almost fully destroyed. The restoration of these forests is proceeding mostly naturally
by the conservation of young growths in the cuttings (Leinonen et al., 2008). Especially
in cowberries Empetrum nigrum and lichen-cowberries pine forests with a thin humus
layer the pine restoration proceeds naturally (Leinonen et al., 2009). At the present
time, most of these areas are covered by young birch with mixes of young pine/spruce.

Because the commercial forest industry was not profitable in the Murmansk region
by the 1990s, it was decided to stop clear-cutting and use Murmansk forestlands as
a biosphere reserve (Dudarev et al., 2002). Around 1993≠1999 many such areas were
seeded with spruce as the main man-made method of restoration (Leinonen et al., 2008).
But since the 2000s pine seeding and planting was increased.
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3.4 Forest fires

3.4.1 The role of fires in forming and changing vegetation cover

Fire is the most common natural agent of vegetation disturbance (Weber and van Cleve,
2005) and it has been playing a significant role in the Earth’s land cover transformation.
Forest fires aid the forest succession (van Cleve et al., 1983), impact surface and sub-
surface water flows, increase the hydrophobic soil conditions, a�ect nesting and breeding
sites of wild life (Romme and Knight, 1981). Fires are also a significant driving force
behind the southward migration of tundra (Kruchkov, 1987).

Figure 26: Forest turned dry due to atmospheric pollution from the Severonikel smelter and
susceptible to fire. Photographs by the author, Monchegorsk area, Russia, 2007 (left) and 2004
(right).

Back in history, forest fires were caused by natural factors, mostly lighting. Man
quickly started to apply fire for domestic use causing forest fires by negligence or inten-
tionally to clear land of forest for agricultural use or, later, to use for reindeer pastures
(Zackrisson, 1977). Human negligence remains one of the main causes of fire until the
modern times, in particular in the areas of high touristic activity. Toxic pollutions from
the copper-nickel smelters are another important cause of man-induced fires. They cause
drying of vegetation creating flammable material and increasing fire probability (Rees
and Williams, 1997). Figure 26 shows the e�ect of such pollutions and how they turn
forest dry.

Many parameters contribute to the spread of fires. These are weather conditions,
solar radiation, continentality, topography, edaphic conditions, biotic features (Flanni-
gan and Harrington, 1988; Johnson, 1992; Zackrisson, 1977). The frequency, size and
duration of fires vary with the local climate regime (temperature, precipitation regimes
and atmospheric CO2 concentrations), landscape and availability of flammable compo-
nents of vegetation (Rupp et al., 2000a,b; Turner et al., 2003). Simulations show that
the spread of fires is more sensitive to the regional climate than to the probability of
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ignition and that the probability of fires depends on the type of vegetation (Rupp et al.,
2000b). Conifers, especially spruce, are more flammable than deciduous species due to
the high inflammability of needles and fine branches. The frequency of fires in coniferous
forests with lichen is also higher than that in coniferous forests with shrubs (Zackrisson,
1977).

Figure 27: Burnt coniferous forest restoring with deciduous vegetation. Photograph by the
author, Monchegorsk, Russia, 2007.

Bleken et al. (2003) reports that the restoration of burnt areas in the sub-Arctic is re-
alised by the species most tolerant to the northern conditions: birch (Betula pubescens
and Betula pendula) and willow (Salix caprea), aspen (Populus tremula), small reed
(Calamagrostis arundinacea), fireweed (Epilobium angustifolium), pill-headed sedge (Carex
pilulifera), crowberry (Empetrum nigrum), bog whortleberry (Vaccinium uliginosum),
cowberry (Vaccinium vitis-idaea), bilberry (Vaccinium myrtillus), cranesbill (Geranium
bohemicum), bell-heather (Erica cinerea), bearberry (Arctostaphylos uva-ursi), bracken
(Pteridium aquilinium), linnaea (Linnaea borealis), heather (Calluna vulgaris), mosses
(Hylocomium splendens and Sphagnum) and lichen (Peltigera aphthosa). See Figure 27
for an example of such early succession.

Fires in the sub-Arctic occur mainly during summers in the forest zone. Because
of climate conditions they do not turn into large-scale disasters, and are confined to
arid areas (Smithson et al., 2002). Boreal forests, primarily in Siberia, Canada and
Alaska, burn over about 100,000≠150,000km2 annually (Flannigan et al., 2009; Stocks
et al., 2003). These northern forest fires are responsible for up to 7% of the global carbon
monoxide emission and 80≠85% of the global CO2 emission. 2≠3% of hydrocarbons also
come from northern fires (ACIA, 2005; Lobert and Warnatz, 1993). Through changes
to albedo, energy partitioning and carbon budget fires can give a major feedback to
the climate (ACIA, 2005; Chapin et al., 2000). Fires cause serious problems to rein-
deer herding destroying reindeer pastures and winter habitat. Although some studies
(Bergerud, 1974) claim that reindeer are not greatly impacted by fires, the evaluation
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of the reindeer habitat shows that they avoid burnt areas for at least 50≠60 years after
the fire because of the lack of lichen in the unproductive burnt areas (Auclair, 1985).
Fires lead to an appearance of homogeneous landscapes dominated by early successional
deciduous forests (Rupp et al., 2002).

Modelling shows that fires play an essential role in the formation of various ecosystem
types and patterns (Rupp et al., 2002; Starfield and Chapin, 1996; Thomas and Packham,
2007). It is an agent for succession in boreal forest (van Cleve et al., 1983) aiding
seed germination, tree seedling establishment and changes in the forest structure and
composition (Johnstone and Chapin, 2006; Johnstone and Kasischke, 2005). However,
according to Zackrisson (1977) fires in Scandinavia are no longer used as the forest
rejuvenation method.

Table 10: The e�ect of fire on ecosystems depending on the spatial scale.

Scale E�ect of fire References
Local stimulates soil microbial activity Wan et al. (2001)

increases seed production and di�usion Lamont et al. (1993); Perez and
Moreno (1998)

changes structure and composition of vegetation
and soil

McHugh and Kolb (2003); Ryan
and Reinhardt (1988)

Regional has an e�ect on quantity and quality of ground
water

Spencer et al. (2003)

increases erosion and sedimentation Ice et al. (2004); Scott and Van
Wyk (1990)

modifies landscape structures, composition and
functions

Viera et al. (2004)

Global impacts atmospheric, hydrological and biological
cycle

Andreae and Merlet (2001); Mc-
Naughton et al. (1998)

causes climate change Randerson et al. (2006)

Further e�ects of fires on the ecosystems at di�erent scales are summarised in Ta-
ble 10.

Fire statistics for the sub-Arctic are limited. In many cases information about the
frequency, intensity, severity, size and timing of fires is not available or not well quan-
tified. Detection and reporting of fires also depends on the availability of financing for
such activity, which is not universally available. Remote sensing is, therefore, an essen-
tial tool for collecting comprehensive information on fires across large territories, across
boundaries of forestry departments and states and on the regeneration of vegetation.
As an example, remote sensing has enabled the detection of 14.4Mha of burnt areas in
the Russian Far East and Eastern Siberia in 1987 and of 1.5Mha of burnt areas across
all of Russia in 1992 (Cahoon et al., 1996).

3.4.2 Fires in northern Fennoscandia

Over the past few decades fires in northern Fennoscandia occurred primarily in Finland
and Russia, the most forest-dominated territories of the study area. Human activities
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such as outdoor recreation, industrial pollution and other are by far the primary cause
of fires in Fennoscandia (ACIA, 2005; Rees and Williams, 1997), especially in the Mur-
mansk region. Until the collapse of the USSR Russian border-guards used to apply
fire as a measure for the cleaning up the border forest, mostly on Finnish/Russian part
(Kalabin and Smirnov, 2000). Shetinskiy (1994) reports that 65% of this in the Russian
European North are caused by human initiated ignitions, 12% are attributed to agri-
cultural activity and 7% to other human activities. Only 16% of fires here have natural
causes such as lightning. Knyazev and Nikonov (2003) reports an even smaller number
of only 5% of natural fires.

Figure 28: A bottle in tundra vegetation working as magnifying glass and causing fires: left
behind in stone/dwarf shrub/lichen tundra of the Maynor mountain 20km north of Monchegorsk,
Russia, 67.75N 32.79E. Photograph by the author (July 2007).

The Russian Department of Forestry reports that most fires in the Murmansk region
are attributed to easily inflammable moderately damaged forests with 40≠60% of dead or
damaged trees such as those in Figure 26. Few fires occur in the severely damaged forest
because of the lack of dry material, tree trunks or dry grass cover. Often, especially
in the Murmansk region, the Departments of Forestry report fires that seem to have
happened without any clear reason. Such fires are detected, for example, in undamaged
pre-tundra or tundra in places with no popular tourist attractions. In many cases, glass
bottles left behind on the ground, such as in Figure 28, work as magnifying glasses
causing dry material to inflame.

Scandinavian countries and Finland have e�ective forest management programmes
to prevent forest fires. There has been a steady decrease of frequency and area of fires in
Finland (Vanha-Majamaa et al., 2004; Ylitalo, 2011), dropping from 5,760ha per annum
in the 1950s to 1,355ha in the 1960s, to 1,000ha in the 1970s and further to 800ha in
the 1990s. Most fires in Norway occur in the eastern lowlands (Mysterud et al., 1998).
The area under fires constituted here 564ha per annum between 1986 and 1996 (FAO,
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2001).
Although the frequency of fires depends on the climatic conditions, to the same

extends it depends on the development of the infrastructure and industry, the size of
the population and its mobility. For the period between 1992 and 2002, Knyazev and
Nikonov (2003) report only 10 fires for a remote area of Lovozero in the Murmansk region
where only 16,000 people, mostly Saami, live. At the same time the same authors report
679 fires with the total area of 5,009ha for the area around Kandalaksha, which is home
to 49,544 people and is the most popular local tourism destination. Similarly, the in
popular areas of Kovdor and Polyarnozorinsk, home to 21,297 people, 436 fires with the
total area of 3,412ha were reported for the same period (Zasheek Forestry Department,
1992-2000).

Table 11: Fire statistics for the Monchegorsk Forestry Department, including Monchegorskoe
and Olenegorskoe sub-departments (Monchegorsk Forestry Department, 1995-2000), and Za-
sheek Forestry Department, including Chirviskoe, Kovdorskoe and Enskoe sub-departments (Za-
sheek Forestry Department, 1992-2000), for the period between 1992 and 2000.

Year Monchegorsk,
Area/km2 Zasheek, Area/km2

1992 6.3
1993 0.3
1994 2.1
1995 0.2 0.6
1996 0.1 0.8
1997 14.1 12.1
1998 1.6 0.9
1999 1.6 2.4
2000 0.5 0.3
Total 18.2 25.9

The discovery and reporting of fires at least in the Russian European North depends
directly on the availability of financial resources to maintain such activities. In 1997
the Monchegorsk and Zasheek Forestry Departments received an injection of money to
organise further fire preventive activities (personal communication with V.F. Petruchik,
2003, V.A. Novoghilov, 2004, N.V. Zaborchikov, 2006; Heads of Forestry Departments
in Monchegorsk, Zasheek and Pechenga). This injection has a�ected the area of fires
reported to a large extent as seen in Table 11. Before and after 1997 the Departments
reported mostly larger fires and those close to settlements. The main reason is that
fire detection is considered seasonal work and there is a lack of permanent sta� and
transportation to deal with the problem given limited resource.

3.5 Mining and infrastructure development in northern Fennoscan-
dia

The variety of mineral recourses and the richness of deposits caused the proliferation of
the mining industry in northern Fennoscandia. The industry includes the mining ore

55



extraction as well as processing and transportation of minerals.
The ore enrichment plants are usually located next to the quarries and mines to

reduce ore transportation costs. Quarries and enrichment plants are always accompanied
by tailing ponds and spoil heaps. The former are used to store the quarry waste and the
latter to store the ore processing waste. Residential developments are normally located
in the close proximity of industrial objects to provide accommodation for the workforce.

Mining is the second most significant source of pollution in the sub-Arctic after the
metallurgical industry (Rees and Rigina, 2003). The pollution comes from the mining
and ore enrichment waste as there is a di�culty of utilisation due to high volumes of
the waste (Gershenkop et al., 2010). The development of spoil heaps and tailing ponds
requires huge areas of land, which get polluted. For example, the apatite-nepheline
mines yield up to 60% of the extracted material to the spoil waste, that is rock without
ore (Kalabin et al., 1998). Extra 20≠30% of the waste comes from the tailing ponds,
containing such elements like P, Ca, Sr, Mn, Ti and other (Kruchkov, 1988). Protasov
and Tashkinov (2003) show that the development of quarries, tailing ponds and spoil
heaps leads to the degradation and erosion of soil. They cause changes in local hydrology
and geochemical background (Kalabin, 2000). The pollution accumulates in the waste
of tailing ponds and spoil heaps and stays there for years drifting away in ground waters
and with the wind.

Dusting and the long-distance transfer of chemical components from quarries, spoil
heaps and tailing ponds and their accumulation in ecosystems is another problem of the
mining industry. Baklanov et al. (1989) found that dusting starts at wind speeds above
3.5m/sec. Bak (1998) report that dusting can cause a loss of up to 20,000 tonnes of
sand in the apatite-nepheline spoil heaps and tailing ponds, which are transported over
the distances of 10km away causing respiratory di�culties in the nearest settlements.
About 5 dustings occur each summer in the Apatity/Kirovsk area (Kalabin et al., 1998).
Biological re-cultivation and chemical methods are e�ective for the prevention of dusting
(Rigina, 2002).

The mining industry mechanically destroys the natural landscape and vegetation
through excavation and waste storage. In this work we focus on the iron ore quarries
in Bjørnevatn (close to Kirkenes), Kiruna and Olenegorsk, as well as on the apatite-
nepheline ore quarry in Kirovsk with an enrichment plant in Apatity.

The open pit in Bjørnevatn by Kirkenes, Figure 29, has been long known for high
quality of its iron ore. After the initial exploration the pit was closed and reopened
only recently as the prices for the high quality iron ore soared. The pit is located in the
pre-tundra zone.

The iron mine in Kiruna, Figure 30, has a long history and is nowadays the source
of extremely high quality iron pellets delivered around the globe. It is an extremely
modern and developed facility, which has developed from an initially open mine into a
mine currently exploring at the depths of more than 1km (Lindmark, 2011). The mine
operator LKAB is one of the key players in the world mining industry (Aaro, 2010).
The town of Kiruna was formed to serve this and other mines in the surrounding areas
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Figure 29: Geographical location of the Bjørnevant mining hotspot near the town of Kirkenes
in Norway shown on the Russian military topographic map. The composition of R-35-95-96, R-
36-73-74 and R-36-85-86 map sheets (WWW: Genshtab, 2013) at the original scale of 1:100,000
is used scaled, the grid is 1◊1km. The hotspot is located in the forest-tundra and tundra zones.
Photograph by the author (July 2011): spoil heap of the Bjørnevant mine.

in the beginning of the 20th century.

The iron mine in Olenegorsk, Figure 31, has been in operation since 1955. Extracted
iron ore with magnetite-hematite quartzite is further processed into ferrous concentrate
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Figure 30: Geographical location of the Kiruna mining hotspot in Sweden shown on the Russian
military topographic map. The hotspot is located in the forest-tundra and tundra zones. The
map sheet Q-34-005-006 (WWW: Genshtab, 2013) at the original scale of 1:100,000 is used
scaled, the grid is 1◊1km. Photograph by the author (July 2011): spoil heap of the Kiruna iron
ore mine.

at the local enrichment plant. By the 1980s the mine had already been well developed,
but kept expanding ever since.

North-east of Kirovsk in the mountain chain Hibiny apatite-nepheline ore has been
excavated in open quarries, Figure 32, since the 1930s. Extracted ore is processed in the
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Figure 31: Geographical location of the Olenegorsk mining hotspot in the Murmansk region,
Russia, shown on the Russian military topographic map. The hotspot is located in the boreal
forest zone. The map sheet R-36-73-74 (WWW: Genshtab, 2013) at the original scale of 1:200,000
is used scaled, the grid is 2◊2km. Photograph by the author (July 2004): spoil heap of the
Olenegortskiy GOK.

town of Apatity at the local enrichment plant (ANOF) and is delivered around the globe
from the port of Murmansk. Hibiny are by far the largest source of apatite-nepheline
ore in the world. The minerals are used in particular in manufacturing fertilisers. In
the 1930s the liquid waste, or wet pulp, of the enrichment plan went down the river
Belaya, collected there and was carried out to the lake Imandra. This tailing pond is

59



Figure 32: Geographical location of the Kirovsk/Apatity mining hotspot in the Murmansk
region, Russia, shown on the Russian military topographic map. The hotspot is located in the
boreal forest zone beyond the Arctic circle. The composition of Q-36-07-08 and Q-36-19-20
map sheets (WWW: Genshtab, 2013) at the original scale of 1:100,000 is used scaled, the grid is
1◊1km. Photographs by the author (July 2007): view on open quarry Ukspor from the mountain
Ukspor (top), the ANOF tailing pond and the connecting pipe in the Belaya bay (bottom).
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currently at the full capacity. The second huge operating tailing pond is located near
the settlement Titan.
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Chapter 4

Data and Methods

4.1 Using remote sensing for vegetation change detection

Remote sensing sensors acquire images of the Earth’s surface by measuring electromag-
netic radiation reflected from the objects on the surface. Radiation of the full electro-
magnetic spectrum hitting objects on the Earth’s surface is either reflected from those
objects, transmitted through them or absorbed. The energy of the reflected radiation
constitutes, therefore, only a fraction of the incident radiation (Lillesand et al., 2004).
Reflective properties of surfaces are defined by the physical properties of objects, like
surface roughness, as well as their chemical composition (Jensen, 2007). Remote sensing
information is recorded over a wide range of the electromagnetic spectrum in a number
of narrow wavelength ranges (bands).

Remote sensing data is further used with a number of standard approaches to pro-
duce land cover mapping or perform vegetation change detection. These include un-
supervised (Johansen and Karlsen, 2005), supervised and hybrid classifications (Rees
and Williams, 1997; Tømmervik et al., 2003), index comparison (Golubeva et al., 2003;
Karlsen et al., 2006; Rees, 2012), iterative histogram matching (Hagner and Rigina,
1998). Classification of data into a number of descriptive land cover classes is the most
common technique in the analysis of remote sensing data.

4.1.1 Selecting the remote sensing system for land cover monitoring

The choice of the remote system for a particular study is determined by the required
resolution in the spatial, spectral and temporal domains (Golubeva et al., 2003; Jensen,
2007; Karlsen et al., 2007a; Knizhnikov et al., 2004; Toutoubalina and Rees, 1999). The
spectral resolution is determined by the range of the spectrum covered by the sensors,
or by the number of the sensor bands. The spatial resolution is defined by the size of
the smallest object that can be resolved. The sensor’s nominal spatial resolution is often
given as the size of a sensor’s pixel in meters, e.g. 30◊30m. The temporal resolution is
determined by the highest frequency at which repeated data acquisitions are possible.

Depending on the area and the scale of the study one has a choice between the
aircraft-based and satellite-based systems. Due to large scale of this study and avail-
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ability of free data archives, a satellite-based system was selected for this research.
Remote sensing systems considered in this work are of the passive nature (Rees, 2001),
that is they capture radiation reflected from the Earth’s surface without emitting any
radiation themselves.
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Figure 33: Reflectance spectra of various types of Earth’s objects. Data downloaded from
ASTER Spectral Library (WWW: ASTER Spectral Library, 2013).

The visible and near-infrared (VNIR) regions of the spectrum, 0.4≠2.0µm, play
the most important role in studying the Earth’s surface (Rees, 2013). This is due to
high values and high variation of the Earth’s objects reflectance values in this spectral
range, in particular high values for green vegetation (see below for more information
on reflectance). Figure 33 provides reflectance spectra for a series of Earth’s objects,
both vegetated and non-vegetated. Most of the remote sensing systems acquire this part
of the spectrum. Images acquired in this region look similar to those obtained using
conventional photography and are, therefore, easier to interpret by visual inspection
(Knizhnikov et al., 2004). Free archives with massive volumes of imagery from VIR
systems collected over many years contribute to popularity.

The following general criteria should be considered when selecting the remote sensing
system for a particular study:

• the spatial resolution is homogeneous, in particular for the detailed mapping of
land cover, unless variations are agreeable with the aims of the study;

• the spectral resolution is su�cient to detect land cover characteristics and varia-
tions such as water content in leaves, mineral suspension in lakes etc.; VIR bands
should be included for vegetation mapping;
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• the temporal resolution is su�cient for regular monitoring;
• high radiometric and geometric quality to allow for the removal of systematic

errors caused by di�erences in the atmosphere conditions between images.

In the sub-Arctic the availability of images is restricted primarily to the short snow-
free and vegetation season (a�ecting the temporal resolution), by high cloudiness that
radiation of the visible part of the spectrum cannot penetrate, in particular at the height
of the vegetation season. Overall, the following issues need to be considered when using
remote sensing methods in studying the vegetation of the sub-Arctic:

• the cloudiness: thick clouds are frequent at high latitudes(Marshall et al., 1994);
only images with cloudiness below 10% should be considered. Cloudiness is a great
problem for the electro-optical imagery in contrast to a radar which could be an
alternative (Rees, 2013);

• the short snow-free period: normally only 2 to 3 months per year are free of snow,
and the snow melt in forest and tundra is separated in time;

• the short vegetation period: best classification results for vegetation are expected
around the peak of the vegetation season due to very strong signals from green
canopy. Due to di�erences in weather conditions from year to year the peak of
the vegetation season is moving. It is recommended to analyse the weather data
to identify the peak of vegetation;

• low Sun elevations: this causes long shadows in the mountains hiding information
about the surface. It is only possible to distinguish water from shadows using extra
data such as the digital elevation model (DEM) or slope maps. The minimum
practical elevation is 30¶ (USGS, 2010).

A summary of di�erent relevant satellite-based remote systems is given in Table 12.
A few systems, namely the NOAA AVHRR1, SPOT4-Vegetation, Terra MODIS2,

GEOS and Meteosat, have the global coverage, however, at a relatively low spatial
resolution of 1◊1km or worse. Their data is well suited for the global scale research, but
cannot be used for the detailed local vegetation mapping, where resolutions in tens of
metres or better are desirable. Such resolutions are provided by Landsat (30◊30m) and
Terra ASTER (15◊15m). These spatial resolutions allow for an easy identification of
shapes, boundaries and structure of even smaller Earth’s objects such as sand quarries
and lakes. High resolution systems such as Landsat, SPOT HRVIR3 or Terra ASTER
are known to be a good basis for the detection, assessment and monitoring of the reindeer
activity on a regional scale (Burkhard et al., 2003; Colpaert et al., 2003).

The swath width plays a practical role in choosing the system to work with: if it is
too narrow (as in IKONOS or QuickBird), multiple images will need to be combined to
analyse a single hotspot. More than three images would need to be combined to cover

1NOAA AVHRR: National Oceanic and Atmospheric Administration advanced very high resolution
radiometer

2MODIS: moderate resolution imaging spectrometer
3HRVIR: high resolution visible and infrared
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Table 12: Characteristics of selected multispectral remote sensing systems operating in the
visible and infrared (VIR) range.

System Resolution
Revisit
cycle /

days

Altitude /
km

Width /
km Cost Fitness

spectral, bands spatial / m

QuickBird multispectral,
panchromatic

2.5◊2.5
0.7◊0.7 1≠3.5 450 16.5 high ◊

IKONOS multispectral,
panchromatic

4◊4
1◊1 3≠5 681 11.3 free ◊

Terra ASTER multispectral,
thermal

15◊15
30◊30
90◊90

5
16
16

705 60 free X

SPOT HRVIR multispectral,
panchromatic

20◊20
10◊10 3≠5 822 60 high ◊

Landsat MSS multispectral 79◊79 16≠18 917 185 free ◊

Landsat TM multispectral,
thermal

30◊30
120◊120 16 705 185 free X

Landsat
ETM+

multispectral,
thermal,

panchromatic

30◊30
120◊120 16 705 185 free X

Terra MODIS multispectral
250◊250
500◊500

1,000◊1,000
1≠2 705 2,330 free ◊

NOAA
AVHRR multispectral 1,100◊1,100 14.5 833 2,700 free ◊

the desired area of hotspots in this work. High swath width would normally be related
to poor spatial resolution leading to just a dozen of pixels describing the hotspot.

Solheim et al. (1995) and Kravtsova et al. (1997) compared classification results for
Landsat MSS and TM4 images and found that a good spatial resolution is not enough
to di�erentiate classes of land cover. This is where the spectral resolution becomes
important allowing to further di�erentiate between objects.

In many cases the cost of obtaining images for the analysis can be a crucial factor.
Based on the spatial resolution, swath width and the cost, Landsat TM, Landsat ETM+5

and Terra ASTER are the most suited systems for the current research. SPOT HRVIR
could be suitable, but has a very high cost associated, Table 12.

4.1.2 Spectral reflectance and physical principles of remote sensing

The main source of reflected radiation is specular reflection (reflected in the plane of
the incident radiation at the same angle) rather than di�use reflection. The measure of
the surface ability to reflect radiation is called ‘reflectance’, fl. When considered as a
function of wavelength it is called ‘spectral reflectance’, fl(⁄), which is defined as follows
(Lillesand et al., 2004):

4TM: thematic mapper
5ETM: enhanced thematic mapper

65



fl(⁄) = E
R

(⁄)
E

I

(⁄) , (4.1)

where E
I

(⁄) is the energy of incident radiation at wavelength ⁄ and E
R

(⁄) is the en-
ergy of reflected radiation at the same wavelength. Taken as a mean across the whole
spectrum (or all values of ⁄) spectral reflectance defines albedo introduced earlier in
Section 1.1.3, which is a fundamental measure in monitoring the environment. In re-
mote sensing, the term ‘reflectance’ is more usable and is often used in place of ‘spectral
reflectance’.

The reflectance spectrum of each type of vegetation depends on the chemical and
structural parameters of vegetation such as leaf thickness, age, their chemical structure
and water content (Gates et al., 1965; Gausman, 1977; Gausman et al., 1969; Jones and
Vaughan, 2010). Di�erent factors a�ect profile at di�erent frequencies. For example,
according to Jensen (2007), in the visible range these factors include leaf pigments in
palisade mesophyll such as chlorophyll, –≠ and —≠carotene, in the NIR bands it is
the scattering of radiation in the spongy mesophyll and in the middle infrared (MIR)
bands it is the leaf water content. Other structural plant characteristics such as hairs,
leave shape, tissue density, air space etc. also a�ect the spectral reflectance and help to
distinguish species from each other in multispectral images (images taken across di�erent
bands).
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Figure 34: Diagram of spectral reflectance values in the NIR and red bands for various types of
Earth’s objects superimposed with the diagram and captions by Jensen (2007). Data collected
by the author from Landsat 7 ETM+, 26 July 2000, L71188012_01220000726.

The importance of spectral resolution becomes obvious when inspecting Figure 34,
which plots reflectance values of di�erent types of vegetation in two bands. Considering
only the NIR band we would not be able to separate dwarf shrub tundra from quarry
or technogenic barren from stone tundra, or in fact, separating any of these four classes
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from the other would be next to impossible as they show very similar reflectance values
between 0.18 and 0.28. Similarly, considering only the red band we would not be able
to separate coniferous vegetation from deciduous or lichen tundra from stone tundra.
Considering already these two bands allows for an obvious separation of most of these
classes. Adding further uncorrelated information in form of further bands helps the
classifier to separate classes that are very similar in these two bands.

The following bands in the VNIR range are defined for Landsat satellite: Band1
0.45≠0.52µm, Band2 0.52≠0.60µm, Band3 0.63≠0.69µm, Band4 0.76≠0.90µm, Band5
1.55≠1.74µm and Band7 2.08≠2.35µm. It is obvious from Figure 33 that acquiring
spectral measures at these bands enables di�erentiating objects from each other. Typical
spectral signatures for land cover objects in the sub-Arctic obtained for the above 6
bands of a Landsat image fare shown in Figure 35a and b. The shape of the curves in
Figures 33 and 35 are similar.

Due to scattering of the NIR radiation in the spongy mesophyll the reflectance values
of green vegetation measure very high in the NIR band, and low in the red band of the
visible range due to absorption by chlorophyll (Jensen, 2007; Rees, 2001), see Figure 35a.
Due to the di�erences in the physiology of leaves and needles deciduous vegetation has
a higher reflectance value in the NIR band than conifers. Typical Salix glauca shrub
species have very low reflectance values in the red band and high in the NIR band.
However, typical Empetrum nigrum and Actostaphylos uva-ursi species of dwarf shrub
have a much less pronounced minimum in the red band and a smaller maximum in the
NIR band. This allows one to distinguish dwarf shrubs from shrubs in the multispectral
remote sensing imagery fairly accurately. As seen in Figure 35b the reflectance profile
of shrub vegetation is also substantially di�erent from that of lichen.

According to Jensen (2007) the spectral reflectance of vegetation is often significantly
a�ected by the background, such as soil, composition of background species, background
density, tree canopy density and shape, the level of anthropogenic damage etc. Studying
spectral signatures of coniferous forests Rautiainen (2005) found that the smaller the
tree crown the lower is the canopy reflectance.

Lichen is characterised by high reflectance in the green and red band (Golubeva
et al., 2003; Petzold and Goward, 1988; Rees et al., 2004), much higher than that of
green vegetation, see also Figure 35b. The reflectance is high in the NIR band, similarly
to green vegetation, however high values are spread over a larger range. Experiments
with the spectral reflectance of tundra vegetation show that various lichen species can
be clearly recognised by their spectral reflectance signatures (Golubeva et al., 2003; Rees
et al., 2004).

As seen in Figure 35d the state of vegetation (new or old, damaged or undamaged)
is also reflected in the spectral reflectance signatures (and in the spectra), which allows
us to detect vegetation in various states (Golubeva et al., 2003; Toutoubalina and Rees,
1999). Newly grown and undamaged vegetation has a much stronger contrast between
the minimum reflectance in the red band and the maximum reflectance in the NIR band
than old or damaged vegetation where leaves reflect weaker in the NIR band and absorb
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Figure 35: Spectral reflectance signatures of various types of Earth’s objects for Landsat 7
ETM+ L71188012_01220000726 (26/07/2000): (a, b) vegetated and non vegetated classes with
high (a) spectral reflectance and low (b) spectral reflectance, (c) classes of damaged vegetation.

less in the red band (Golubeva et al., 2003; Nilson et al., 2003; Zhirov et al., 2007).
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4.1.3 Using band transformations as additional input to classifier

Even though the six individual bands, 1≠5 and 7, are all considered in the classifier
in this dissertation, it is possible to provide new useful information to the classifier by
adding non-linear band transformations6. It is important to understand that data based
on a linear combination of the bands is not going to benefit the classifier and will be
internally dismissed. In principle, any non-linear transformation may, or may not, yield
new information, but the gain may be negligible or non-existent if this information is
correlated with the existing data. Therefore, it makes sense to test and restrict one-
self to the band transformations which are actually widely used in detecting particular
types of land cover objects. Initially introduced as simplifications of multidimensional
multi-spectral data these prove a useful addition to the classifier that needs to detect
vegetation, fires and snow in one run.

A non-linear band transformation that is defined as a ratio of one band to another, or
as a normalised ratio, is generally referred to as an ‘index’. Indexes are most commonly
used transformations in remote sensing analysis. Many indexes have been proposed, each
providing a di�erent information context, for example, designed to inform on biophysical
parameters of vegetation (Qi et al., 1995). Some of these indexes, which are of particular
importance for studying vegetation and are used in the classifier in this dissertation, are
described in more detail below.

Vegetation indices: RVI and NDVI

A ‘vegetation index’ (VI) is the most popular band transformation in the remote sensing
data analysis (Birth and McVey, 1968; Rees, 2001). It is defined as a ratio of spectral
reflectances in the red and NIR bands (Cohen, 1991; Knizhnikov et al., 2004; Singh,
1989). A few di�erent VI indexes have been defined (Huete, 1988; Hunt et al., 1987;
Jensen, 2007), but the most commonly used ones are the ‘ratio vegetation index’ (RVI)
and its derivative, the ‘normalised di�erence vegetation index’ (NDVI). The RVI is
defined as

RV I = fl
NIR

fl
red

= fl
B4

fl
B3

, (4.2)

where fl
B3 and fl

B4 are the reflectance values measured in the Landsat band 3 (red,
0.63≠0.69µm) and band 4 (NIR, 0.78≠0.90µm), correspondingly. The range of this
index varies from 0 to infinity, in case of the zero red band. This index is highly
sensitive to biomass and the leaf area (Schlerf et al., 2005) and is often referred to as the
leaf area index (LAI). The NDVI is a much more practical index. Rouse et al. (1974)
defines it as

NDV I = fl
NIR

≠ fl
red

fl
NIR

+ fl
red

= fl
B4 ≠ fl

B3
fl

B4 + fl
B3

. (4.3)

6A ‘band transformation’ constitutes a mathematical calculation of a new pixel value or an index
based on the pixel value in di�erent spectral bands of the image (Rees, 2013).
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In all practical cases the NDVI is defined in the range [≠1, 1], with the exception of
both bands being zero. As vegetation reflectance is higher in the NIR band, positive
NDVI value correspond to vegetated areas, while non-vegetated areas are characterised
by values at or below zero. This is the most widely used index in studying vegetation.
Some of its advantages include:

• possibility to detect seasonal, inter-annual and annual vegetation changes (Gamon
et al., 1995; Karlsen et al., 2007a);

• correlation to a number of biophysical parameters, such as the LAI, biomass,
chlorophyll content, absorbed photosynthetically active radiation (APAR), frac-
tion photosynthetically active radiation (FPAR) (Gamon et al., 1995; Myneni
et al., 1997; Wang et al., 2005);

• discrimination between vegetated and non-vegetated areas.

The NDVI disadvantages include:

• high sensitivity to noise, such as atmospheric path radiance (Huete et al., 2002);
• highly dependent on variations in the canopy background (Gamon et al., 1995),

i.e. the composition of species and soil (Alhammadi and Glenn, 2008; Rees et al.,
1998) etc.;

• the results of the relationship between the NDVI and the LAI can vary seasonally
and inter-annually (Wang et al., 2005);

• detailed interpretation of the NDVI normally requires field data;
• no satisfactory discrimination between vegetation groups, i.e. trees, grasses/shrubs,

mosses/dwarf shrubs etc. (Toutoubalina and Rees, 1999).

The NDVI works well for separating vegetated areas from non-vegetated. However,
the NDVI should be applied carefully to the environmental analysis and be supplemented
by information about a set of background species and their canopy cover especially where
the tree canopy is sparse or significantly damaged. In industrially damaged forests the
tree canopy is unusually sparse and the grass/dwarf-shrub background species, which
are less sensitive and more stable to industrial pollution than other species (Golubeva,
1999; Govorova et al., 2002), are visible through the canopy. Consequently, the NDVI
values might indicate such damaged areas as vegetated ones.

The NDVI di�erence between a series of dates is often applied as a method for the
temporal change detection. Same approach is used with other indices (Brewer et al.,
2005; Cocke et al., 2005).

The normalised burn ratio (NBR)

A number of further normalised indices has been defined using a similar pattern to the
NDVI with other bands targeting reflectance characteristics of other substances. The
normalise burn ratio (NBR) was defined by Key and Benson (2006) to detect fires in
satellite imagery as detecting them in the data of individual bands is not an easy task:
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NBR = fl
NIR

≠ fl
MIR

fl
NIR

+ fl
MIR

= fl
B4 ≠ fl

B7
fl

B4 + fl
B7

. (4.4)

where fl
B4 and fl

B7 are the reflectance values corresponding Landsat bands 4, 0.78≠0.90µm
and 7, 2.08≠2.35µm, respectively. Positive values of the NBR index indicate a decrease
in vegetation due to fire while negative ones show the restoration of vegetation (Miller
and Thode, 2007). Similarly to the NDVI, for all practical applications the range of the
NBR index is [≠1, 1].

Without the NBR index it is practically impossible to separate new burnt areas, old
burnt areas, technogenic barren and lichen/stone tundra without using multi-dimensional
classification. But even using such classification it is helpful to include the NBR data.
French et al. (2008) reviewed 41 publications dealing with mapping fire severity from
remote sensing data and found that 26 used the NBR or the �NBR approaches with ac-
curacy of 73±23%. Hall et al. (2008) and Allen and Sorbel (2008) noted that coniferous,
especially spruce, forests had a higher �NBR than deciduous forests.

The NBR index is based on the following principles. As discussed above the NIR
band is sensitive to chlorophyll (Jensen, 2007; Miller and Thode, 2007), while the MIR
band is sensitive to soil and the vegetation water content. It is further sensitive to
the water mineral content in hydrous minerals such as clay, mica etc. The MIR band
is accurate in distinguishing dead and non-photosynthetically active vegetation from
soil and ash in burnt areas (Jia et al., 2006; Kokaly et al., 2007). It is sensitive to
lignose in non-photosynthetic vegetation (Elvidge, 1990; Kokaly et al., 2007), lignose
being the explosive compound of wood fibre. Overall, the NBR is sensitive to changes
in the amount of chlorophyll and moisture content which are very pronounced after fires
(Miller and Thode, 2007). Using the NBR, however, may not be su�cient to distinguish
fires from technogenic barren or severely damaged vegetation due to similarities in the
corresponding spectral reflectances used (Høgda et al., 1995; Rees and Williams, 1997;
Solheim et al., 1995; Tømmervik et al., 2003). Combining the NBR and other indexes
with primary band data of Landsat images in a single classifier, has proven to yield good
results in detecting fires.

The change in the values of visible, NIR and MIR bands after fires is seen in Figure 36,
where a sharp reduction of the spectral reflectance in the visible and NIR bands can be
observed (Trigg and Flasse, 2000).

The NBR index itself and the �NBR index (defined as a di�erence between the NBR
values in pre- and post-fire images) are very popular methods for a quick detection and
mapping of fire severity with the use of classifiers (Brewer et al., 2005; Cocke et al., 2005;
Key and Benson, 2006; Miller and Yool, 2002; Roy et al., 2006; van Wagtendonka et al.,
2004). A strongly negative �NBR corresponds to a significant spectral reflectance in
the middle band rather than in NIR band. In contrast to the �NBR other techniques
of fire assessment normally use the thermal infrared band (Kaufman et al., 1968; Smith
and Wooster, 2005).
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Figure 36: Spectral reflectance signature of new, old and non-burnt areas obtained from Land-
sat 7 ETM+ image, 30 July 2004. Approximate dates of fires are given in brackets.

The normalised di�erence water index (NDWI)

Water stress symptoms and leaf degradation are highly informative indicators for the
assessment of the plant productivity limits (Cohen, 1991; Peñuelas et al., 1993). In
particular, the vegetation water content (VWC) is useful in evaluating the vegetation
burning susceptibility (the fire fuel moisture) (Ceccato et al., 2002a; Pyne et al., 1996),
drought seasons (Tucker, 1980), crop expectation (Jackson et al., 2004) etc. Ceccato
et al. (2002a,b) found that using the 1.55≠1.7µm part of the spectrum for estimating
the fractional water content in plants is not su�cient. Water adsorbs MIR energy in the
range 1.3≠2.5µm extremely well. This leads to a reduction in the MIR reflectance values
with increasing water content in leaves (Jackson et al., 2004; Jensen, 2007). Based on
this property Gao (1996) suggested to use the normalised di�erence water index (NDWI)
for assessing the water content of vegetation:

NDWI = fl
NIR

≠ fl
MIR

fl
NIR

+ fl
MIR

= fl
B4 ≠ fl

B5
fl

B4 + fl
B5

, (4.5)

where fl
B4 and fl

B5 are the reflectance values in the Landsat bands 4, 0.78≠0.90µm, and
5, 1.55≠1.75µm, correspondingly. Gao (1996) showed that the NDWI is not sensitive
to atmospheric scattering as much as the NDVI, however, both are sensitive to the
background.

The normalised di�erence snow index (NDSI)

The reflectance of snow and clouds in the visible part of the spectrum is equally high and
they can be easily confused. The best way to di�erentiate between snow and clouds is by
using a combination of signals for the wavelengths of 0.52≠0.60µm, where snow shows
high reflectance values, and 1.55≠1.75µm, where the adsorption by snow is high (Hall
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et al., 1995; Rees, 2006). While clouds do not absorb much radiation in this part of the
spectrum as they have a nearly uniform high reflectance with no particular scattering
across the spectrum. The normalised di�erence snow index (NDSI) introduced by Dozier
(1989) has been defined exactly on these principles:

NDSI = fl
green

≠ fl
MIR

fl
green

+ fl
MIR

= fl
B2 ≠ fl

B5
fl

B2 + fl
B5

, (4.6)

where fl
B2 and fl

B5 are reflectance values in the Landsat bands 2, 0.52≠0.60µm and 5,
1.55≠1.75µm, correspondingly. Similarly to the NDWI, the NDSI is less sensitive to
atmospheric and geometric scattering e�ects (Salomonson and Appel, 2004).

4.1.4 Taking into account vegetation phenological period

The growing season is di�erent for di�erent species and changes from year to year
depending on the air temperature regime (Karlsson et al., 2003; Shutova et al., 2006;
Wielgolaski, 1999) and altitudinal temperature di�erences (Karlsen et al., 2007b). In
Fennoscandia the length of the growing season for birch is between 100 and 130 days
(Karlsen et al., 2007a). It starts around 10 May≠20 June and finishes after 20 September
depending on the geographical location of the area (Lappalainen et al., 2008). Golubeva
et al. (2003) and Shutova et al. (2006) show that the peak of the growing season and of
green vegetation in the forest zone of Fennoscandia is attained between the middle of
July and the beginning of August. As seen in Figure 37, the author’s own analysis of the
NDVI data from the Global Inventory Monitoring and Modelling Studies (GIMMS) for
the years 1993, 2004 and 2006 (Pinzon and Brown, 2004) proves the same. It is logical
to assume that the peak of the vegetation in tundra is also in the second half of July.

The growing season itself and the phenological changes during the growing seasons
depend on weather conditions and their fluctuations from one year to another. Analysis
of the NDVI data is an e�ective method to study phenological changes because the
former are sensitive to and reflect phenological changes at the beginning, the peak and
the end of the vegetation period (Ivanova et al., 2007; Karlsen et al., 2007a). Using
NDVI data Aurdal et al. (2005) modelled the stages of the phenological period and
suggested that it goes over the following four stages: dormancy, greenup, maturity and
senescence, Figure 38. The maturity stage is the longest and this is also when the peak
of the green vegetation is attained.

Long-term vegetation monitoring using remote sensing data, in particular in the
areas of human impact, needs to take into account the phenological evolution. Therefore,
to achieve reproducible and comparable results vegetation needs to be imaged in the
same phenological state, ideally at the top of the season when the signal is strongest.

Golubeva et al. (2003) and Knizhnikov et al. (2004) suggested to use phenological
correction to reduce seasonal di�erences between multi-temporal images. Tutubalina
and Rees (2001) suggested the way of doing it by applying a correction image constructed
based on the total number of days with positive stable average air temperatures. This
method is likely to be more accurate than the method of using GIMMS NDVI data
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Figure 37: Mean monthly NDVI values in the forest (A, Monchegorsk) and pre-tundra (B,
Nikel) zones caused by phenological changes between the beginning and end of the vegetation
seasons. The analysis was performed on the NDVI data from the GIMMS NDVI data sets for
1993, 2004 and 2006.
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Figure 38: Phenological evolution curves of birch (a) and pine (b) constructed using the NDVI
data, adapted from (Aurdal et al., 2005).
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that Justice et al. (1985) suggested for the same purpose. Applying the phenological
correction requires, however, meteorological records over years which can be in shortage
for many areas.

4.2 Data

Properties of Landsat TM and ETM+ datasets

Based on the criteria discussed in Section 4.1.1 totally passive multi-spectral and multi-
temporal electro-optical Landsat TM and ETM+ systems operating in the VNIR bands
of the electromagnetic spectrum with the 30◊30m spatial resolutions were selected for
this research. The images of Landsat mission 4 (operating between 1982 and 1993),
mission 5 (operating between 1984 and 2013) and mission 7 (operating since 1999,
although with the scan line corrector failure in 2003) are used hereafter. All images
were downloaded from the global Landsat archive of the US Geological Survey (WWW:
Earth Explorer, 2013), which went open for free access in 2008. The images in the
archives were processed using the Level 1 Product Generation System (LPGS) with the
following parameters (WWW: Landsat Archive, 2013):

Output format: GeoTIFF (Geographic Tagged Image File Format)
Resampling: cubic convolution
Pixel size: 30◊30m
Bands: VIR bands 1≠5 and 7 and thermal band 6
Map projection: UTM
Coordinate system: WGS84
Orientation: MAP (North up)
Systematic correction: Level 1G correction that provides a systematic radiometric

and geometric accuracy (below 250m in flat areas at sea level, obtained from data
recorded by the sensor)

Compatibility: the lateral and spectral resolutions of Landsat TM and ETM+ systems
are identical making it possible to compare Landsat TM data with Landsat ETM+
data in change detection (after applying the corrections discussed below).

The GeoTIFF format used an uncompressed 8-bit unsigned integer representation of
bands storing each band in a separate file. Metadata was included with every Landsat
image in a separate file and was used for the radiometric correction. All the images used
in this research are listed Table 13. The data corrections discussed below map these
data into the values of reflectance in the range [0.0, 1.0].

4.2.1 Field data for training the classifier and accuracy assessment

The assessment and interpretation of classification results is impossible without field
data, so called ‘ground truth’ (Golubeva et al., 2003; Knizhnikov et al., 2004). In
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Table 13: Landsat TM and ETM+ images used for land cover mapping of vegetation in the
forest and tundra zones.

Satellite Sensor Path/Row Date Entity ID
Air pollutions around Monchegorsk
Landsat 5 TM 188/012 1986-07-28 LT51880121986209XXX03
Landsat 7 ETM+ 188/012 2000-07-26 L71188012_01220000726
Landsat 5 TM 187/012 2005-07-09 LT51870122005190KIS00
Landsat 5 TM 187/012 2011-07-10 LT51870122011191KIS01
Air pollutions around Nikel
Landsat 5 TM 191/011 1987-07-20 LT51910111987201AAA09
Landsat 5 TM 190/011 1993-07-13 etp190r11_5t19930713
Landsat 5 TM 190/011 2006-07-01 LT51900112006182KIS00
Landsat 5 TM 190/011 2009-07-25 LT51900112009206MOR00
Reindeer herding and grazing at the Finnish-Norwegian border
Landsat 5 TM 193/012 1984-06-23 LT51930121984175XXX01
Landsat 5 TM 193/012 1987-07-18 LT51930121987199XXX02
Landsat 5 TM 196/012 2006-07-27 LT51960122006208KIS01
Forest logging at the Finnish-Russian border
Landsat 5 TM 188/013 1986-06-26 LT51880131986177AAA05
Landsat 5 TM 190/012 1993-07-13 etp190r12_5t19930713
Landsat 5 TM 190/012 2007-07-04 LT51900122007185MOR00
Fire around Monchegorsk
Landsat 5 TM 188/012 1986-07-28 LT51880121986209XXX03
Landsat 7 ETM+ 188/012 2000-07-26 L71188012_01220000726
Landsat 5 TM 187/012 2005-07-09 LT51870122005190KIS00
Landsat 5 TM 187/012 2011-07-10 LT51870122011191KIS01
Fire around Nikel
Landsat 5 TM 191/011 1987-07-20 LT51910111987201AAA09
Landsat 5 TM 190/011 1993-07-13 etp190r11_5t19930713
Landsat 5 TM 190/011 2006-07-01 LT51900112006182KIS00
Landsat 5 TM 190/011 2009-07-25 LT51900112009206MOR00
Fire at the Finnish-Russian border
Landsat 5 TM 188/013 1986-07-28 LT51880131986209XXX03
Landsat 5 TM 190/011 1993-07-13 etp190r11_5t19930713
Landsat 5 TM 190/012 2007-07-04 LT51900122007185MOR00
Mining around Kirkenes
Landsat 5 TM 191/011 1987-07-20 LT51910111987201AAA09
Landsat 5 TM 190/011 2006-07-01 LT51900112006182KIS00
Landsat 5 TM 190/011 2009-07-25 LT51900112009206MOR00
Mining around Kiruna
Landsat 5 TM 196/012 1992-06-02 etp196r12_5t19920602
Landsat 7 ETM+ 195/012 2000-07-27 LE71950122000209SGS00
Landsat 5 TM 196/012 2006-07-27 LT51960122006208KIS01
Landsat 5 TM 196/012 2009-08-04 LT51960122009216MOR00
Mining around Olenegorsk
Landsat 5 TM 188/012 1986-07-28 LT51880121986209XXX03
Landsat 5 TM 187/012 2005-07-09 LT51870122005190KIS00
Landsat 5 TM 187/012 2011-07-10 LT51870122011191KIS01
Mining around Apatity/Kirovsk
Landsat 4 TM 186/013 1988-07-11 LT41860131988193XXX03
Landsat 7 ETM+ 186/013 2000-07-28 p186r013_7k20000728
Landsat 5 TM 187/012 2005-07-09 LT51870122005190KIS00
Landsat 5 TM 187/012 2011-07-10 LT51870122011191KIS01
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supervised classification approaches, these data are also essential for developing the
legend and defining the classifier training set.

The field data used in this work were collected by the author partially during this
research project and partially in the author’s earlier field trips to the study area. The
dates for all field trips were selected to match the peaks of the vegetation season in the
corresponding years.

The two summer field seasons within the timespan of this work included the field
trips to Norway and Finland in 2009 and to Sweden, Finland and Norway in 2011. These
field trips were organised around accuracy assessment and validation of land cover maps
in hotspots a�ected by human activities, such as grazing next to the Finnish/Norwegian
border, forest logging next to the Finnish/Russian border, and mining and infrastructure
development around the towns of Kiruna (Sweden) and Kirkenes (Norway). A lot of
attention was paid to the validation of land cover maps outside these hotspots. The
author has successfully performed the field assessment of the maps over 3,000km in 75
sites. The trip in 2009 was organised in collaboration with colleagues from the Norwegian
Institute for Nature Research.

Special attention was paid to interviewing indigenous Saami people and scientists
from local research institutes to aid the interpretation of land cover changes.

Earlier field trips were made in collaboration with colleagues from the Moscow Sate
University and the Scott Polar Research Institute, Cambridge, and aimed at collecting
field data on the industrial atmospheric pollution in the Murmansk region, Russia.

Table 14: Author’s field points for northern Fennoscandia in 2001≠2011.

Year Aims No.
points

Location

2001 Image interpretation, field description for
the analysis of industrial impact in the
forest zone

80 Monchegorsk area, including the Lap-
landskiy reserve

2002 Field assessment of a classification map;
sampling of plants and soils for the geo-
chemical analysis

26 Monchegorsk area

2003 Image interpretation, field description for
the mapping of the Imandra lake water-
shed

72 areas of Monchegorsk, Kandalaksha, Ap-
atity, Kirovsk, Kovdor and Polyarnye
Zori

2004 Field assessment of the vegetation map in
the Imandra lake watershed

111 areas of Monchegorsk, Olenegorsk, Kan-
dalaksha, Kirovsk, Apatity and Pol-
yarnye Zori

2006 Image interpretation for industrial im-
pact in the pre-tundra zone

35 the Russian/Norwegian border; areas
of Pechenga, Nikel, Zapolyarniy and
Rayakoski in the Pasvik reserve

2007 Data for monitoring industrial impact
from the 1990s to the 2007

82 areas of Monchegorsk and Apatity

2009 Data collection for assessing grazing im-
pact on vegetation

63 the Finnish/Norwegian border around
Kautokeino

2011 Assessment of land cover maps for graz-
ing, mining and logging

75 areas of Kiruna, Jukkasjärvi, Enontekiö,
Leppäjärvi, Kautokeino, Karasjok, Nord-
kapp, Tana, Kirkenes, Svanvik, An-
geli, Sodankylä, Lokka, Tulppio, Kotala,
Kemijärvi, Pello
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Figure 39: Geographical location of the field points taken in 1993≠2011 in northern Fennoscan-
dia.

Additionally, field data by Dr G. Rees were used with his permission for the area
around Monchegorsk, including field descriptions made in 1993, 1994 (joint with M. Williams)
and 2009 (joint with the PPS Arctic project). The summary of the field trips and col-
lected field points is given in Table 14. Figure 39 illustrates the total number and location
of field points collected between 1993 and 2011 by the author and other colleagues as
used in this work.

A field point represents a site of approximately 100◊100m, which is an estimated
size of the smallest identifiable site in Landsat images assuming a 3◊3 pixel window.
The homogeneity of the site is important for the quality of the training data and for the
accuracy of classification. Using a 3◊3 pixel window with a centre at the centre of the
site, a homogeneous cover around the sites was estimated. Three-quarters of the sites
have a homogeneity of 100%.

The field point description method was based on assessing the parameters of the
vegetation state as suggested by Golubeva (1999) and Kravtsova et al. (1999). Each
description included a GPS-location of the site, its photo, a short botanic annotation.
Special attention was paid to the name of the botanic association, the percentage of
canopy occupied by each species, the assessment of the lichen state etc.

In order to collect data for the training set, field point locations were selected based
on the false colour Landsat image and on local knowledge. On the stage of result
assessment and map validation, locations of field points were selected based on the
classification maps obtained. Descriptions for all 544 field points were subsequently
organised into a table. About a third of the total number of field points were en route.
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4.2.2 Land cover mapping: class structure and legend

Classification of remote sensing data into a number of descriptive land cover classes is
the most common technique in the analysis of remote sensing data and is widely used
for land cover mapping and change detection (Jensen, 2007; Lillesand and Kiefer, 2000;
Rees and Williams, 1997; Tømmervik et al., 2003). Classification-based land cover
mapping is a convenient way to monitor land cover distribution and change in space
and time. Classification is a broad term, which assumes the problem of attribution of
an observation to a category, or a class, leading to the recognition, di�erentiation and
understanding of the observation. In land cover mapping it is the problem of assigning
a land cover class to a pixel value in a multi-spectral image.

Taking definitions from the area of machine learning one di�erentiates unsupervised
learning (unsupervised classification) and supervised learning using statistical or proba-
bilistic classification (supervised classification) (Jensen, 2007; Lillesand and Kiefer, 2000;
Rees, 2013).

The most common approach of unsupervised learning is clustering of data by finding
similarities between observations. The user can normally control the number of cluster,
or classes, but not their nature. Clusters get a meaning assigned to them in the follow up
analysis whenever possible. This method is good when little is known about the nature
of the data, when there are no particular reference points for defining any training
dataset, as it allows to discover unknown commonalities and dependencies in the data.

The supervised learning using a probabilistic classification identifies to which cate-
gory (or class) an observation belongs out of a set of categories, on the basis of a training
dataset containing observations whose category is known and by selecting the category
that has the highest probability of the observation to be belong to it. In land cover
mapping the primary training set consists of point coordinates with a land cover label
assigned by the user. Using the coordinates the pixel values of multi-spectral images
are read and constitute, along with the land cover label, the actual training set data
supplied to the classifier. Because the primary data for the training set are not the pixel
values, but the locations on the map the training set may be known from field data,
literature sources, local knowledge, photographs or other satellite data in the visible
spectrum.

This dissertation uses the supervised learning as it maps pixel values into a set of
carefully defined, based on field data and local knowledge, set of land cover classes.
The fixed set of classes allows for accurate interpretation of data, change detection and
mapping large territories in a coherent way.

The definition of classes for this dissertation (or the class design) was the result of
the analysis of the following information:

• the variety of field point descriptions;
• further field data such as biochemical soil and plant analysis;
• class definitions from related studies of sub-Arctic vegetation (Doncheva, 1976;

Doncheva et al., 1992; Golubeva, 1999; Golubeva et al., 2003; Koroleva, 2011;
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Kravtsova et al., 1997; Kruchkov, 1991; Kruchkov and Makarova, 1996; Wielgo-
laski, 2001a; Zhirov et al., 2007);

• thematical maps of Fennoscandia;
• results of personal field interpretation of unsupervised classification results.

The class design was performed during the preparation and image preprocessing stage.
As the result a set of classes accurately described and parameterised below was defined.
The descriptions and parameterisation of the classes as used during the fieldwork both to
assess the classification results and to locate further areas with matching characteristics
for collecting further training data. The final legend of land cover maps was developed
during the post-classification stage. The defined classes fall into three groups for the
forest and tundra zones according to the existence or non-existence of human activities.
The forth group includes other generic land cover classes such as water or ice:

I. Areas under human activities in forest and tundra vegetation
II. Areas with no human activity in forest and pre-tundra vegetation
III. Areas with no human activity in mountain vegetation
IV. Other

Each group is further divided into sub-groups consisting of individual classes de-
scribed in detail below. The classes were chosen to specifically describe the damaged
and undamaged environment of the selected hotspots and of Fennoscandia in general.
The classes were formed based on the dominating vegetation type, vegetation density,
presence of special vegetation species such as lichen as well as the state of damage.

Areas under human activities in forest and tundra vegetation

Class I.1: Technogenic barren: mostly low tree density, less than 0.3, no more than
10% of the vegetation background cover and almost 100% of dead vegetation. The class
is characterised by the total destruction of green vegetation accompanied by soil erosion:

Tree: fully destroyed, 100% dead, with dead remnants of trunks with or without
bark and with upper roots open due to soil erosion
Dwarf shrub: dead sticks with or without bark, some depressed birches and
willows in wet depressions
Grass: occasional species in wet depressions
Moss/lichen: dead remnants
Lichens/epiphyte (forest): none
Soil: more than 90% of soil profile is destroyed to the bedrock; occasionally open
mineral horizons ≠ the whitish podsol A2 horizon and the illuvial-humus B horizon
Litter: thick unevenly distributed layer of dead remnants of tree trunks, branches
and bark
Indicator species: none
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Class I.2: Severely damaged vegetation: mostly low tree density, less than 0.3, no
more than 10≠30% of the vegetation background cover in forest and 10≠50% in tundra
and almost 80≠100% of damaged or dead vegetation. The class is characterised by an
extremely high proportion of dead trees, moss and lichen, and a middle-range proportion
of dead shrubs:

Tree: over 90% destroyed with dead remnants of trunks with or without bark
with the total density of 10%; evidence of severe damage on living species such
as dry tops and necrosis on branches, needles and leaves; very low morphometric
and physiologic parameters; dominant vegetation: no tree layer, occasionally birch
shrub forest with some grass and a few willows of up to 2m height
Dwarf shrub: over 50% dead, usually with only one species dominating ≠ Em-
petrum nigrum or Salix glauca, sometimes Vaccinium vitis-idaea and Arctostaphy-
los uva ursi can also be found; the background of dwarf shrub/grass cover does
not exceed 20≠30%; significantly log morphometric and physiologic parameters;
generative parts are not developed
Grass: occasional groups in places of wetland and moss
Moss/lichen: less than 10% of living plants and no living crustose lichens; typical
moss is Furmaria, typical living lichens are Stereocaulon and Gyrophora
Lichens/epiphyte (forest): none
Soil: the soil is open, with no or little vegetation cover, the profile is destroyed to
the bedrock ≠ whitish A2 horizon æ braun horizon æ grey C horizon (Kruchkov
and Makarova, 1996); highly polluted with the concentrations of 214.9mg/kg (Zhi-
rov et al., 2007)
Litter: normally a thick layer of 5≠7cm height with a lot of large fractions
Indicator species: Carex bigelowii and Salix glauca

Class I.3: Mostly damaged vegetation: mostly low tree density, less than 0.3, no
more than 20≠50% of the vegetation background cover in forest and 10≠60% in tundra
and almost 60≠80% of damaged or dead vegetation. The class is characterised by a
high proportion of dead trees, moss and lichen and a middle-range proportion of dead
shrubs:

Tree: 60≠80% of destroyed trees with the total density of up to 25%, occasional
(one to several species) of living spruce and pine trees; evidence of damage on
living species ≠ partly dry tops and branches, necrosis on needles and leaves; very
low morphometric and physiologic parameters; dominant vegetation: fragmentary
birch and willow shrubs with grass and dwarf shrubs
Dwarf shrub: 40≠50% dead, usually with no more than a few species present,
such as Empetrum nigrum, Salix glauca and sometimes Vaccinium vitis-idaea and
Ledum; evidence of substantial damage on living species ≠ many dry branches
and leaves with necrosis; the background of dwarf shrub/grass is in the range
40≠50%; very low morphometric and physiologic parameters; generative parts are
substantially transformed, sometimes not developed
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Grass: dominated by Festuca, Carex bigelowii and Alopecurus
Moss/lichen: no more than 5% of background density with up to several species
such as Stereocaulon and Gyrophora in places of cup lichen Cladina, Alectoria,
Cetraria; Pohlia moss in wet areas
Lichens/epiphyte (forest): none
Soil: patches of depredated peat/podsol soil
Litter: unusually a thick layer of 4.5cm height with many large-size fractions
Indicator species: Empetrum nigrum, Salix glauca, Alectoria nigricans, Alecto-
ria ochroleuca, Cetraria islandica, Festuca, and Carex bigelowii

Class I.4: Moderately damaged vegetation: mostly low tree density, 0.3≠0.4, no
more than 30≠50% of the vegetation background cover in forest and 50≠60% in tundra
and almost 40≠60% of damaged or dead vegetation. The class is characterised by a
middle-range proportion of dead trees, a high proportion of dead moss and lichen and
a middle-range proportion of dead shrubs:

Tree: 40≠60% of destroyed trees often with bark with the total density of about
50%; evidence of damage on the majority of living species with partially dry tops
and branches as well as needles and leaves with necrosis; low morphometric and
physiologic parameters and the generative parts are transformed; dominant vege-
tation: birch shrubs with dwarf shrubs with no spruces and pines in the tree layer
apart from occasional patches of spruce and pine trees
Conifers characteristic: the average height of spruces is 10≠11m, trunk diame-
ter ≠ 15≠17cm; the proportion of spruces with no evidence of damage ≠ 10≠40%
but fewer damaged trees in rich soils and in depressions
Deciduous characteristics: almost no dead birches with the average height of
birches is 6≠8m, trunk diameter ≠ 5≠10cm; the number of dry tops is 30≠50%;
willow, ash, juniper and aspen in the undergrowth
Dwarf shrub: 30≠40% dead, usually with two to three species; evidence of dam-
age on living species such as partially dry branches and leaves with necrosis;
low morphometric and physiologic parameters and the generative parts are trans-
formed. The background of dwarf shrub-grass cover is 60≠80%; dominant species:
Empetrum nigrum, Vaccinium vitis-idaea and Ledum
Grass: Dominated species: Festuca, Alopecurus, Agrostis
Moss/lichen: fragmentary with one to two species, that are less sensitive to
pollution and only a few crustose lichens, and no more than 10% background
density; Stereocaulon and Gyrophora lichens in places of cup lichen Cladina; typical
mosses are Pohlia, Scapania and Furmaria.
Lichen/epiphyte (forest): none
Soil: Mostly peat/podzol soil with a lower concentration of pollutions, 69.5mg/kg
Litter: occasionally quite a thick layer of 2≠3.5cm height and a lot of large-size
fractions
Indicator species: Alectoria nigricans and Alectoria ochroleuca, Cetraria islandica
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Class I.5: New burnt area. The class represents vegetated areas su�ered from recent
fires with over 90% of dead trees and almost a total destruction of the tree undergrowth
of height below 2m and of grass, dwarf shrub and background. It is characterised by
black remnants of burnt vegetation and exposed soil.
Class I.6: Old burnt area. The class represents vegetated areas su�ered from dated
fires with up to 60% of dead and damaged trees. It is characterised by black remnants of
trunks seen through the renewed vegetation, fragmentary and full long-term succession
mostly by grass and birch.

Non-vegetated areas

Class I.7: Quarry, soil heap, industrial area and non-vegetated tundra,
mostly mountain top. The class is characterised by high mineral content, e.g. sand,
basalt, granite etc.
Class I.8: Residential area and asphalt; shadow from cloud and mountain;
technogenic barren. The class is characterised by originally dark and solid materials
such as roof tops, roads and asphalt.
Class I.9: Water with sediments. The class represents mostly wet tailing ponds
and lakes with mineral content arising in places of technogenic barren through wind and
water flows.

Areas with no human activity in forest and pre-tundra vegetation

Vegetation of the sub-Arctic is of central importance for this research and is discussed
in detail in Section 1.1.3. Here we only list the main properties of vegetation in the
forest and tundra zones and the corresponding classes used for the classification and
represented on the land cover maps. The general characteristics of the undamaged
vegetation in the forest and pre-tundra zones are:

Tree: no man-destroyed trees with density of 90≠100% and no evidence of dam-
age; tree canopy is well developed with the density of 0.7≠1.0 and the size of leaves
is large due to the increased moisture content; generative parts are normally de-
veloped; dominant vegetation: pine with lichen and spruce with dwarf shrub in
coniferous forest, birch with grass/lichen, dwarf shrubs and willow in deciduous
forest
Dwarf shrub: a typical set of species with a typical canopy coverage and no
evidence of damage; generative parts are normally developed
Moss/lichen: typical set of lichens covering almost all stones≠ Peltigera, Hep-
hroma, Parmelia, Hypogymnia, Usnea, Cladina (8 species); typical mosses are
Pleurozium schreberi, Hylocomium splendens and Ptilidium ciliare
Litter: normal thickness and composition of the 1.5≠2cm height

Undamaged vegetation of the forest zone is represented by the following classes:
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Class II.1: Mostly pine forest often with lichen on dry well-drain/drain soil
and wet poor-drain wetland soil: dominated by Pinus sylvestris with Be-
tula pubescens Sorbus, Salex, Juniperus sibirica. The dwarf shrub layer mostly
includes Vaccinium myrtilis, Vaccinium vitis-idaea, Empetrum hermaphroditum,
Vaccinium uliginosum. The well-developed and lichen-rich ground layer consists of
lichens Cladonia, Cetraria sometimes with moss patches Racomitrium, Pleurozium
schreberi. On dry soil the pine height is up to 15m and tree density is 0.4≠0.6.
On wet soil the pine height is 4≠10m and tree density is 0.2≠0.6. The presence
of forest moss species like Pleurozium schreberi, Dicranum scoparium and lichens
Cladonia distinguishes wetland forests from wetlands (Boch and Smagin, 1993)

Class II.2: Mostly spruce forest with dwarf shrub on dry well-drain/drain
soil: dominated by Picea obovata with Betula pubescens, Juniperus, Betula nana,
Sorbus, Salex. The dwarf shrub layer mostly includes Vaccinium myrtilis, Em-
petrum hermaphroditum, Polypodiophyta, Cornus suecica, Ledum, Equisetum syl-
vaticum, Linnaea, Gymnocarpium, Geranium sylvaticum, Trollius. The ground
layer consists of mosses Pleurozium schreberi, Barbilophozia lycopodioides, San-
ionia uncinata, Hylocomium splendens, Dicranum, Rhodobryum roseum, Rhizom-
nium pseudopunctatum, Sphagnum, Polytrichum and lichens Peltigera, Cladonia,
Cetraria. On dry soil the spruce height is 7≠10m and tree density is 0.3≠0.5. On
drained soil the spruce height is 7≠15m and tree density is 0.5≠0.6. On wet/well-
drained soil the spruce height is 12≠15m and tree density is 0.7≠0.8. On wet soil
the spruce height is 9≠12m and tree density is 0.3≠0.6

Class II.3: Birch forest mostly with grass on wet/drain soil: dominated by
Betula pubescens with a mix of Sorbus and Betula nana, other specied Juniperus,
Salex, Vaccinium myrtilis, Empetrum hermaphroditum, Equisetum sylvaticum, Gera-
nium sylvaticum, Deschampsia, Trollius, Cirsium, Filipendula, Fectuca, Calama-
grostis lapponica. Moss layer is poorly developed often patchy with Sanionia un-
cinata, Rhizomnium pseudopunctatum, fragmentary lichen Cladina. Birch height
is 3≠7m, sometimes up to 12m and tree density is 0.3≠0.7

Class II.4: Birch mostly with ground lichen: dominated by Betula pubescens with
mix of Juniperus, Betula nana, Empetrum hermaphroditum, dense ground lichen
mostly Cladonia. In areas with intensive grazing activity birch with mostly lichen
changes to birch with grass/dwarf shrub

Class II.5: Birch forest mostly with shrub: dominated by Betula pubescens with
Betula nana and Empetrum hermaphroditum, Vaccinium vitis-idaea, Vaccinium
uliginosum, Solidago, Arctostaphylos, lichen Cladonia, Cetraria, Nephroma and
moss Dicranum, Pleurozium schreberi. Birch height is 3≠5m and 5≠7m and tree
density is 0.4≠0.6

Class II.6: Mostly birch/spruce and birch/pine forest: dominated by birch with
a significant mix of spruce or pine

Class II.7: Mostly willow forest: dominated mostly by Salix cinerea and Salix
capraea often with a mix of Betula pubescens and sometimes with Alnus incana. A
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set of low herbs, grasses and dwarf shrubs is typical for birch/lichen/dwarf shrub
forests

Class II.8: Wetland mostly with shrub: dominated by Betula nana, Carex and
Ledum palustre, Rubus chamaemorus, Vaccinium vitis-idaea, Vaccinium myrtillus
and thick Sphagnum

Class II.9: Wetland mostly with dwarf shrub and often with open water: as
the above with an open water mirror, usually in the middle

Class II.10: Wetland mostly with turf or peat: open decayed Sphagnum moss
wetland. The location mostly around Kiruna, Sweden

Areas with no human activity in mountain vegetation

The undamaged vegetation of the tundra zone is represented by the following classes:

Class III.1: Tundra mostly shrub: dominated by mostly by Betula nana with Em-
petrum hermaphroditum, Arctostaphylos alpina, Vaccinium myrtillus, Vaccinium
vitis-idea, Vaccinium uliginosum, Cornus suetica, Calluna vulgaris, Cassiope tetrag-
ona, Ledum palustre, Juniperus communis, Festuca rubra and well-developed green-
moss layer.

Class III.2: Tundra mostly lichen: well-developed lichen layer Cladina, Cladonia
with mix of Betula nana, Empetrum hermaphroditum, Vaccinium vitis-idea, Carex,
Eriophorum

Class III.3: Non-vegetated tundra: areas without vegetation in high mountains.
Stones are with crustose lichens.

Other classes

Class IV.1: Clouds: the class possess a variety of shapes and density, which change
from day to day and year to year. Clouds completely hide the surface and are always
accompanied by dark shadows which make the whole or part of the image ineligible for
mapping.
Class IV.2: Snow: the snow cover is a seasonal feature which, even at the peak of the
vegetation period, can be found in high altitudes varying in amount from year to year.
Class IV.3: Clean water such as lakes, rivers etc. The class unites all aquatic features
of significant depth with low content of sediments. No distinction is made between fresh
and marine water.

4.3 Method to analyse remote sensing data for Fennoscandia

For this research a novel method to process remote sensing images and to generate land
cover maps has been developed, which was first reported in an earlier publication by
the author (Shipigina and Rees, 2012). The method uses multi-class supervised classifi-
cation of Landsat data. The Support Vector Machines (SVM) classifier was chosen for
this work, which works by defining hyperplanes in the multidimensional data space that
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separate classes from each other. Schoelkopf et al. (1997) demonstrates that the SVM
provides consistently high classification accuracies across di�erent problem domains. In
a recent comparison of the SVM to 16 other methods, it was the only one that was
consistently present among the top 3 in all test problems (Meyer et al., 2003). Other
classification algorithms can be used in place of the SVM without any extra overhead,
but have not been tested as a part of this study. Although a hybrid classification can
potentially yield results as accurate as the SVM (Danks, 2006; Tømmervik et al., 2003),
practically however, the application of the SVM, or other modern supervised classifica-
tion methods, is easier as they can be fully automated and require no intervention after
the classifier is trained. Surely, the success of the SVM, or of supervised classification
methods in general, depends greatly on the quality of the training data for each class
(Lillesand et al., 2004; Rees, 2013).

The novelty of the method lies in applying a number of principles on top of the usual
supervised classification approach:

• the use of a single classifier across the whole area of Fennoscandia;
• the use of scripting to improve throughput and reproducibility;
• the use of free and open source software.

4.3.1 Using a single classifier across the whole area of Fennoscandia

Typically independent classifications are performed for individual images, often unsu-
pervised. The results of such classifications are often di�cult to compare, they may be
fairly subjective and di�cult to reproduce. In order to achieve reproducibility, compa-
rability and objectiveness we use one and the same classifier trained on a large amount
of field data and expert knowledge from a very large area (both in time and space).
This ensures that the method can be applied to the larger area of Fennoscandia and not
just the immediate study area. The training data were collected from a large area of
272,800km2 comprising parts of northern Norway, Sweden, Finland and Russia based on
the author’s own field data and expert knowledge, digitised Soviet military topographic
maps of scale of 200,000, 100,000 and 50,000, GoogleEarth and vegetation maps. These
data (field and remote sensing data) were collected based on the principles described
above, namely avoiding cloudiness and using images from the of July or August. The
classifier was setup to use information from bands 1-5 and 7 as well as indexes NDVI,
NBR, NDSI and NDWI. These constitute a 10-dimensional data set, although some
bands are strongly correlated for many classes. The frequency of all the classes was
equalised by randomly subsampling large classes to contain the same number of data
points (500) and to have an equal probability to be predicted by chance. The choice
of 500 points was driven primarily by the computational resources available. A bet-
ter accuracy could potentially be achieved with a greater number of points in individual
classes, but this was not feasible due to the limitation of the computing equipment used.
Landsat images listed in Table 15 were used to collect data for the training set.

As we use supervised classification the stage of defining the classifier is also the point
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Table 15: Landsat TM and ETM+ images used for the collection of pixel values for the classifier
training set.

Satellite Sensor Path/Row Date Entity ID
Landsat 5 TM 188/012 1986-07-28 LT51880121986209XXX03
Landsat 5 TM 190/012 1993-07-13 elp190r12_5t19930713
Landsat 7 ETM+ 188/012 2000-07-26 L71188012_01220000726
Landsat 7 ETM+ 195/011 2000-07-27 elp195r011_720000727
Landsat 7 ETM+ 195/011 2000-07-27 elp195r012_720000727
Landsat 7 ETM+ 186/012 2000-07-28 LE71860122000210EDC00
Landsat 5 TM 187/012 2005-07-09 LT51870122005190KIS00
Landsat 5 TM 190/011 2009-07-25 LT51900112009206MOR00

where the expert knowledge from a very wide area is introduced into the workflow. When
processing single images using unsupervised classification expert knowledge is normally
applied at the stage of classification results interpretation.

While using a single classifier brings a number of benefits for result reproducibility,
interpretation and processing throughput, it comes at the cost of complexity. Extra
image processing steps are required in order to obtain data of di�erent images in the
same scale so that a single classifier can be used (make them comparable). In order for
the algorithm to function the following requirements need to be satisfied:

• field and remote sensing data as well as expert knowledge need to span far beyond
the immediate study area, covering all types of human impact that one wants to
study as well as a number of years;

• all remote sensing images must be normalised and brought to the same scale;
• metadata of remote sensing images, such as the date and data ranges, must be

incorporated in the workflow to allow for automated normalisation;
• the trained classifier needs to be assessed and validated using a large number of

field data points and expert knowledge in a large area across many images;
• a programming language that supports processing GeoTIFF images and scripting

needs to be used.

4.3.2 Using scripts to improve throughput and reproducibility

Manual image preprocessing, classification and land cover mapping are standard in the
remote sensing community, which introduces subjectivity and requires a lot of time and
special skill. In order to make the analysis of large territories across Fennoscandia fea-
sible the manual analysis workflow needs to be automated. A script was written for
this study to automate image preprocessing, classification and post-processing (map-
ping). Using an automation script for batch processing improves the throughput over
the manual analysis by a factor of 10 to 20. While a fully manual processing of Landsat
data takes days, a single Landsat image covering an area of 250◊250km2 takes a few
hours on a single modern CPU. This is about an order of magnitude faster than man-
ual processing. If a fully automated workflow is used, the throughput can be further
increased by parallelising the workflow onto a computational farm. Provided one can
select 100 suitable images to cover an area of 2500◊2500km2, these can be processed
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in the same time on a fairly modest computational farm of 100 CPUs. The workflow
becomes a script, which can be persisted into a file and rerun at a later date yielding the
same result. This approach scales very well and if a computational farm was available
one could process hundreds of images overnight in an objective and reproducible way.
In this dissertation, however, only tens of images were processed, which was su�cient
to obtain good lateral and temporal coverage for the hotspots.

Collect training data from 
all images

Image normalization 
(automatic atmospheric 
correction) for all bands

Fine tune the classifier, 
accuracy assessment

Train and store the 
classifier 

Define training areas and 
the corresponding class 

labels

Other Landsat image

Whole image: automated 
atmospheric correction

Area: load zone data and 
calculate indexes

Define area of 
interest

Run through the classifier

False-color map

Aggregate and 
subsample training data 

to equal size

Indexed image

Field data, literature 
and other prior 

knowledge

Select images for 
training data

Processing other 
Landsat images

Classifier

Training area data

Training the classifierManual preparation

Figure 40: Analysis workflow diagram for automated processing and mapping of remote sensing
data. Shades of grey indicate di�erent types of user interactions with the system: light grey
means a process is fully automated, medium grey means a manual process, dark grey means
input data, black means intermediate or final results.

The analysis workflow is shown in Figure 40. It begins with a manual process of
picking satellite images, both for defining the training data set and for the analysis.
Another manual process is selecting training areas for each class. This can be done
using any image analysis application that can process GeoTIFF images. The selected
images are automatically normalised using the atmospheric correction protocol described
below. This eliminates di�erences caused by variations in the sensitivity of detectors,
solar illumination, satellite gains, atmospheric aerosol, etc.

The dark pixel value (or the sensor value for the zero reflectance) is obtained by
thresholding the histogram in each band at 0.02%. This value was selected empirically
making sure that thresholding occurs at the values for objects of lowest reflectivity, such
as deep clean water lakes or rivers (Shipigina and Rees, 2012). The value is driven
largely by the noise level in each band. A manual mask is composed for each image
and only pixels within the mask are considered for the dark pixel computation. This
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is done to eliminate noise from the edges of the sensor. The atmospheric correction
protocol was proposed by Markham and Barker (1986) using parameters for calculating
the Sun-Earth relationship by Iqbal (1983) and the dark pixel subtraction method by
Chavez (1996). The atmospheric correction has been fully automated in this study with
all the reference information extracted from the image metadata.

4.3.3 Image preprocessing and normalisation

A number of parameters a�ect the value of signal acquired by the sensor and stored
in the primary Landsat data. These factors are the date of image acquisition, which
influences the Sun elevation level and the distance from the Earth to the Sun, weather
conditions and in particular any fog that influences the signal to noise ratio and the
dark pixel value, di�erences in the sensitivity of detectors etc., see Figure 41. In order
to bring all images to the same scale and to enable the use of the classifier trained on
one set of images with a new image, images need to be normalised and corrected.

1 2 3

4
5

6

detector

surface

Sun

Figure 41: Contributions to the radiance at a satellite detector in case of atmospheric scatter-
ing: 1 ≠ direct illumination of the surface by the Sun; mostly shortwaves making 98% of all solar
illumination coming to the Earth; 2 ≠ illumination of the surface by the radiation scattered from
the atmosphere; 3 ≠ illumination of the surface by the radiation scattered back to the surface by
the atmosphere; 4 ≠ scattered radiation transmitted directly to the detector; 5 ≠ radiation re-
flected from the surface and scattered to the detector by the atmosphere; 6 ≠ radiation scattered
by the atmosphere directly into the detector. Adapted from Rees (2001).

All Landsat images used in this research are of Level 1G: they have been geometri-
cally corrected and resampled to the Universal Transverse Mercator (UTM) projection
by the cubic convolution method, which allows an image to be shifted, scaled and ro-
tated. Systematic shifts of several pixels were discovered in Level 1G Landsat images.
A GPS-based correction has been applied to all images in order to yield the maximum
geometric precision and the pixel-by-pixel correspondence between pairs of images. This
was performed by before the images were made available in the archives.

The conversion of a pixel value, Q(⁄), to reflectance, ‡(⁄), using the atmospherically
corrected at-satellite radiance,L(⁄) (radiation as detected by the sensor), is an important
step to eliminate di�erences in the sensitivity of detectors, satellite gains, atmospheric
aerosol and solar illumination (Singh, 1989). The first step is to compute the at-satellite
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spectral radiance, L(⁄), bringing the pixel value onto the common radiometric scale
(Markham and Barker, 1986):

L(⁄) = L
min

(⁄) + Q(⁄) ≠ Q
min

(⁄)
Q

max

(⁄) ≠ Q
min

(⁄)(L
max

(⁄) ≠ L
min

(⁄)), (4.7)

where ⁄ is the radiation wavelength (or the band), L
min

(⁄) and L
max

(⁄) are the mini-
mum and the maximum spectral radiance values for which the sensor is calibrated; Q(⁄)
is the pixel value; Q

min

(⁄) is the minimum pixel value when the spectral radiance is
L

min

(⁄) and Q
max

(⁄) is the maximum pixel value when the spectral radiance is L
max

(⁄)
(all values are retrieved from the image metadata).

The atmosphere reduces the spectral radiance of the directly transmitted radiation
and injects extra radiance in form of scattered radiation. The atmospheric correction
aims to eliminate these e�ects by replacing the at-satellite radiance with an estimated
value of the at-surface radiance, i.e. radiation emitted and reflected at the surface of
the Earth.

Ideally, the atmospheric profile of gases on the day and time when the satellite image
was acquired should be used to achieve best results of atmospheric correction. This
information is, however, largely unobtainable. Therefore, the dark pixel subtraction
method is used for the atmospheric correction (Chavez, 1996). The method subtracts
a pixel value corresponding to a zero radiance from the raw data in each of reflective
bands, the dark pixel value. The dark pixel value is obtained from objects that naturally
have zero spectral reflectance, e.g. shadows of buildings or clouds, or water bodies. The
water surface is the best object with the lowest pixel value for the dark pixel subtraction
method. The equation for the at-satellite spectral radiance of dark pixels is obtained
from Equation 4.7 (Rees et al., 2008):

L
dark

(⁄) = L
min

(⁄) + Q
dark

(⁄) ≠ Q
min

(⁄)
Q

max

(⁄) ≠ Q
min

(⁄) (L
max

(⁄) ≠ L
min

(⁄)), (4.8)

where Q
dark

(⁄) is the dark pixel value in each band. Finally, Equations 4.7 and 4.8 yield
the atmospherically-corrected spectral radiance for the Landsat TM as:
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Finally, the atmospherically corrected at-surface radiance needs to be converted to
the normalised planetary reflectance (albedo). Normalising out solar irradiance by con-
verting the spectral radiance to a planetary or Top Atmosphere (TOA) reflectance re-
duces di�erences between multi-temporal images from various sensors caused by di�erent
geometric arrangements of satellites with respect to the source of radiation and the sur-
face being imaged. Moreover, the planetary reflectance “compensates for di�erent values
of the exoatmospheric solar irradiance arising from spectral band di�erences” (Chander
and Markhan, 2003). An accurate change detection analysis requires the use of plan-
etary reflectance. Planetary reflectance can be calculated from the following equation
(Markham and Barker, 1986):
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‡(⁄) = fiL
corrected

(⁄)d2

ESUN
n

cos(z) , (4.10)

where ‡(⁄) is the reflectance, ESUN
n

is the mean solar exoatmospheric irradiance of
each band n, z is the solar zenith angle (zenith angle = 90¶≠ solar elevation angle), d

is the Earth-Sun distance in astronomical units. The values for ESUN
n

, d and z are
either retrieved directly or computed from the image metadata.

4.3.4 Post-classification filtering and map composition

The output of the classification script is a greyscale 8-bit GeoTIFF image with predicted
class index matching in size and geographical location the input image, in the range
[0, 25] for the number of classes used and using zero as background. Next, a post-
classification spatial filtering is applied to the index image. It is a generalisation method
used to reduce noise and salt-and-pepper e�ects in the areas covered in reality by a
single class (Lillesand et al., 2004). A 3◊3-pixel spatial majority filter is used in this
work. This size preserves the detailed texture of the hybrid classification map, yet
substantially reduces the noise. This is a simple and frequently used tool for cartographic
generalisation (Booth and Oldfield, 1989).

To produce land cover maps the index image is translated into an RGB image using
the class colour legend fixed for all 25 classes. Legend colours have been selected based
on two principles: to represent nature in its genuine colours (green for vegetation, blue
for water, grey for tundra etc.) and to have a clear separation of classes with human
impact from the natural ones (e.g. in red, yellow, violet etc). The map legend is given in
the Results section along with the statistics about the class distribution, see for example
Tables 18, 16 etc.

4.3.5 Accuracy assessment

Any machine learning method needs to be fine-tuned for the problem domain and the
training set. In fine tuning one makes a decision on the optimal set of parameters that
maximise the classification accuracy in cross validation. For the SVM, those parameters
are the kernel function itself, the cost factor and the parametrisation value gamma
(shared by all kernel functions considered in e1071). To fine tune the classifier, a 10-fold
cross validation (McLachlan et al., 2004) was used in this work, in which random sets of
10% of the training data are left out when training the classifier and are used to validate
the classification results (repeated a number of times).

The accuracy of the classifier is assessed at the stage of training the classifier using
the training set data. A number of accuracy parameters are estimated by standard
tools provided by the packages that supply the classifier itself. The most informative
are the confusion matrix and the total accuracy (in cross validation). The confusion
matrix, E, provides a per-class representation of how ground truth was reflected in the
classification results, while the total accuracy is computed as the fraction of correctly
classified samples (diagonal elements) to the total number of samples:
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, (4.11)

where N is the number of classes, E is the square confusion matrix of N ◊ N elements;
E

ii

is the diagonal element of the matrix; E
ij

is an element of a matrix in the ith-
position of definite classes and in the jth-position of classification results. The data of
the confusion matrix can be summarised into the user’s and producer’s accuracies, which
are given below in the Discussion section. The user’s accuracy, A

users

, for a given class
represents the probability of a pixel classifier as being of that class actually represents
that class on the ground, see Equation 4.13; the producer’s accuracy, A

producer

, for a
given class gives the probability for ground truth of that class to be classified correctly
(Knizhnikov et al., 2004; Lillesand et al., 2004; Rees, 2013; Richards and Jia, 2006):

A
i,producer

= E
iiq

N

j=1 E
ij

, (4.12)

A
j,user

= E
jjq

N

i=1 E
ij

. (4.13)

The results for the classifier user’s and producer’s accuracies for the training set are
given below in the Discussions section along with the data for the map assessment of
user’s and producer’s accuracies.

As discussed above, a 10-fold cross validation was used when fine tuning the clas-
sifier and on the final parameter set. It yielded the total accuracy in the 10-fold cross
validation on 25 classes of 79% (down from 84% accuracy achieved for the training set
itself without cross validation).

The accuracy assessment for the land cover maps is discussed in detail in Section 5.6.

4.3.6 Software for automated classification and mapping

Using open source software allows other researchers to reuse the method easily in study-
ing the North or other territories of interest yielding a more accessible and open science.

The script for image preprocessing, classification and mapping in this study was
designed using free and open source software. Even though well-established commercial
products allow to perform most operations their support of scripting is very limited and
the licensing would limit scalability. Additionally, the standard commercial products
are very expensive.

The development of the software library is neither the skill of the author, nor the
part of the dissertation. The software library was developed externally by O. Sklyar, an
IT and data analysis specialist, to the specifications of the author.

The scripting was implemented using the free and open source language for statistical
computing, R. This language was selected because it satisfies the scripting requirement
of this study and provides a wide variety of machine learning algorithms through a large
collection of free and open source libraries in its repository. The SVM classifier used
in this research is provided by the R library ‘e1071’ (WWW: e1071, 2012), which is
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implemented using the libsvm C++ library (WWW: C.-C. Chang and C.-J. Lin, 2010).
Two other R libraries were developed for the study. One, the ‘gdal’ library is a

low level R interface to the ‘GDAL’ C++ library (WWW: F. Warmerdam, 2013) for
accessing and processing geodata in a variety of formats, including GeoTIFF. The other
library ‘geo’ is a high level library that puts together the analysis workflow discussed
in the section above. It stores the full trained classifier in the library source tree itself
allowing for any number of images to be classified and mapped in a fully automated
manner either in full or sliced to the area of interest. Both ‘gdal’ and ‘geo’ libraries are
available from the author on request as the R and C++ source code. The installation of
libraries will require either a Linux or OS X machine with a functional C++ compiler
and a compiled and installed C++ GDAL library.

The analysis was performed on a OS X machine with 8Gb RAM. This study did not
aim to develop tools for map filtering or for adding the legend, labels and the grid used
for visual presentation of the results. These operations were performed using standard
commercial software under the Cambridge University licensing.
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Chapter 5

Results and Discussion

In this chapter we will cover the land cover analysis for di�erent types of human impact
on vegetation performed across a number of hotspots introduced in Chapter 3 and listed
in Table 7. For each hotspot land cover maps are constructed for three or four years
between the 1980s and the present time. This is done using the Landsat images listed
in Table 13 and the method described in Section 4.3.

The land cover maps are analysed both qualitatively, for connections between the
human impact and changes in vegetation at the local and regional scales, and quan-
titatively, to discover trends in land cover changes. Only relevant land cover classes
introduced in Section 4.2.2 are generally discussed for each particular hotspot.

5.1 Monitoring impact of industrial atmospheric pollution

In Section 3.1 we discuss the scale of industrial development in the Murmansk region, the
most industrially developed area of northern Fennoscandia. This region is the source
of most industrial atmospheric pollution in the study area. Two hotspots have been
selected for further analysis: the area around Monchegorsk su�ering from pollution of
the copper-nickel smelter Severonikel, and the area around Nikel su�ering from pollution
of the copper-nickel smelter Pechenganikel. These hotspots are clearly visible in the
Landsat images. They are similar in the levels and nature of pollutants driven by
similarities in the development life cycle of both smelters since the 1930s. Vegetation in
the proximity of the smelters at both hotspots has been either completely destroyed or
severely damaged.

Because the hotspots are located in di�erent vegetation zones, the Monchegorsk one
in forest and Nikel in pre-tundra, there are some distinctive di�erences in interpretation.
For example, in the Nikel hotspot it can be di�cult to distinguish the e�ects of human
activity from natural stone tundra. Furthermore, industrial pollution contributes to the
proliferation of forest fires. This is particularly true for the Monchegorsk area due to
its forest location. It is di�cult to distinguish between vegetation severely damaged by
fire from that severely damaged by pollution directly. Fires were widely spread in these
hotspots in the 1980s, but a lot of burnt areas remain until the present time. The e�ect
of fires is analysed independently in Section 5.4.
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The development of industry triggered large scale industrial and residential in-
frastructure development. Along with the evolution of the smelters both Nikel and
Monchegorsk developed from small settlements into towns with the population of 45,361
in Monchegorsk and 13,131 in Nikel (FSG, 2012). The e�ect of infrastructure develop-
ment is analysed independently in Section 5.5.

In the following analysis particular attention is paid to the transition from the state
of moderately damaged vegetation to severely damaged vegetation and back during the
study timeframe. Additionally, the restoration of vegetation is monitored and discussed
throughout this period.

5.1.1 Land cover dynamics around Monchegorsk in 1986≠2011

Land cover maps for the area of 2,023km2 around the copper-nickel smelter Severonikel
in Monchegorsk have been constructed using the method described in Section 4.3 in
order to study the e�ects of industrial atmospheric pollution on vegetation.

Mapping has been performed using Landsat images in Table 13 for the years 1986,
2000, 2005 and 2011. Data from field points in Figure 42 contributed to the classi-
fier training set to improve the detection of the classes of technogenic barren as well
as severely, mostly and moderately damaged vegetation. Figure 43 provides a repre-
sentative set of photographs of land cover around Monchegorsk a�ected by industrial
atmospheric pollution, collected during the field seasons 2002≠2007. The photographs
show both undamaged vegetation and vegetation in di�erent states of damage.

The generated land cover maps are given in Figures 44≠47. Table 16 provides the
map legend and lists the land cover classes used in the analysis of this hotspot along
with their relative coverage area for each year.

Monitoring land cover changes over time reveals a number of specific problems in
mapping and change detection for this particular area. First, in the land cover map
for 2011 (Figure 47) the area covered by spruce forest was classified as pine forest.
The cool summer was a likely reason for the misclassification: the vegetation did not
reached its peak until after the date of the Landsat image. Second, no suitable cloud
free Landsat image at the peak of vegetation could be found for a relatively large area of
the hotspot between 1987 and 1999. Apparently, finding a cloud-free image was a much
larger problem than initially anticipated. The final set of images used demonstrates a
relatively low level of cloudiness and the numbers in Table 16 are consistent with what
is visually observed in the images.

Formation of technogenic barren and damaged vegetation areas

The formation of the technogenic barren around the smelter started in the 1970s with
the introduction of high-sulphur ore (Doncheva, 1978). The peak of industrialisation
reached this area shortly after the collapse of the Soviet Union in 1991 winding down
immediately after.

The land cover maps in Figures 44≠47 reveal an ellipsoid shape of the area of dam-
aged vegetation stretched from south-west to north-east around the smelter following
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Figure 42: Map of field points (blue dots) in the industrial atmospheric pollution hotspot of
Monchegorsk on the land cover map for 2005, map by the author as in Figure 46. The legend
is given in Table 16. Photographs of land cover shown in Figure 43 were taken at selected field
points marked white.

the local wind pattern. It is di�cult for the classifier to distinguish technogenic barren
(class I.1) from the other industrial and residential non-vegetated area (I.7 and I.8).
Even with very accurate training data only a fraction of technogenic barren could be
correctly detected, but a much larger territory was classified as either industrial or resi-
dential non-vegetated territory. Therefore, for the purpose of monitoring it makes sense
to consider the three non-vegetated classes (I.1, I.7 and I.8) together, highlighted in red
in Table 16. The smelter in the epicentre of the pollution is clearly seen in all images is
not a�ected by clouds. Only a small fraction of the technogenic barren area is covered
by clouds in the image for 1986. Keeping this in mind, we can see that the area of
the three classes mentioned above remained close to constant until the middle of the
2000s only reducing towards 2011: 8.4% in 1986 (2.6% of clouds), 8.1% in 2000 (5.0%
of clouds), 8.7% in 2005 (0.0% of clouds) and 7.0% in 2011 (2.5% of clouds).

The total area of burnt vegetation declined since 1980s along with the reduction of
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Figure 43: Land cover photos taken in the Monchegorsk hotspot between 2002 and 2007. 1:
technogenic barren in the former forest; 2: severely damaged spruce forest; 3: birch/spruce/pine
forest, probably in place of very old logging area; 4: moderately damaged spruce forest; 5:
undamaged spruce forest with mix of birch; 6: spruce forest with lichen/dwarf shrub; 7: agri-
cultural field with grass, former lands of the state farm "Verkniy Nud"; 8: technogenic barren
in the former stone lichen tundra, top of mountain Sopcha; 9: construction open sand pit; 10:
dwarf shrub wetland with birch and pine. Photos 2≠10 by the author; image 1 by Dr. G. Rees.

the smelter production volumes and the reduction in the levels of pollution. It was the
largest of 15.5% in 1986 reducing to 5.3% in 2000, 4.4% in 2005 and further to 1.6% in
2011. Again, most of burnt areas are not a�ected by clouds. The areas A in Figure 44
highlight an example of burnt vegetation close to the smelter. These areas later turn
into technogenic barren marked B in Figure 45. As the smelter activity reduces over
time burnt areas are restored by severely damaged, areas C in Figures 47, and mostly
damaged vegetation, areas D in Figures 46.

It is di�cult to draw accurate quantitative conclusions about the change of damage
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Table 16: Land cover distribution for the area around the Severonikel smelter in Monchegorsk,
Russia, between 1986 and 2011, su�ering under industrial atmospheric pollutions (in percentages
of the whole area of 2, 023±23km2). Rows highlighted in red represent the damaging e�ect of
atmosphere pollution on vegetation.

Class Class name 28
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,
%

28
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7/
00

,
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09
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,
%

10
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,
%
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I.Areas under human activities in forest and tundra vegetation
I.1 Non-vegetated: technogenic barren (100% dead) 0.5 2.7 3.0 1.0
I.2 Severely damaged vegetation (80≠100%) 0.4 5.5 2.0 5.9
I.3 Mostly damaged vegetation (60≠80%) 3.9 0 14.9 3.2
I.4 Moderately damaged vegetation (40≠60%) 0.4 14.0 0.2 1.8
I.5 New burnt area 5.2 2.1 1.8 0.2
I.6 Old burnt area 10.3 3.2 2.6 1.4
I.7 Non-vegetated: quarry, spoil heap and industrial 3.4 2.5 2.1 2.4
I.8 Non-vegetated: residential, asphalt and cloud shadows 4.6 2.9 3.6 3.6
I.9 Water with sediment 3.2 1.0 1.0 8.4
II. Areas with no human activities in forest and pre-tundra vegetation
II.1 Mostly pine forest 14.8 4.4 6.3 26.0
II.2 Mostly spruce forest 17.8 0.2 21.2 3.0
II.3 Birch forest mostly with grass 1.1 5.9 4.6 2.1
II.4 Birch mostly with lichen 1.2 0.5 1.0 0.2
II.5 Birch forest mostly with shrub 0 0.1 0 0
II.6 Mostly birch-spruce forest 0.1 2.1 0 0
II.7 Mostly willow forest 1.2 3.4 2.6 3.5
II.8 Wetland mostly with shrub 3.7 12.2 2.4 5.7
II.9 Wetland mostly with dwarf shrub and open water 0.7 1.6 0.2 0.4
II.10 Wetland mostly with turf 0 0 0 0
III. Areas with no human activities in mountain vegetation
III.1 Tundra mostly shrub 3.2 2.5 4.2 3.0
III.2 Tundra mostly lichen 0.2 2.9 2.1 2.2
III.3 Non-vegetated tundra 1.8 3.9 1.3 8.1
IV. Other
IV.1 Cloud 2.6 5.0 0 2.5
IV.2 Snow 0.5 0.2 0.2 0.1
IV.3 Clean water: lake, rivers 19.5 20.9 23.2 15.1

state between severely, mostly and moderately damaged vegetation primarily due to the
lack of data during a long period between 1987 and 1999, when the area came over the
peak of industrialisation.

Furthermore, according to personal communication with Dr. L. Isaeva there was
excessive pollution from the smelter early in the 2000s. Therefore, the o�cial statistics
for the Severonikel smelter is likely to contain numbers lower than the actual level of
pollution. In particular during the field trips to the area of 2000 and 2001 the author
could smell sulphur in the air and feel it in the mouth. Thus, it looks like there were
fluctuations in the volume of pollution and in the environmental response during this
period. This is exactly what we see in the land cover maps: initially in 2000 a large

98



Monchegorsk

33°0'0"E32°40'0"E

68
°0
'0
"N

67
°4
0'
0"
N

5 0 5
Kilometers

33°0'0"E32°40'0"E

68
°0
'0
"N

67
°4
0'
0"
N

1986-07-28

!P

!P

1986-07-28

Figure 44: Local land cover map for 1986 in the area around the Severonikel smelter in
Monchegorsk, Russia, su�ering under industrial atmospheric pollution. A: burnt areas turning
later into technogenic barren; E: the restoration of damaged vegetation to wetland followed later
by deciduous forest, see Figure 45. The image to the right is the false-colour representation
of a slice of the original Landsat image used in the analysis: Landsat 5 TM, 188/012, 28 July
1986, see Table 13 for details. The land cover breakdown per class and the legend are given in
Table 16.

territory is covered by moderately damaged vegetation. Later, by 2005, approximately
the same area turns to mostly damaged vegetation, probably under the e�ect of excessive
pollution in the beginning of the 2000s. The overall area of damaged vegetation reduces
in size only by 2011, yet the levels of damaged vegetation of 1986 are still not attained.
From the data that we have it looks like while the area of the technogenic barren remains
more or less constant, the area of damaged vegetation (attributed to pollution) increases
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Figure 45: Local land cover map for 2000 in the area around the Severonikel smelter in
Monchegorsk, Russia, su�ering under industrial atmospheric pollution. A: fires; B: technogenic
barren; C: the restoration of severely damaged vegetation by mostly damaged; E: the restoration
of damaged vegetation by deciduous forest. The image to the right is the false-colour represen-
tation of a slice of the original Landsat image used in the analysis: Landsat 5 TM, 188/012, 26
July 2000, see Table 13 for details. The land cover breakdown per class and the legend are given
in Table 16.

over the period of studies from 4.7% in 1986 to 11.9% in 2011, getting over a peak in
the early 2000s with values of 19.5% in 2000 and 17.1% in 2005.

Vegetation restoration and formation of wetland

The analysis above hints at the overall recovery process. The numbers correlate well
with the restoration of forest over the period of studies (considering both coniferous
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Figure 46: Local land cover map for 2005 in the area around the Severonikel smelter in
Monchegorsk, Russia, su�ering under industrial atmospheric pollution. D: the restoration of
technogenic barren by severely damaged vegetation. The image to the right is the false-colour
representation of a slice of the original Landsat image used in the analysis: Landsat 5 TM,
187/012, 9 July 2005, see Table 13 for details. The land cover breakdown per class and the
legend are given in Table 16.

and deciduous in total). Again, in line with the above discussion, the total area of
undamaged forest dropped dramatically from 36.2% in 1986 to just 16.6% in 2000. It
then recovered to earlier levels of 35.7% in 2005 decreasing only slightly by 2011 to
34.8%, primarily due to the formation of wetland.

Deciduous forest is not typical for this geographical zone dominated by conifers.
Normally deciduous trees grow here along rivers or in mountain regions between the
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Figure 47: Local land cover map for 2011 in the area around the Severonikel smelter in
Monchegorsk, Russia, su�ering under industrial atmospheric pollution. C: the restoration of
severely damaged vegetation by mostly damaged vegetation. The summer of 2011 was cooler
than normal and the vegetation had not reached its peak by the date of the image thus a lot of
territories covered by spruce are shown as pine forest. The image to the right is the false-colour
representation of a slice of the original Landsat image used in the analysis: Landsat 5 TM,
187/012, 10 July 2011, see Table 13 for details. The land cover breakdown per class and the
legend are given in Table 16.

tundra and forest zones. However, it is common for coniferous forest a�ected by human
activities to first restore to wetland and then to deciduous forest. This is particularly
true for areas where trees are destroyed, either fully or partly, but the shrub cover is
still present. As an example, the area E in Figures 44 and 45 for years 1986 and 2000,
respectively, illustrates the restoration of forest su�ered from earlier logging to wetland
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in 1986 and deciduous species in 2000. Interestingly, even though this area is very close
to the smelter it remains covered by deciduous species until 2005, Figure 46, and starts
turning back into conifers by 2011, Figure 47.

Excessive pollutions in the early 2000s and the correspondingly poor state of vege-
tation are likely to be the reason for a 3-fold increase in the wetland area between 1986
and 2000, from 3.7% to 12.2%. Similarly the area of all types of deciduous forest, classes
II.3≠II.7, also increased in this period nearly 3-fold, from 3.6% to 12.0%. Both e�ects
indicate a partial restoration of damaged coniferous forest. In later years, these areas
restore further to conifers leading to a reduction in the areas of wetland and deciduous
forest back to the levels just above those of 1986.

We know from field data that large areas of forest fires were a�ected by logging prior
to 1986. In the climate conditions of the Kola peninsula, fresh logging often leads to the
formation of wetland. These can be clearly seen in the area C1 in Figure 44 for 1986. In
the following years this area restores to deciduous forest, which is a common restoration
pattern for logged areas: first wetland followed potentially by deciduous forest later. In
the Murmansk region most of the old logging areas can only de detected as deciduous
forests as their restoration proceeds naturally. Such areas of grass, birch and willow
can be seen in the areas C2 in Figure 44 for 1986. Here it is known that clear-cutting
was carried out in the Soviet times to open areas for agricultural use by the state farm
Verhniy Nud, Sovhoz in Russian. Currently, logging is used primarily to clear areas for
development south-east of Monchegorsk. Primarily due to logging, the overall wetland
area increases from 10.9% in 1986 to 17.9% in 2005.

Other trends and summary for the Monchegorsk area

Any quantitative analysis of tundra vegetation in this area is di�cult due to high levels of
cloudiness over the tundra parts of the territory. Only a small fraction of the territory is
covered with tundra and the corresponding numbers remain small and largely unchanged
between 1986 and 2011.
Table 17: Trends in the vegetation cover for the Monchegorsk hotspot of industrial atmospheric
pollution in 1986≠2011.

Vegetation type 28
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Coniferous 32.6 4.6 27.5 29.0
Deciduous 3.6 12.0 8.2 5.8
Wetland 4.4 13.8 2.6 6.1
Tundra 3.4 5.4 6.3 5.2
Total conif. and decid. 36.2 16.6 35.7 34.8
Total vegetated 44.0 35.8 44.6 46.1

Table 17 provides a summary of trends in the vegetation cover for the Monchegorsk
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hotspot between 1986 and 2011. There is a clear dip in both the overall vegetation and
forest cover, in 2000 as the area has just come over the peak of industrial activity and
is likely to be su�ering under excessive pollutions, but later the levels restore to those
in 1980s. This restoration, however, is happening on the back of restoring damaged
coniferous forest to wetland, deciduous forest and tundra vegetation. These species are
less sensitive to air condition changes, but reflect changes in the soil conditions such
as like moisture and nutrition components (Isaeva, 2006b; Lukina and Nikonov, 1993;
Tømmervik et al., 1998). All these classes increased their respective coverage from 1986
to 2011.

While studying vegetation on a territory of 22,225km2 around Monchegorsk using
unsupervised/supervised classification maps of Landsat MSS images, Rees and Williams
(1997) detected an increase in the vegetation damage from 1978 to 1992. According to
their results, the total area of severe and ‘partly damaged’ vegetation (31≠97% damaged)
increased from 23.6% in 1980 to 42.5% in 1992, contributing to the decrease in ‘healthy’
and ‘lightly damaged’ vegetation (11≠30% damaged) from 51.2% in 1980 to 36% in 1992.
While studying vegetation on a territory of 6,570km2 around Monchegorsk using Landsat
MSS and TM Solheim et al. (1995) found a further decrease in undamaged pine, birch,
lichen and dwarf-shrub vegetation from 53.5% in 1986 to 48.1% in 1994, a substantial
decrease in the partly damaged vegetation (mostly Empetrum-lichen woodland) from
38.8% in 1978 to 21.2% in 1994 and an increase in the industrial barren from 10.0%
in 1986 to 11.5% in 1994. By the middle of the 1990s the smelters restored, and even
increased, their production volumes. Mikkola (1996) recorded a significant deterioration
of the state of the technogenic barren and severely damaged forests around Monchegorsk,
which is in line with our observations for 2000.

The land cover maps in this dissertation generally agree with the above research,
although because the data span a di�erent period and the frequency of the results is
low any quantitative comparison is not feasible. There is a visible increase in the area
of damaged vegetation from the 1980s to the 2000s. Studying a territory of 2,023km2

around Monchegorsk the area under the technogenic barren and damaged vegetation
increased from 5.2% in 1986 to 11.9% in 2011, Table 17. During the same period the
area of undamaged coniferous and deciduous vegetation changed from 36.0% in 1986
to 34.9% in 2011, however dropping as low as 14.5% in 2000. This came at a cost of
converting a large fraction of coniferous vegetation to deciduous. In the author’s previous
study of the Monchegorsk hotspot over a much smaller area of about 30◊60km2 it was
found that more than a third of boreal forest has been destroyed from 37.0% in 1986 to
23.1% in 2005 (Shipigina and Rees, 2012).

5.1.2 Land cover dynamics around Nikel in 1987≠2009

Land cover maps for the area of 1,257km2 around the copper-nickel smelter Pechen-
ganikel in Nikel, Russia, have been constructed using the method described in Section 4.3
in order to study the e�ects of industrial atmospheric pollution on vegetation.

Mapping has been performed using Landsat images in Table 13 for the years 1987,
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Figure 48: Map of field points, blue dots, in the industrial atmospheric pollution hotspot in
Nikel on the land cover classification map for 2009 (map by the author, see Figure 53). Legend
is given in Table 18. Photos of classes of the selected field points are indicated in white dots,
the photo descriptions are given in Figure 49.

1993, 2006 and 2009. Data from field points in Figure 48 contributed to the classifier
training set to improve the detection of the classes of technogenic barren as well as
severely, mostly and moderately damaged vegetation. Figure 49 provides a representa-
tive set of photographs of land cover around Nikel a�ected by industrial atmospheric
pollution, collected during the field seasons 2002≠2007. The photographs show both
undamaged vegetation and vegetation in di�erent states of damage.

The generated land cover maps are given in Figures 50≠53. Table 18 provides the
map legend and lists the land cover classes used in the analysis of this hotspot along
with their relative coverage area for each year.

Formation of technogenic barren and damaged vegetation

Since the 1940s the development of the Pechenganikel smelter occurred in line with
the development of Severonikel. The technogenic barren began to form in the 1970s
following the introduction of high-sulphur ore and increases in the production volumes.
The land cover maps in Figures 50≠53 show that the areas damaged by industrial air
pollution are situated in the hills of up to 600m height between the towns of Nikel and
Zapolyarniy in the pre-tundra zone. The dominance of the pre-tundra climate conditions
means longer restoration times for damaged areas in comparison with the forest zone.
The ellipsoid shape of the damaged area is explained by the dominant south-east/east
wind patterns.

The damaging impact of high-sulphur ore used in the smelter since 1970s is visible
in Figure 50 for 1987 and Figure 51 for 1993 where about one quarter of the territory
is covered by new and old burnt vegetation. As the production volumes decrease after
the peak of the industrialisation in the middle of the 1990s, these areas turn to severely
and mostly damaged vegetation as seen in Figures 52 and 53 for 2006 and 2009, cor-
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respondingly. A large territory keeps burning over years and restoration proceeds very
slowly here due to the fragility of tundra vegetation.

Similarly to the above analysis for the Monchegorsk area, the separation of the
technogenic barren class from other non-vegetated classes of industrial and residential
infrastructure is complicated. One can see the spots of red and yellow (classes I.7 and
I.8) directly in the epicentre of the hotspot. The area under all non-vegetated classes
stays nearly constant fluctuating by ±2% around 8.2% throughout the course of studies.
It was 7.9% in 1987, 6.0% in 1993, 10.0% in 2006 and 8.8% in 2009. This is similar to
the Monchegorsk area, where the total non-vegetated area remains relatively constant
over the course of studies.

The land cover change from 1987 to 1993, Figures Figure 50 and 51, clearly shows
the scale of the damage coming towards the peak of industrialisation in the 1990s from
the 1980s: about one third of the territory analysed is burnt, the area of damaged
vegetation reaches 21.5% and the area of deciduous forest (characteristic for the area)
drops from nearly 35% down to just above 10.0%. At that time even the areas on
the Norwegian side of the map turn to moderately damaged vegetation. We can find
additional confirmation that this is not a classification artefact for the 1993 image in the

Figure 49: Land cover photographs from the Nikel hotspot taken in 2006 by the author. 1:
technogenic barren in the former pre-tundra around Zapolyarniy; 2: birch with dwarf shrub
and burnt moss, birch height is less than 10m; 3: technogenic barren in former tundra around
Pechenga; 4: birch forest with dwarf shrub, birch height is 5≠6m; 5: severely damaged pre-
tundra with growth of birch and willow; 6: undamaged birch forest with dwarf, birch height is
around 20≠25m; 7: moderately damaged pine forest, old burnt area, regrowing by pine, birch
and dwarf; 8: sparse pine forest with lichen/dwarf shrub and mixed of birch; 9: undamaged
pine forest with dwarf shrub.
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Table 18: Land cover distribution for the area around the Pechenganikel smelter in Nikel,
Russia, between 1987 and 2009, su�ering under industrial atmospheric pollutions (in percentages
of the whole area of 1,257±1km2). Rows highlighted in red represent the damaging e�ect of
atmosphere pollution on vegetation.

Class Class name 20
/0

7/
87

,
%

13
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7/
93

,
%

01
/0

7/
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%
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/0

7/
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,
%
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ge

nd

I.Areas under human activities in forest and tundra vegetation
I.1 Non-vegetated: technogenic barren (100% dead) 1.2 0.9 2.0 2.1
I.2 Severely damaged vegetation (80≠100%) 3.0 3.3 5.2 8.8
I.3 Mostly damaged vegetation (60≠80%) 6.2 1.7 22.8 8.3
I.4 Moderately damaged vegetation (40≠60%) 1.9 16.6 3.1 8.8
I.5 New burnt area 13.2 20.6 5.5 8.5
I.6 Old burnt area 8.7 13.7 3.2 6.5
I.7 Non-vegetated: quarry, spoil heap and industrial 2.7 1.4 3.3 3.3
I.8 Non-vegetated: residential, asphalt and cloud shadows 4.0 3.7 4.7 3.4
I.9 Water with sediment 0.5 0.5 0.4 0.8
II. Areas with no human activities in forest and pre-tundra vegetation
II.1 Mostly pine forest 1.6 11.1 1.2 5.3
II.2 Mostly spruce forest 5.7 3.8 11.4 10.2
II.3 Birch forest mostly with grass 4.9 3.2 10.0 8.8
II.4 Birch forest mostly with lichen 24.3 4.3 5.8 5.2
II.5 Birch forest mostly with shrub 0.0 0.0 0.0 0.0
II.6 Mostly birch-spruce forest 0.0 0.4 0.0 0.0
II.7 Mostly willow forest 5.0 0.7 4.0 2.9
II.8 Wetland mostly with shrub 10.2 2.5 1.8 4.1
II.9 Wetland mostly with dwarf shrub and open water 0.7 4.2 0.7 0.5
II.10 Wetland mostly with turf 0.0 0.0 0.0 0.0
III. Areas with no human activities in mountain vegetation
III.1 Tundra mostly shrub 0.7 0.9 3.2 3.1
III.2 Tundra mostly lichen 0.1 0.1 1.4 0.7
III.3 Non-vegetated tundra 0.1 1.5 3.1 3.7
IV. Other
IV.1 Cloud 0.0 0.0 2.3 0.0
IV.2 Snow 0.0 0.0 0.0 0.0
IV.3 Clean water: lake, rivers 5.3 4.8 5.0 5.2

fact that these originally deciduous areas restore by 2006≠2009 to coniferous vegetation,
Figures 52 and 53.

Restoration of deciduous forest

In the land cover map in Figure 52 for 2006 one can see some early e�ects of vegetation
restoration. Two e�ects are noticeable: the majority of burnt areas in the centre of the
map start to restore to severely and mostly damaged vegetation. This is confirmed by
the numbers in Table 18 where the size of the burnt area drops from 34.3% to 8.7% while
the total size of severely and mostly damaged vegetation rockets from 5.2% to 28.0%.
At the same time, some of moderately damaged vegetation restores back to undamaged
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Figure 50: Local land cover map for 1987 in the area around the Pechenganikel smelter in
Nikel, Russia, su�ering under industrial atmospheric pollution. The lower image is the false-
colour representation of a slice of the original Landsat image used in the analysis: Landsat 5
TM, 191/011, 20 July 1987, see Table 13 for details. The land cover breakdown per class and
the legend are given in Table 18.

vegetation, which is particularly visible in the west and north-west directions from the
smelter.

Interestingly, after the initial damage, originally deciduous vegetation of pre-tundra
restores here to coniferous vegetation. Along rivers and lakes the restoration proceeds
back to original deciduous trees, but further inland vegetation turns to spruce and pine,
in particular around the Russian/Norwegian border. Over the whole period of studies
the area of coniferous forest doubles from 7.3% in 1987 to 15.5% in 2009, while the area
of deciduous forest nearly halves from 34.2% in 1987 to 16.9% in 2009.

To the south of the smelter, the restoration from 1990s proceeds partially by decid-
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Figure 51: Local land cover map for 1993 in the area around the Pechenganikel smelter in
Nikel, Russia, su�ering under industrial atmospheric pollution. The lower image is the false-
colour representation of a slice of the original Landsat image used in the analysis: Landsat 5
TM, 190/011, 13 July 1993, see Table 13 for details. The land cover breakdown per class and
the legend are given in Table 18.

uous species and partially to non-vegetated tundra. This is typical for the pre-tundra
zone. Also one can find a few spots where damaged vegetation restores to wetland.

Studying a territory of 7,100km2 close to the Nikel hotspot with Landsat MSS and
TM images Tømmervik et al. (2003) detected an increase in the area of undamaged
lichen-dominated forests and heaths from 65.2% in 1988 to 72.2% in 1999 and a decrease
of partly damaged vegetation from 9.8% in 1988 to 7.6% in 1999; and a small growth of
the area of both damaged and industrial barren from 8.8% in 1988 to 9.7% in 1999. The
results of this research for the territory of 1,257km2 around Nikel are generally in line
with these observations, although in later years the level of industrial damage increases
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Figure 52: Local land cover map for 2006 in the area around the Pechenganikel smelter in
Nikel, Russia, su�ering under industrial atmospheric pollution. The lower image is the false-
colour representation of a slice of the original Landsat image used in the analysis: Landsat 5
TM, 190/011, 1 July 2006, see Table 13 for details. The land cover breakdown per class and the
legend are given in Table 18.

significantly.

The e�ect of pollution in Nikel is more dramatic than in Monchegorsk. The area
su�ering under atmospheric pollution increases from 12.3% in 1987 to 28.0% in 2009,
along with about 5% a decrease of the burnt areas from 19.9% to 15.0%. This causes
a decrease of the total forest area from 41.5% in 1987 down to 32.4% in 2009 and the
total vegetated area from 53.2% to 40.8%, Table 19. This happens primarily because of
the fragility of pre-tundra vegetation which damps the restoration. The total damaged
area around Nikel is greater than around Monchegorsk due to a di�erent area analysed,
but it is also due to pre-tundra vegetation around Nikel, which does not stand in the
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Figure 53: Local land cover map for 2009 in the area around the Pechenganikel smelter in
Nikel, Russia, su�ering under industrial atmospheric pollution. The lower image is the false-
colour representation of a slice of the original Landsat image used in the analysis: Landsat 5
TM, 190/011, 25 July 2009, see Table 13 for details. The land cover breakdown per class and
the legend are given in Table 18.

way of spreading pollutants as much as forest (Tømmervik et al., 1998).

Some re-cultivation work took place in the areas of technogenic barren and severely
damaged vegetation around the Severonikel and Pechenganikel smelters in the 1990s
(Isaeva, 2006a,b; Nikonov et al., 2005). Species of birch, willow and grass were sowed
and planted there. During the field trips to the area between 1999 and 2007 the author
found evidence of this re-cultivation. However, a successful restoration had never been
achieved due to persisting imbalances in the soil nutrition balance (Lukina et al., 2005).
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Table 19: Trends in coniferous, deciduous and tundra vegetation in the industrial atmospheric
pollution hotspot around Nikel between 1987 and 2009.

Vegetation type 20
/0
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,
%
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,
%

Coniferous 7.3 14.9 12.6 15.5
Deciduous 34.2 8.6 19.8 16.9
Tundra 0.8 1.0 4.6 3.8
Total conif. and decid. 41.5 23.5 32.4 32.4
Total vegetated 53.2 31.2 39.5 40.8

5.2 Monitoring impact of reindeer grazing at the Finnish/Norwegian
border

5.2.1 Land cover maps for the grazing hotspot in 1984≠2006

In Section 3.2 we discuss the di�erences between the reindeer management systems of
Finland and Norway and introduce the reindeer grazing hotspot at the Finnish/Norwegian
border. The migration of reindeer to winter pastures on the Norwegian side leads in
contrast to Finland, where the forest zone pastures are used throughout the year, to the
conservation of undamaged lichen Cladina ssp. in the Øvre Anarjohka National Park,
Norway. Destroyed lichen is detected in land cover maps as damaged vegetation.

Figure 54 shows the land cover map generated for a large area around the hotspot for
years 2006≠2009. This map also shows the field points collected in this area. The map
is constructed by stitching together land cover classification maps from four Landsat
images for 2006 and 2009. Forest is primarily seen on the flats, in the mountain canyons
and river basins in the middle of the maps and to the south of the map. The chain
of mountains is visible to the north and north-west. The orange triangle outlines the
reindeer grazing hotspot analysed below between 1984 and 2006. White ovals mark
the epicentres of grazing damage to vegetation inland in Norway, area 1, and along the
Finish/Norwegian border, area 2. Some of the field points, including the ones taken
in the areas of grazing damage, contribute to the classifier training set to improve the
identification of reindeer grazing damage. The area of the hotspot itself is remote and
di�cult to reach, therefore, no field points were collected there due to the time limits of
the field trip. Using a classifier that can predict land cover over a large territory we can
generate land cover maps for these hard-to-reach areas without necessarily going there.

Typical vegetation for the area is shown in Figure 55 by the photographs taken at
some field points by the author in 2011.

Land cover maps for the area of 5,906.8km2 for the reindeer grazing hotspot at
the Finnish/Norwegian border have been constructed for years 1984, 1987 and 2004
using the method described in Section 4.3. The resulting land cover maps are given in
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Figure 54: Map of field points (blue and white dots) in the reindeer grazing hotspot at the
Finnish/Norwegian border on the land cover classification map for 2006≠2009 constructed by
the author by classification and stitching together Landsat 5 TM images 196/011 (04/08/09),
196/012 (27/07/06), 194/012 (29/07/06) and 194/011 (21/07/09). The orange triangle outlines
the reindeer grazing hotspot. The legend is given in Table 20. Land cover photographs in
Figure 55 are taken at field points shows as white dots.

Figures 56≠58. Table 20 provides the map legend and lists the land cover classes used in
the analysis along with their relative area. Rows marked red in the table highlight the
classes of damaged vegetation characteristic for the area, while those marked in green
highlight the classes of characteristic undamaged vegetation.

Initially a Landsat TM image for the 01/08/2004 was included in the analysis. How-
ever, the visual inspection of the classification map showed that the results were substan-
tially di�erent from all other years, well beyond the expected variation due to di�erences
in conditions and levels of damage. Probably the image su�ered from a low contrast
which could occur due to fog or a light haze, which has a�ected the accuracy of clas-
sification. This problem relates to the general cloudiness of the area which has been
discussed above in Section 4.1.1. The land cover maps for years 1984, 1987 and 2006 do
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Figure 55: Land cover photographs taken by the author in 2006 and 2011 around the
Finnish/Norwegian border in the area of high reindeer grazing activity. 1: birch forest with
shrub and grazed lichen, pre-tundra; 1a: Stereocaulon replacing Cladina in an area severely
damaged by grazing; 2: pine forest with shrub and lichen; 3: wetland with birch and dwarf
shrub; 4: birch forest with dwarf shrub and moss/lichen, pre-tundra; 5: birch with dwarf shrub
and grazed lichen, pre-tundra; 6: birch with lichen and dwarf shrub, pre-tundra; 7, 7a: the
‘autumn e�ect’ on birch, pre-tundra; 8: pine forest mixed with birch; 9: birch with dwarf shrub,
pre-tundra; 10: pine forest with dwarf shrub; 11: pine forest with dwarf shrub.

not show this issue.
The hotspot is located in the forest-tundra geographical zone dominated by willow

and birch forests as well as tundra with lichen. Birch forests are naturally located in
over-wetted areas along river banks, close to brooks or in the mountains where they
form a transitional altitude belt between the forest and tundra zones. They are also
typical for the areas of vegetation restoration after fires or over-grazing. The appearance
of wetlands in this area could be caused by the damage to vegetation from intensive
grazing. Their area changes only slightly from 13.6% in 1984 to 10.3% in 1987 and to
9.7% in 2006.

Some classes are not expected to be found in this area and at this time of the year.
Technogenic barren, industrial water and snow show a nearly zero coverage, which is
expected. Truly human-caused non-vegetated areas such as quarries or soil heaps are also
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Table 20: Land cover distribution for the reindeer grazing hotspot at the Finnish/Norwegian
border in 1984≠2006, in percentages of the whole area of 5,906.8km2. Rows marked red in the
table highlight the classes of damaged vegetation characteristic for the area, while those marked
in green highlight the classes of characteristic undamaged vegetation.

Class Class name 23
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I.Areas under human activities in forest and tundra vegetation
I.1 Technogenic barren (100% dead) 0.1 0.0 0.0
I.2 Severely damaged vegetation (80 ≠ 100%) 6.2 8.1 2.6
I.3 Mostly damaged vegetation (60 ≠ 80%) 1.3 1.0 0.2
I.4 Moderately damaged vegetation (40 ≠ 60%) 2.0 17.6 4.9
I.5 New burnt area 1.3 1.1 0.3
I.6 Old burnt area 10.3 10.3 7.8
I.7 Non-vegetated: quarry, spoil heap and industrial 0.0 0.0 0.1
I.8 Non-vegetated: residential, asphalt and cloud shadows 0.2 0.1 2.8
I.9 Water with sediment 0.1 0.1 0.3
II. Areas with no human activities in forest and pre-tundra vegetation
II.1 Mostly pine forest 0.3 1.0 2.0
II.2 Mostly spruce forest 0.3 1.2 1.7
II.3 Birch forest mostly with grass 1.4 7.4 1.1
II.4 Birch mostly with lichen 12.3 3.4 25.4
II.5 Birch forest mostly with shrub 0.2 0.1 0.0
II.6 Mostly birch-spruce forest 0.0 0.1 0.4
II.7 Mostly willow forest 31.4 22.6 32.4
II.8 Wetland mostly with shrub 5.9 2.5 3.7
II.9 Wetland mostly with dwarf shrub and open water 7.7 7.8 6.0
II.10 Wetland mostly with turf 0.0 0.0 0.0
III. Areas with no human activities in mountain vegetation
III.1 Tundra mostly shrub 1.3 1.0 0.0
III.2 Tundra mostly lichen 10.2 9.5 2.7
III.3 Non-vegetated tundra 1.1 0.1 0.9
IV. Other
IV.1 Cloud 1.4 0.1 1.4
IV.2 Snow 0.0 0.0 0.0
IV.3 Clean water: lake, rivers 5.0 4.9 3.2

not present in this hotspot. Any variation in these classes can be attributed to cloudiness
as edges of clouds are often misclassified as non-vegetated areas of infrastructure. This
is particularly the case in 2006. Similarly, the classes of birch/shrub forest and mixed
deciduous/coniferous forest are not characteristic for the area and remain close to zero.

The Norwegian side of the border did not su�er from overgrazing. Here the land
cover maps show a clear dominance of birch and willow forests and of tundra with lichen.
Some of the willow forests here su�ered damage in the late 1980s but they recover by
2006. At the same time, some areas of tundra with lichen, Figures 56, transform to birch
with lichen, Figure 58. Data in Table 20 confirm these observations demonstrating no
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Figure 56: Local land cover map for the reindeer grazing hotspot at the Finnish-Norwegian
border in for 1984. The lower image is the false-colour representation of a slice of the original
Landsat image used in the analysis: Landsat 5 TM image 193/012, 23 June 1984, see Table 13
for details. The land cover breakdown per class and the legend are given in Table 20.

significant change in the area of willow forest, but a 100% increase in the area of birch
forest with lichen background and a 3-fold drop in the tundra area over the course of
studies.

Helle (1979) reports a very high grazing activity in the area in the 1980s, in particular
in the second half. The number of reindeer then decreased dramatically in the 2000s.
This correlates very well with a number of observations in land cover maps. First, we can
see a large increase in the total area of classes of damaged vegetation, from 9.5% in 1984,
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Figure 57: Local land cover map for the reindeer grazing hotspot at the Finnish-Norwegian
border in for 1987. The lower image is the false-colour representation of a slice of the original
Landsat image used in the analysis: Landsat 5 TM image 193/012, 18 July 1987, see Table 13
for details. The land cover breakdown per class and the legend are given in Table 20.

Figure 56, to 26.7% in 1987, Figures 57. By 2006 the area of the damaged vegetation
goes back to the levels of the beginning of the 1980s, 7.7%. Second, this territory did
not su�er from fires. Areas detected as burnt vegetation are most often areas of bare
soil in the originally tundra/lichen or birch/lichen locations. These areas appear on the
Finnish side of the border mostly in 1987 turning to birch/lichen vegetation by 2006.
Finally, the reduction of the willow and birch forests from 45.3% in 1984 to 33.5% in
1987 is linked with high levels of grazing in 1987. Because this type of forest recovers
very quickly by 2006 the area went up again to 58.9%. These trends are summarised
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Figure 58: Local land cover map for the reindeer grazing hotspot at the Finnish-Norwegian
border in for 2006. The lower image is the false-colour representation of a slice of the original
Landsat image used in the analysis: Landsat 5 TM image 196/012, 27 July 2006, see Table 13
for details. The land cover breakdown per class and the legend are given in Table 20.

in Table 21. We can see that due to the reduction in reindeer quantities the area of
typically deciduous forest increased significantly from 1984 to 2006. Some of these gains
happened on the back of a loss of tundra vegetation. The area of occasional coniferous
vegetation also increases between 1987 and 2006 from 0.6% to 3.7%.

Figure 59 provides a high contrast view of the reindeer grazing damage beyond
the immediate territory of the hotspot considered above. This land cover merges a
number of classes together to display a coherent view of the damaged vegetation (in all
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Table 21: Trends in the vegetation cover for the grazing hotspot at the Finnish/Norwegian
border in 1984≠2006.

Vegetation type 23
/0
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,
%
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,
%
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/0

7/
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,
%

Coniferous 0.6 2.2 3.7
Deciduous 45.3 33.5 58.9
Tundra 11.5 10.5 2.7
Total vegetated 71.0 56.5 75.0
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Figure 59: Reindeer grazing damage to vegetation shown on the land cover map of the conif-
erous and deciduous vegetation distribution in Finnmark, Norway and Lapland, Finland in
2006≠2009.
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stages), undamaged coniferous and undamaged deciduous vegetation. Areas marked 1
and 2 in Figure 54 clearly stand out in the land cover map as su�ering most impact from
reindeer grazing. The pattern of a higher damage on the Finnish side is visible along the
whole northern stretch of the Finnish/Norwegian border. Also, as expected deciduous
vegetation that consists mostly of birch and willow with various layers of lichen, shrub
and grass covers most of the territory. Coniferous vegetation is found primarily to the
south and south-east of Enontekiö where it consists mostly of pine species.

5.2.2 Validation of the land cover maps for the grazing hotspot

Studying changes in lichen, Cladina, vegetation in Finnmark in 1973≠1980 over a terri-
tory of more than 22,000km2 Johansen and Karlsen (2005); Johansen and Tømmervik
(2012) find undamaged lichen cover with 50≠80% of background and over 5cm height
on more than one third of the territory. For 1987 the authors report a reduction in the
undamaged lichen cover in winter pastures down to 19.1%. For the 1990s they report
a further degradation of undamaged lichen down to 8.5% in 1996 and to 4.9% in 2000.
They report a small rise in the undamaged lichen cover for 2006 and 2009, 6.4% and
5.9%, respectively. This research shows a similar reduction of lichen-rich areas from
11.5% in 1984 to 2.7% in 2006. A number of further research teams reported the degra-
dation of lichen cover in Northern Norway, Finland and Sweden in the period from the
end of the 1970s to the 2000s due to active reindeer grazing (Johansen et al., 1999;
Nordberg and Allard, 2002; Virtanen, 2000).

Kumpula (2010) created detailed classification maps of reindeer pastures in the Jau-
ristunturit area using IKONOS-2 images with the 4◊4m resolution. Using results of
high resolution land cover mapping Kumpula (2010) categorised pastures by the vegeta-
tion species depending on their stability to reindeer impact (Kumpula, 2006). Cladina
stellaris and Cladina nivalis lichen/dwarf shrub dominate areas less damaged by rein-
deer on the Norwegian side of the border. Cetraria nivalis lichen/dwarf shrub dominate
in the areas of moderately damaged vegetation. Finally, Cetraria nivalis and lichen-
Empetrum dominate areas of intensive grazing on the Finnish side of the border. The
lichen biomass of these groups correlates well with the level of trampling and grazing.
In case of the 30◊30m resolution used in this research, it is impossible to perform such
a detailed mapping of pastures by vegetation species, however, the data can be used
successfully for large-scale monitoring of the state of pastures.

Tømmervik et al. (2004, 2009) report a connection between a reduction in the lichen
height between the 1980s and the 2000s due to grazing, woody intrusions etc. and the
proliferation of both deciduous and coniferous vegetation in the grazing hotspot. This
research shows exactly the same trend between 1984 and 2006 with the of deciduous
forest increasing from 45.3% to 58.9% and coniferous from 0.6% to 3.7%, respectively.
There is additional evidence from Sturm et al. (2001) who detected a proliferation of
shrubs over 50 years, from 1949 to 2000, studying, however, a relatively small territory
of 320km2 of the Arctic.

At the present, natural undamaged lichen, mostly Cladina stellaris, in lichen/dwarf
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shrubs and lichen woodland is preserved only in the Norwegian national park Øvre
Anárjohka on a territory of 1,400km2 (Günther, 2004). This area is clearly seen in
remote sensing images (Johansen and Karlsen, 2000, 2005; Käyhkö and Pellikka, 1994;
Kumpula, 2006).

5.3 Monitoring impact of forest logging in 1986≠2007

The logging hotspot at the Finnish/Russian border shows signs of both old and new
logging activity. Currently, commercial logging is only present on the Finnish side
of the border. The land cover maps for the detection of changes in vegetation have
been produced for the years 1986, 1993 and 2007. The maps generated by processing
Landsat images on the area of 3,500km2 and using the developed method are given in
Figures 60≠62. Table 22 provides the map legend and lists the land cover classes used
in the analysis along with their coverage for each year.

The remote location and di�culties in accessing this area did not permit collecting
field points exactly in the areas of the land cover maps. Logging areas with similar for-
est cutting methods and logging e�ects on vegetation were selected for the proposes of
training the classifier and for assessing the maps. These are located in the Leukkuhama-
ranvaara in the Finnish Lapland and 15km north of Kovdor in the Murmansk region.

We can see older/restoring logging areas in the land cover maps as territories free of
forest in the areas marked A in Figure 61 for 1993. As discussed earlier, this same area
is identifiable in the topographic map by a system of brooks/ditches. The area of the
non-vegetated class I.8 corresponds well to the recently developed logging areas which
include a mix of open soil and vegetations. Between 1986 and 1993 the area of this class
decreases from 1.5% to 0.7%, mostly because of the restoration of the Russian logging
areas and less active logging development in Finland for this period. The land cover
map for 2007 gives an incorrect value due to cloudiness.

Intensive forest logging activities took place in the area in and before the 1980s,
which is reflected clearly in the area of the damaged vegetation (technogenic barren,
severely and mostly damaged vegetation) in the map for 1986 compared to other years.
The area is 22.4% in 1986 compared to 14.6% in 1993 and 11.0% in 2007. This is
because of the intensive logging and fire activities there at that time and the early date
of Landsat image for the vegetation mapping.

Another source of high levels of damaged vegetation in 1986 is a large forest fire of
1960 around the Iso-Rakitsainen hill close to Tuntsa, which destroyed approximately
200km2 of the spruce forest (Norway spruce, Picea abies) mixed with birch and Scots
pine primarily along river valleys (Närhi et al., 2013). Between 1961 and 1976 a number
of attempts was made to restore the area with pine, but without significant success. In
the map for 1993 this area is detected as old burnt area. By 1993 the majority of logging
areas were abandoned and left for future restoration, both in Russia and Finland. The
area of the corresponding class (moderately damaged vegetation), therefore, increases
from 1.8% in 1986 to 12.0% in 1993. By 2007 the earlier burnt areas are mostly restored
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Table 22: Land cover distribution for the area at Finnish/Russian border between 1986≠2007,
su�ering under forest logging (in percentages of the whole area of 3, 500±60km2).

Class Class name 28
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7/
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,
%

13
/0

7/
93

,
%

04
/0

7/
07

,
%

Le
ge

nd

I.Areas under human activities in forest and tundra vegetation
I.1 Non-vegetated: technogenic barren (100% dead) 1.4 0.1 0.0
I.2 Severely damaged vegetation (80≠100%) 2.1 3.5 1.2
I.3 Mostly damaged vegetation (60≠80%) 9.1 2.2 6.4
I.4 Moderately damaged vegetation (40≠60%) 1.8 12.0 0.9
I.5 New burnt area 2.0 2.5 0.6
I.6 Old burnt area 7.8 6.3 2.8
I.7 Non-vegetated: quarry, spoil heap and industrial 0.9 0.3 0.8
I.8 Non-vegetated: residential, asphalt and cloud shadows 1.5 0.7 5.9
I.9 Water with sediment 0.0 0.1 0.0
II. Areas with no human activities in forest and pre-tundra vegetation
II.1 Mostly pine forest 4.6 11.1 6.7
II.2 Mostly spruce forest 17.3 29.7 26.7
II.3 Birch forest mostly with grass 2.0 4.9 4.6
II.4 Birch mostly with lichen 21.0 8.0 10.8
II.5 Birch forest mostly with shrub 0.0 0.0 0.0
II.6 Mostly birch-spruce forest 0.0 7.2 0.1
II.7 Mostly willow forest 10.7 0.8 4.8
II.8 Wetland mostly with shrub 13.5 4.4 13.1
II.9 Wetland mostly with dwarf shrub and open water 0.6 2.6 2.1
II.10 Wetland mostly with turf 0.0 0.0 0.0
III. Areas with no human activities in mountain vegetation
III.1 Tundra mostly shrub 0.8 0.4 0.5
III.2 Tundra mostly lichen 1.1 0.7 2.9
III.3 Non-vegetated tundra 0.2 1.7 1.1
IV. Other
IV.1 Cloud 0.3 0.0 6.6
IV.2 Snow 0.0 0.0 0.2
IV.3 Clean water: lake, rivers 1.0 0.8 1.3

and the level of moderately damaged vegetation reduces again to 0.9%. Due to the
vast cloudiness of the image for 2007 in the bottom right corner, 6.6% clouds, the
corresponding land cover map cannot be fully used for quantitative analysis. However,
we will miss no logging sites there as it is known that this area was not used for logging
since the 1990s. Thus, we can assume the restoration of older logging areas here.

The restoration by birch is slow, but quicker than the regeneration by pine. It is
damped by the reindeer grazing activity in the region, which destroys the understory
species composition and prevents birch from regrowing. In 1986 the area of mostly birch
amounts to 23% due to the restoration of the burnt area discussed above, but by 1993
this area decreases to 8% only. In 1993 the mixed class ‘mostly birch-spruce’ covers a
substantial territory of 7.2%. The forest regeneration measures by pine help to increase
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Figure 60: Local land cover map of Finnish/Russian border in 1986, su�ering under forest
logging impact. The images on the right are the false-colour representations of a slice of the
original Landsat images used in the analysis: Landsat 5 TM, 188/012, 28 July 1986, see Table 13
for details. The land cover breakdown per class and the legend are given in Table 22.

the area of coniferous forest from around 21.9% in 1986 to 33.4% in 2007, which is about
a 50% increase on the original area. The increase of spruce can be explained by its better
ability for natural regeneration in the damaged areas formerly dominated by spruce due
to the soil water regime. In Lapland Mäkitalo and Hyvönen (2004) found that the soil
water content is higher in former spruce forests than in former pine forests. This a�ects
the speed of restoration and the final type of vegetation.
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Figure 61: Local land cover map of Finnish/Russian border in 1993, su�ering under forest
logging impact. The lower image is the false-colour representation of a slice of the original
Landsat images used in the analysis: Landsat 5 TM, 190/012, 13 July 1993, see Table 13 for
details. The land cover breakdown per class and the legend are given in Table 22.

The area of lichen tundra triples surprisingly from about 1% in 1986 to about 3%
in 2007. This vegetation is found mostly on the Russian side in old burnt areas and in
spruce/lichen forests. Possibly this can be an indicator of recovering after fire. Analysing
burnt pine forests, both with lichen and green moss types of coverage, Gorshkov et al.
(1995) found that the post-fire structural restoration and stabilisation takes 60 years
for the moss/lichen cover, the same 60 years for the tree layer in pine/moss forests and
120≠140 years for the tree layer in pine/lichen forests. The recovery of the full thickness
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Figure 62: Local land cover map of Finnish/Russian border in 2007, su�ering under forest
logging impact. The lower image is the false-colour representation of a slice of the original
Landsat images used in the analysis: Landsat 5 TM, 190/012, 4 July 2007, see Table 13 for
details. The land cover breakdown per class and the legend are given in Table 22.

of forest litter takes 90≠100 years for lichen and 120≠140 years for green moss (Gorshkov
et al., 1996). Consequently, if a fire happened in the beginning of the XX century, then
it is very possible that the positive recovery process becomes more pronounced in the
land cover map of 2007.

The total area of all forests, coniferous and deciduous, remains nearly constant over
time and around 55%. The proportions of coniferous and deciduous forests change,
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however, from the domination of deciduous forests in 1986 (33.7% vs. 21.9%) to the
domination of coniferous forests in 2007 (33.4% vs. 20.2%). This situation is opposite to
the prevailing trend in Russian boreal forests of recovering damaged coniferous forests
with deciduous species (Redko and Redko, 2004).

The area of burnt areas still large in 1986 and 1993 decreases dramatically in 2007,
from 9≠10% down to 3.4%. Most likely this happens because the Russian Army stopped
using fire as the means of cleaning the strip of the Russian/Finnish border (Kalabin and
Smirnov, 2000). A small area of wetlands in 1993, 7.0%, compared to 14.1% in 1986, is
determined by an earlier date of the image in 1986.

Figure 63: Map of the Sokli deposit infrastructure in Finland near the Finnish/Russian border
(Siirama, 2009).

Purely by accident the location of the Sokli deposit is detected during the analysis
of the land cover map for 2007. Two areas marked in the land cover map in Figure 62
as B are located close to each other and show similar boundaries and reflectance values.
The location is between the restricted sites and the shape contains straight lines indi-
cating their human-made origin but not that of logging. This turns out to be the Sokli
phosphorous/iron/niobium deposit with an open pit mine developed by Yara Suomi Oy,
Figure 63. In the 1970s a study of this deposit was carried out with a pilot extraction
test in 1985 followed by the excavation of phosphorus in 1986≠1989 and niobium in
1995≠2004 (Siirama, 2009). As the excavations started only in 1985 the quarry is not
yet visible in the map for 1986. It is not visible in the map for 1993 possibly due to
either small volumes or because the excavation was not well developed yet.

In conclusion, over time a nearly homogeneous old-growth forest cover transforms
into individual fragmentation areas. These are either fully unforested or under restora-
tion. In Finland, the restoration occurs primarily by pine due to the organised regener-
ation programmes; in Russia, the restoration occurs primarily by deciduous species or

126



by spruce due to natural restoration processes.

5.4 Monitoring impact of fires

In Section 3.4 we discuss that lightning is the main natural cause of fire. Apart from
natural, there are two man-made factors increasing the likelihood of fires in the North:
toxic atmospheric pollutions leading to drying vegetation and tourist negligence. E�ects
of both are analysed below across a number of hotspots using the method described in
Section 4.3.

The hotspots include the area of Monchegorsk, the area of Nikel and an area in
the vicinity of the Finnish/Russian border, all in Russia. In the industrial locations
of Monchegorsk and Nikel, analysed for the e�ects of toxic atmospheric pollution in
Section 5.1, large territories su�er from fires as the result of toxic pollution. At the
same time, relatively large population densities there lead to high touristic activity and
increasing the likelihood of fires. The area next to the Finish/Russian border is a popular
destination for fishing and recreation for those living around Nikel, so fires arise here
via touristic activity only.

Field data on fires is normally collected in the form of fire severity, which describes
the direct and immediate impact of fire on the environment (French et al., 2008). As
many smaller fires fall below the resolution of remote sensing systems field data on fire
severity do not always match the results of remote sensing analysis. This represents an
additional di�culty in mapping fires across large territories.

For the analysis of fire impact around Monchegorsk and Nikel the same land cover
maps are used as in Section 5.1. To better see the e�ect of fires the visual representation
of the maps is altered to include only the damaged vegetation, fire impact, deciduous
vegetation and wetland as well as general classes like water and clouds. The following
are the reasons for these alterations. First, it is known that the spectral signatures of
damaged vegetation and burnt areas are similar and, therefore, it is di�cult to sepa-
rate them from each other without extra data such as the NBR index. Both classes
are included in Tables 16 and 18 in order to illustrate their correct separation in the
classification results in this research. Next, areas detected as damaged often mean the
beginning of the restoration process of a burnt area. Below we will observe such changes
in time, both in places of fires caused by industrial pollutions and in places of fires
caused by tourist negligence. Finally, deciduous vegetation and wetland usually appear
to restore damaged coniferous forest in the sub-Arctic. Therefore, in theory we should
be able to see active restoration processes classified as deciduous vegetation and new
burnt areas with water-logging as wetland. In practice though, the restoration of burnt
areas to wetland or deciduous vegetation is hardly noticeable in the maps (as we will see
below). Most likely, this is because the formation of wetlands with shrubs takes a long
time, while the succession occurs on areas smaller than the resolution of the Landsat
images. As such these areas are more likely to be detected as damaged rather than
deciduous vegetation.
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5.4.1 Monitoring fire impact around Monchegorsk in 1986≠2011

Most modern fires in northern Fennoscandia occur in Russia. This is related to the
domination of highly polluting industries in the Russian North and to the higher ur-
banisation of the territory. Although the personal communication with the Heads of
Forestry Departments (V.F. Petrutchik, Monchegorsk, 2002-2004; V.A. Novoghilov, Za-
sheek, 2004; A.V. Kalsin, Kirovsk, 2004; N.V. Zaborchikov, Pechenga, 2006) suggests
that a lot of fire preventive measures were undertaken in Russia, the situations is far
from the level of the Scandinavian countries as the results below show.

As discussed in Section 5.1 the area around Monchegorsk has been su�ering from
severe toxic atmospheric pollution from the Severonikel smelter. These pollutions are
the primary source of fires in the area. Another source of fires in the area is a relatively
high tourist activity. This area is one of the most industrialised in the European North
and has one of the highest population density. Local tourists go for recreation and
fishing in remote areas of natural beauty, along rivers and lake shores or deep in the
forest. Additionally, areas along roads are a�ected.

Figure 64 shows a selection of field points from the Monchegorsk area which con-
tributed to training the classifier to detect fire impact. It also shows a selection of
photographs of the vegetation su�ering under fire impact taken at those field points.
See Figure 42 for the map of all field points in the area.

Land cover maps were generated for the area for years 1986≠2011 using the same
source data as for the analysis of atmospheric pollution, they are given in Figures 65≠68.
The map legend and the summary of the land cover coverage are given in Table 16 in
Section 5.1.

Prior to the 1990s the Severonikel smelter was using sulphur-rich ore, which led to
high levels of sulphur dioxide pollutions. Under their toxicity a large territory of boreal
forest turned dry and many fires were formed. We can clearly see this for 1986 in the
insets A1 and A2 in Figure 65. Although a very large territory in both insets is covered
by old burnt areas, the territories directly north and south of Monchegorsk kept burning
activity. Literature analysis confirms many dry forest fires in the summer periods prior
to 1986 (Rees and Williams, 1997).

In later years the smelter changed to use local ore with a lower sulphur content and
reduced its production volumes. This resulted in a lower damage to vegetation and
led to a reduction in the frequency of fires. For example, by 2000 the territory south
of Monchegorsk, inset A1 in Figure 66, shows only a few small spots of fire impact.
The rest of the area shows signs of restoration turning from burnt to severely damaged
vegetation, see e.g. photographs 4, 6 and 7 in Figure 64. By 2005 and 2011 this area
restores further turning first from severely damaged to mostly damaged vegetation and
later to tundra and deciduous vegetation, see e.g. photograph 5 in Figure 64.

We can observe similar behaviour in the insets A2 in Figures 66≠68, see e.g. photo-
graph 2 in Figure 64, with the only di�erence that a large portion of the territory is still
burning in 2000. This is because forest would keep burning while there is enough dry
material. Due to the prevailing wind pattern, the territory north of Monchegorsk keeps

128



Figure 64: Map of field points, blue dots, on the land cover map for 2005, see Figure 68, along
with land cover photograph for the Monchegorsk fire hotspot between 2002 and 2007. The legend
is given in Table 16. 1: moderately damaged and burnt spruce forest; 2: restoration of a burnt
area, cut dry trees are put together to prevent future fires and the distribution of tree infections;
3: restoration of burnt spruce forest by grass and herb; 4: remains of burnt trees in a severely
damaged spruce forest; 5: burnt area north-west of Monchegorsk, view from the mountain Nittis;
6: recently burnt, 2≠3 years, young pine forest restoring by willow, grass and dwarf shrub; 7:
a burnt area in a sparse birch/spruce/pine forest; 8: an old burnt area (around 10 years old) in
place of birch/spruce/pine forest; 9: a recently burnt area on the island Ekostrov. Photographs
1≠8 by the author, 2002≠2007, photograph 9 by Dr O. Tutubalina, 2003.

su�ering from toxic pollution much longer than in other directions keeping the forest
dry.

We can see from data in Table 16 that the territory of burnt areas reduces from 1986
to 2011, from 15.5% in 1986 to 5.3% in 2000, to 4.4% in 2005 and further down to 1.6%
in 2011. Because the frequency of fires caused by tourist activity can be expected to
remain relatively constant (or even increase with improving quality of life in the later
2000s, 20 years after the collapse of the Soviet Union), such a monotonous reduction can
only be attributed to the reduction in the levels of toxic pollution from the Severonikel
smelter taking place towards the 2000s.

Fires caused by tourist activity and the pattern of their restoration are clearly seen
in insets B1 and B2 in Figures 66≠68. The inset B1 in Figure 66 shows the result of a
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Figure 65: Local land cover map for 1986 for the area around the Severonikel smelter in
Monchegorsk, Russia, su�ering under fire impact. The image to the right is the false-colour
representation of a slice of the original Landsat image used in the analysis: Landsat 5 TM,
188/012, 28 July 1986, see Table 13. The land cover breakdown per class and the main legend
are given in Table 16: all classes that do not represent fire impact, damaged vegetation or
deciduous vegetation (vegetation restoration) are greyed out for contrast. Insets (A1), (A2):
formation of fires as the result of vegetation drying out under toxic industrial pollutions; (B1),
(B2) areas that will be a�ected by fires in the future due to tourist activity (see Figures 66-68).
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Figure 66: Local land cover map for 2000 for the area around the Severonikel smelter in
Monchegorsk, Russia, su�ering under fire impact. The image to the right is the false-colour
representation of a slice of the original Landsat image used in the analysis: Landsat 5 TM,
188/012, 26 July 2000, see Table 13 for details. The land cover breakdown per class and the
legend are given in Table 16: all classes that do not represent fire impact, damaged vegetation
or deciduous vegetation (vegetation restoration) are greyed out for contrast. Insets (A1), (A2):
damaged vegetation as the result of atmospheric pollutions and initial restoration of burnt areas;
(A2): ongoing fires in the area of toxic atmospheric pollutions; (B1): new fires occurring in the
touristic area; (B2) a touristic area which will be a�ected by fires in the future (see Figures 67-
68).
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Figure 67: Local land cover map for 2005 for the area around the Severonikel smelter in
Monchegorsk, Russia, su�ering under fire impact. The image to the right is the false-colour
representation of a slice of the original Landsat image used in the analysis: Landsat 5 TM,
187/012, 9 July 2005, see Table 13 for details. The land cover breakdown per class and the
legend are given in Table 16: all classes that do not represent fire impact, damaged vegetation
or deciduous vegetation (vegetation restoration) are greyed out for contrast. Insets (A1), (A2):
initial restoration of burnt area to damaged vegetation as the result of reduced toxic pollutions,
some ongoing fires due to remaining pollutions; (B1): initial restoration of the area burnt by
2000, (B2) formation of new fires in a popular tourist destination.
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Figure 68: Local land cover map for 2011 for the area around the Severonikel smelter in
Monchegorsk, Russia, su�ering under fire impact. The image to the right is the false-colour
representation of a slice of the original Landsat image used in the analysis: Landsat 5 TM,
2011-07-10, see Table 13 for details. The land cover breakdown per class and the legend are
given in Table 16: all classes that do not represent fire impact, damaged vegetation or deciduous
vegetation (vegetation restoration) are greyed out for contrast. Insets (A1), (A2): restoration
of vegetation in areas earlier su�ering from fires due to toxic pollutions from the smelter; (B1),
(B2) restoration of vegetation in places of fires in popular tourist destinations.
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fire happening just before the year 2000 across nearly the whole territory of the island
Sredniy Petushiy (rus.), note that this territory is not marked damaged in 1986. By
2005 the land cover of the island shows the e�ects of the vegetation restoration (from an
earlier damage by fire) turning into mostly and severely damaged vegetation. It remains
in this state until 2011. The inset B2 in Figure 67 shows two hotspots of fresh fires.
The one to the left of the inset is located next to a major road connecting Apatity with
Monchegorsk and the rest of the region. The one on the right is the island Ekostrov,
which burnt down nearly completely in 2003, see photograph 9 in Figure 64 taken in
year 2003 when the island was actively burning. Interestingly, the name of the island
Ekostrov in Russian can be read as ecological (Eko-) island (-ostrov) and it had been
a popular destination for local tourists. Similarly, we can see both territories partially
restoring by 2011.

5.4.2 Monitoring fire impact around Nikel in 1987≠2009

Figure 69: Map of field points, blue dots, and land cover photos taken in the Nikel hotspot in
2006, photos by author, 2006. Field points are shown on the land cover classification map for
2006 (see Figure 72). Legend is given in Table 18. 1: recently burnt are, restoration by grass;
2: burnt area in technogenic barren.

Figure 69 shows the map of the two field points selected for the e�ects of fire on
vegetation in the Nikel area along with two photographs from the field points.

Land cover maps were generated for the area for years 1987≠2009 using the same
source data as for the analysis of atmospheric pollution, they are given in Figures 70≠73.
The map legend and the summary of the land cover coverage are given in Table 18 in
Section 5.1.

Similarly to Severonikel in Monchegorsk, the Pechenganikel smelter in Nikel was
using sulphur-rich ore prior to the 1990s and changed to local ore afterwards simulta-
neously reducing the production volumes. Similarly to Monchegorsk, a large portion of
the territory around Nikel is covered by fires up until 1993. As discussed above in Sec-
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Figure 70: Local land cover map for the Nikel area, Russia, in 1987 su�ering from fire impact.
The lower image is the false-colour representation of a slice of the original Landsat image used
in the analysis: Landsat 5 TM, 191/011, 20 July 1987, see Table 13 for details. The land cover
breakdown per class and the main legend are given in Table 16.

tion 5.1.2 the pollution impact in the Nikel area is more severe than around Monchegorsk
and we can see a lot of old burnt areas already in 1986. By 1993 new burnt areas ap-
pear in dry damaged vegetation north and west of Zapolyarniy. In 1987 this territory is
shown as damaged, su�ering from the toxic pollution, and turns to fire later. The data
in Table 18 confirm this observation showing the size of the new burnt areas increasing
from 13.2% in 1987 to 20.6% in 1993. The size of the old burnt areas spots also increased
from 8.7% to 13.7%.

By 1993 a burnt area appeared west of Nikel between the lakes of Salmiyarvi and
Kuetsyarv. Located in the direction from the town opposite to the prevailing wind
direction and relatively far from the smelter, this location is the preferred recreation
area for the residents of Nikel. This gives us a good reason to believe that this fire was
caused by local tourist activity around the beginning of the 1990s.

In the 2000s most of the territory around Nikel turns to a slow restoration. By 2006
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Figure 71: Local land cover map for the Nikel area, Russia, in 1993 su�ering from fire impact.
The lower image is the false-colour representation of a slice of the original Landsat image used
in the analysis: Landsat 5 TM, 190/011, 13 July 1993, see Table 13 for details. The land cover
breakdown per class and the main legend are given in Table 16.

and 2011 a lot of areas seen as fires in the land cover map for 1993, all across the hotspot,
are restored by deciduous vegetation. This hotspot is in the pre-tundra zone and the
pace of restoration is slow here, thus the span of 20 years is not su�cient to recover
fully. In the direct proximity of the smelter between Nikel and Zapolyarniy we can still
see a lot of fire hotspots in 2006 and 2011, although the impact decreases significantly
by 2011. Similarly, the hotspots that we detected as fresh fires in 1993 start recovery
turning to damaged vegetation.

5.4.3 Monitoring fire impact at the Finnish/Russian border

This fire hotspot is located between the towns of Nikel, to the north, and Kovdor, to
the south, on the Russian side close to the Finnish/Russian border, to the west. This is
a favourite recreational and tourist area for residents of both Kovdor and Nikel. Even
though the area is very remote and di�cult to access local residents like going fishing
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Figure 72: Local land cover map for the Nikel area, Russia, in 2006 su�ering from fire impact.
The lower image is the false-colour representation of a slice of the original Landsat image used
in the analysis: Landsat 5 TM, 190/011, 1 July 2006, see Table 13 for details. The land cover
breakdown per class and the main legend are given in Table 16.

here. No field points have been collected for the area due to its remote location.

Land cover maps were constructed for the years 1993, 2002 and 2007. These maps
are shown in Figure 74. In all the maps we can see that burnt areas are clearly visible
and recognised in the same locations over time. For a trained eye they are also clearly
visible in the original false colour representation of the satellite images as areas with
more intense green.

Having touristic negligence as the main cause of fires here, fires tend to stay small
here reaching the maximum size of 3◊3km. This may be a large fire for some other
area, but compared to fires caused by industrial pollution in Nikel and Monchegorsk
that spread for tens of kilometres these are very localised spots. For the same reason
the distribution of fires in space and time is relatively random and one should not
expect a trend in time. A number of artefacts in the images make quantitative analysis
additionally more di�cult.
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Figure 73: Local land cover map for the Nikel area, Russia, in 2009 su�ering from fire impact.
The lower image is the false-colour representation of a slice of the original Landsat image used
in the analysis: Landsat 5 TM, 190/011, 25 July 2009, see Table 13 for details. The land cover
breakdown per class and the main legend are given in Table 16.

In the image for 1993 a relatively large territory is seen as damaged. In a personal
communication A. Pavlov, the Head of Kovdor Forestry sub-Department, said in 2004
that local residents of Kovdor and Nikel were collecting the lichen layer and trading
it to Finland as reindeer feed and to Germany as floral decoration, which would have
caused this damage. The image for 2002 is su�ering from high cloudiness and seems to
have incorrect normalisation of at least some of the bands, thus we see large territories
classified as wetland.

In the image for 1993 in Figure 74 we can see a couple of new burnt areas in the middle
of the map and in the south-west direction. We can also see an old burnt area in the
north-west direction. By 2002 the new burnt areas of 1993 change to damaged vegetation
indicating the process of vegetation restoration. We can see that the restoration takes
a long time here as after more than a decade both areas are still shown as damaged.
The old burnt area of 1993 fully recovers by 2007 showing deciduous vegetation in place.
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Figure 74: Local land cover maps for the Kovdor area, Russia, in 1993, 2002 and 2007 su�ering
under fire impact. The images on the right are the false-colour representations of a slice of the
original Landsat images used in the analysis (Landsat 5 TM, 188/013, 28 July 1896, 190/011, 13
July 1993 and 190/012, 4 July 2007, see Table 13 for details). The legend is given in Table 16.

However, this is probably the most beloved destination among the locals as by 2002 two
more burnt spots appear on the southern side of the lake, where there was an old burnt
area in 1993. One of them is shown as new burnt area and another one as damaged
vegetation, which is probably the result of an earlier fire between 1993 and 2002, thus
started to restore by 2002. The area stays in this state until 2007 showing some new
burnt areas even five years later, which probably indicates the ongoing touristic activity.

In the western direction a new fire is visible in the image for 2002. Similarly, it
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is shown as an area of damaged vegetation in 2007. At the same time, we can see a
formation of a new large fire spot in 2007 in the south-western direction. The fire here
is edging on a medium size lake and, just like the other ones, is likely to be caused by
careless tourists.

5.5 Monitoring mining, industrial and residential development

The territory of northern Fennoscandia is rich with various mineral resources and mining
historically has been one of the most important industries here. Below we analyse the
evolution of a number of open mines both in the forest and pre-tundra zones, namely,
the iron ore mines in Bjørnevatn (Kirkenes), Kiruna and Olenegorsk, and the apatite-
nepheline mines in Apatity/Kirovsk. Further validation was performed for the mines in
Nikel, Kovdor (on the Finnish/Russian border) and Revda in the Lovozersky tundra in
the middle of Kola peninsula, however, the results for those locations are not given here
as they are very similar to those for other locations.

Infrastructure develops along with the development of mines. Roads, rail roads,
airfields and settlements appear in a close proximity to serve the industry. In some
cases processing factories are also located nearby. We shall typically see the following
non-vegetated types in the land cover maps for mining hotspots: open pits, tailing
ponds, spoil heaps and related industrial and residential infrastructure.

Similarly to the analysis of fires, only the classes relevant to the mining industry are
shown in the maps below. Technogenic barren and non-vegetated tundra classes are also
kept in the maps to illustrate a good separation of those from quarries and other mining
related activities. In most cases mining impact is local and only the vegetation directly
under the territory of the mine or the related infrastructure is impacted. Therefore,
vegetation classes are not included in the land cover maps. All classes excluded from
the maps are greyed out for higher contrast of the remaining classes.

5.5.1 Monitoring iron ore mining in Bjørnevatn (Kirkenes) in 1987≠2009

The land cover maps showing the territory around the open pit in Bjørnevatn for years
1987≠2009 are shown in Figure 75. The territory of the pit is clearly seen as green in the
false colour Landsat images and as red in the land cover maps. We can see in Table 23
that the area of the mine, around 12km2, does not changed significantly since 1987,
which can probably be attributed to the fact that the pit was only recently reopened.
We can also see the towns of Kirkenes and Bjørnevatn nearby and the roads connecting
them in yellow. The size of the settlements remains more or less constant over 20 years,
around 11km2.
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Figure 75: Land cover map of an open pit in Bjørnevatn by Kirkenes, Norway in 1987≠2009.
The images on the right are the false-colour representations of a slice of the original Landsat
images used in the analysis: Landsat 5 TM, 191/011, 20 July 1987; Landsat 5 TM, 190/011,
1 July 2006; Landsat 5 TM, 190/011, 25 Juy 2009. See Table 13 for details. Classes I.2-I.6,
II.1-II.10 and III.1-III.2 are shown in grey to make an emphasis on the most relevant classes,
such as human non-vegetated areas, non-vegetated tundra, snow and clean water.
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Table 23: Land cover distribution for the area of open iron ore pits in Kirkenes, Norway,
between 1987 and 2009 (in percentages of the whole area of 447km2.)

Class Class name 28
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I.Areas under human activities in forest and tundra vegetation
I.1 Non-vegetated: technogenic barren (100% dead) 0.4 0.0 0.0
I.7 Non-vegetated: quarry, spoil heap and industrial 2.8 2.3 2.6
I.8 Non-vegetated: residential, asphalt and cloud shadows 2.3 2.7 2.6
I.9 Industrial water 0.2 0.2 0.5
III.3 Non-vegetated tundra 0.4 0.9 3.5
Other classes by group
I.2≠I.6 Other damaged and non-vegetated 19.1 23.7 13.7 ≠
II.1≠II.10 All undamaged forest vegetation 57.9 50.4 55.2 ≠
III.1≠III.2 Other undamaged tundra 0.7 3.2 4.9 ≠
IV.1 Cloud 0.0 0.0 0.0
iV.2 Snow 0.0 0.0 0.1
IV.3 Clean water: lake, rivers 16.2 16.6 15.9

5.5.2 Monitoring iron ore mining in Kiruna in 1992≠2009

The land cover maps showing the territory of the town of Kiruna and the LKAB mine
for years 1992≠2009 are shown in Figure 76. Table 24 provides the legend and the
summary of the land cover for the area.

Table 24: Land cover distribution for the area of open iron ore pit in Kiruna, Sweden, between
1992 and 2009 (in percentages of the whole area of 202.3±11km2.)

Class Class name 02
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Areas of damaged or destroyed vegetation and bare soil
I.1 Non-vegetated: technogenic barren (100% dead) 0.6 0.5 0.2 0.2
I.7 Non-vegetated: quarry, spoil heap and industrial 3.9 3.9 3.4 6.0
I.8 Non-vegetated: residential, asphalt and cloud shadows 5.4 7.8 12.0 19.4
I.9 Industrial water 1.3 0.9 1.2 2.9
III.3 Non-vegetated tundra 1.2 0.2 0.1 1.9
Other classes by group
I.2≠I.6 Other damaged and non-vegetated 63.9 6.6 11.6 1.1 ≠
II.1≠II.10 All undamaged forest vegetation 17.2 75.6 67.3 44.7 ≠
III.1≠III.2 Other undamaged tundra 2.0 1.0 0.8 5.4 ≠
IV.1 Cloud 0.2 0.0 0.0 13.5
IV.2 Snow 0.2 0.0 0.0 2.2
IV.3 Clean water: lake, rivers 4.1 3.4 3.3 2.8

As the mine went underground a while ago there is no big change in the area of the
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pit itself over years, the remains of which are clearly seen in the middle of the map. To
its left we can see a development of a tailing pond, which nearly doubles in size from
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Figure 76: Land cover map for an open iron pit around Kiruna, Sweden in 2006-2009. The
images on the right are the false-colour representations of a slice of the original Landsat images
used in the analysis: Landsat 5 TM, 196/012, 2 June 1992, Landsat 7 ETM+, 195/012, 27
July 2000; Landsat 5 TM, 196/012, 27 July 2006; Landsat 5 TM, 196/012, 4 August 2009. See
Table 13 for details. The land cover breakdown per class and the legend are given in Table 24.
Classes I.2≠I.6, II.1≠II.10 and III.1≠III.2 are shown in grey to make an emphasis on the most
relevant classes such as human non-vegetated areas, non-vegetated tundra, snow and clean water.
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1992 to 2009 from around 7km2 to 12km2. It consists of two parts, the wet one to the
left and dry one to the right.

There is a clear separation of land cover classes between the pit and its tailing
pond, which are shown in red, and the town of Kiruna, shown in yellow. The town
itself also grew substantially in the last 20 years increasing it urban territory from 5.4%
of the shown map in 1992 to 12.0% in 2006. The value for 2009 may be somewhat
inaccurate due to the cloudiness of the images, but the size of the town urban area was
monotonously growing all this time so it should be close enough.

The image for 1992 is a very early one into the growing season. It was acquired in
the beginning of June, nearly two months before the peak of the vegetation season. This
explains why we see the dominance of dark grey background (corresponding to damaged
vegetation). This, however, does not play any significant role in detecting the mine, the
tailing pond or the town infrastructure, which are well separated from vegetation in any
state.

Another interesting observation is that the airfield of the Kiruna airport does not
show up in yellow (as other asphalt roads) and is coloured either in dark red or red
(technogenic barren or quarry/stone). Most likely the airfield has a concrete surface,
which is closer to stone than asphalt. We will make this same observation looking at
the Olenegorsk area below.

5.5.3 Monitoring iron ore mining in Olenegorsk in 1986≠2011

Table 25: Land cover distribution for the area of open iron ore pits in Olenegorsk, Russia,
between 1986 and 2011 (in percentages of the whole area of 503.5km2.)

Class Class name 28
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I.Areas under human activities in forest and tundra vegetation
I.1 Non-vegetated: technogenic barren (100% dead) 0.1 0.2 0.0
I.7 Non-vegetated: quarry, spoil heap and industrial 6.1 5.7 5.9
I.8 Non-vegetated: residential, asphalt and cloud shadows 21.1 6.1 5.2
I.9 Industrial water 6.3 0.7 1.9
III.3 Non-vegetated tundra 2.0 0.3 2.0
Other classes by group
I.2≠I.6 Other damaged and non-vegetated 14.9 19.0 16.0 ≠
II.1≠II.10 All undamaged forest vegetation 34.6 51.6 53.7 ≠
III.1≠III.2 Other undamaged tundra 0.4 0.8 0.6 ≠
IV.1 Cloud 5.0 0.0 0.1
IV.2 Snow 2.5 0.5 0.4
IV.3 Clean water: lake, rivers 7.1 15.2 13.9

The land cover maps showing the territory around Olenegorsk and the mine for years
1986≠2011 is given in Figure 77. Table 25 provides the map legend and the summary of
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land cover for the area. Unfortunately, the image for 1986 is su�ering from foggy clouds
across most of the lower part, so it is impossible to perform any quantitative analysis.

Quarries, tailing ponds and spoil heaps are clearly seen in the middle of the map.
Their area does not changed significantly after 1986. The area, size and shape of the
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Figure 77: Land cover map for an open iron pit around Olenegorsk, Russia in 1986-2011. The
images on the right are the false-colour representations of a slice of the original Landsat images
used in the analysis: Landsat 5 TM, 188/012, 28 July 1986, Landsat 5 TM, 187/012 9 July 2005;
Landsat 5 TM, 187/012, 10 July 2011. See Table 13 for details. The land cover breakdown per
class and the legend are given in Table 25. Classes I.2≠I.6, II.1≠II.10 and III.1≠III.2 are shown
in grey to make an emphasis on the most relevant classes such as human non-vegetated areas,
non-vegetated tundra, snow and clean water.
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initially developed pit and tailing pond (A1) remain without change in 1986≠2011. At
the same time a number of new excavations appear in the 2000s south of Olenegorsk.
One can clearly see these to the west and south-west of the tailing pond (A2) and to
the south-east of the tailing pond (A3). The area of these excavations increases slightly
from 2005 to 2011.

The town of Olenegorsk and the road network connecting all the mining sites are
clearly seen in the maps in yellow. There is little change in the size of the town or
its infrastructure from 2005 to 2011. Similarly to the airfield in Kiruna, the airfield
north-east of Olenegorsk is marked in red colour rather than yellow which is normally
seen for asphalt roads. Most likely the airfield has a concrete (stony) surface.

5.5.4 Monitoring apatite-nepheline ore mining in Kirovsk and Apatity

Table 26: Land cover distribution for the area of open apatite-nepheline ore pits in Kirovsk
and Apatity, Russia, between 1986 and 2011 (in percentages of the whole area of 1,231±63km2.)
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Areas of damaged or destroyed vegetation and bare soil
I.1 Non-vegetated: technogenic barren (100% dead) 1.5 1.0 0.3 0.2
I.7 Non-vegetated: quarry, spoil heap and industrial 6.1 6.9 7.4 5.3
I.8 Non-vegetated: residential, asphalt and cloud shadows 9.2 6.7 10.5 7.7
I.9 Industrial water 1.7 1.4 2.8 5.1
III.3 Undamaged non-vegetated tundra 1.5 3.4 0.4 2.7
Other classes by group
I.2≠I.6 Other damaged and non-vegetated 9.7 5.0 5.3 8.6 ≠
II.1≠II.10 All undamaged forest vegetation 43.0 57.6 50.4 50.4 ≠
III.1≠III.2 Other undamaged tundra 11.8 9.1 14.2 14.5 ≠
IV.1 Cloud 6.5 0.3 0.0 0.2
IV.2 Snow 0.2 0.2 1.0 0.1
IV.3 Clean water: lake, rivers 8.7 8.5 7.6 5.1

The land cover maps showing the territory of Apatity with its enrichment plants
ANOF-2 and ANOF-3 and the mountains of Hibiny with their open quarries for years
1988≠2011 are shown in Figures 78 and 79. Table 26 provides the map legend and the
summary of land cover for the area.

One can clearly see the quarries in Hibiny in the top-right corner of the maps (marked
A). Their territory grows substantially between 1988 and 2011 with the increase in the
volumes of production.

The enrichment plant ANOF-2 (marked B) is located directly to the north of Apatity
linked by pipes with its tailing pond clearly seen in the top-left corner of the map
neighbouring the lake Bolshaya Imandra.

A new wet tailing pond appears in 2000 in the lower part of the map (marked C), the
result of operation of the new enrichment plant ANOF-3. It was built in the 1980-90s,
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Figure 78: Land cover map of an open apatite-nepheline pit around Kirovsk and Apatity,
Russia in 1988≠2000. The images to the right are the false-colour representations of a slice of
the original Landsat images used in the analysis: Landsat 4 TM, 186/013, 11 July 1988; Landsat
7 ETM+, 186/013, 28 July 2000. See Table 13 for details. The land cover breakdown per class
and the legend are given in Table 26. Classes I.2≠I.6, II.1≠II.10 and III.1≠III.2 are shown
in grey to make an emphasis on the most relevant classes such as human non-vegetated areas,
non-vegetated tundra, snow and clean water.
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Figure 79: Land cover map of an open apatite-nepheline pit around Kirovsk and Apatity,
Russia in 2005≠2011. The images to the right are the false-colour representations of a slice of
the original Landsat images used in the analysis: Landsat 5 TM,187/012, 9 July 2005; Landsat
5 TM, 187/012, 10 July 2011. See Table 13 for details. The land cover breakdown per class
and the legend are given in Table 26. Classes I.2≠I.6, II.1≠II.10 and III.1≠III.2 are shown
in grey to make an emphasis on the most relevant classes such as human non-vegetated areas,
non-vegetated tundra, snow and clean water.
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but reached its capacity in the beginning of 2000s. By 2005 this tailing pond turned dry
and remained in this state until 2011.

The towns of Apatity and Kirovsk are clearly seen in yellow. Interestingly, the road
network that serves the pits grows substantially by 2005 all across the mountains of
Hibiny. From the early 2000s new residential developments appear south of Apatity
(settlement Rechnoy next to the lake Ekostrovskaya Imandra, marked D) and in two
locations south of Kirovsk (marked D). These are believed to be countryside cottages
(dachas) of local residents.

5.6 Accuracy of the generated land cover maps

After a new map is developed its accuracy needs to be assessed in order to provide the
map confidence level to the user (Campbell, 1986). The map assessment is performed
by comparing classification results for each class at manually selected locations to the
ground truth at those locations. The advantages and disadvantages of a particular
classification technique become obvious during the assessment stage. Both quantitative
and qualitative assessments are performed on the maps. The qualitative assessment is
performed by visual inspection of maps and validating whether a number of expected
and starkly pronounced land cover features such as lakes, settlements, roads or airports
are correctly identified. The quantitative assessment assumes determining the rates of
misclassification for each class and the classifier as a whole.

The land cover map accuracies have been assessed using field points that were not
included into the training set. The assessment has been performed for the maps ob-
tained for images that were not used in defining the training set data. The data from
the field trip of 2011 that cover the areas of Kiruna, Enontekio, Kautokeino, Kirkenes,
Sodankylä, Lokka, Tulppio, Kotala, Kemijärvi and Pello were used to assess the classifi-
cation accuracy for areas su�ering from logging, grazing and mining. Data from earlier
years were used to assess the classification accuracy for areas su�ering from atmospheric
pollution and fire around Monchegorsk, Olenegorsk, Nikel. In this case the most recent
available data were used. The assessment was performed by sampling at least 60 points
per class and using the majority filter of 3◊3-pixels to assess the accuracy.

The accuracy of the land cover maps is estimated at the level of 70.27% with the
overall Kappa statistics of 84.0%. This is a very good result given the high number of
classes and considering that the majority of training data is coming from other images.
This level of accuracy proves that the atmospheric correction provides a high quality data
normalisation, that a single classifier approach is viable and, finally, that phenological
di�erences between the images used to collect the training dataset and processed to
generate land cover maps for the hotspots are not significant.

In spite of the overall good accuracy, the accuracy of individual classes varies. The
producer’s accuracies for individual classes vary from 56.36% for ‘mostly willow forest’
to 100.0% for ‘water with sediment’, Table 27. The user’s accuracies show generally
the same level of variation from 63.16% for ‘birch forest with shrubs’ to 100% for ‘clean
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Table 27: User’s and producer’s accuracies, in %, for the classifier in the 10-fold cross validation
and for the generated land cover maps. Absence of field data for clouds and snow did not allow
to generate land cover map accuracies for these classes.

Class name 10-fold cross validation Land cover maps
Producer’s
accuracy

User’s
accuracy

Producer’s
accuracy

User’s
accuracy

Technogenic barren, almost 100% dead 81.8 87.2 61.1 77.8
Severely damaged, 80≠100% damaged 69.2 75.2 67.8 80.4
Mostly damaged, 60≠80% damaged 86.0 73.5 67.1 72.6
Moderately damaged, 40≠60% damaged 79.4 66.1 85.8 68.7
New burnt area (severe and moderate) 90.0 88.4 67.7 63.8
Old burnt area 68.4 67.5 67.4 63.4
Non-vegetated: industrial 88.0 94.4 78.6 77.2
Non-vegetated: residential 89.6 88.0 70.1 64.8
Water with sediments 99.8 99.6 100.0 67.7
Mostly pine forest 74.8 73.8 60.0 65.4
Mostly spruce forest 69.9 74.6 65.8 67.1
Birch forest mostly with grass 89.6 92.6 69.4 67.6
Birch mostly with lichen 75.0 78.8 70.5 67.7
Birch forest mostly with shrub 91.4 85.2 69.7 63.2
Mostly birch/spruce forest 92.4 83.3 74.5 65.2
Mostly willow forest 79.6 73.7 56.4 66.7
Wetland 80.4 86.5 59.0 72.6
Tundra mostly shrub 83.6 84.8 76.8 69.0
Tundra mostly lichen 94.2 93.1 74.2 74.2
Non-vegetated tundra 72.0 86.1 81.9 79.8
Clean water: lake, rivers 99.8 97.2 90.9 100.0
Clouds 99.4 99.8 n/a n/a
Snow 99.8 100 n/a n/a
Total cross-validation accuracy 79.8%
Total classification accuracy 70.3%
Kappa 84.0%

water’. The assessment of the classes ‘cloud’ and ‘snow’ is not possible from field data.
For these classes the data shown in Table 27 gives the accuracy from the 10-fold cross
validation rather than from the field data validation.

With a couple of exceptions the classifier is accurate in separating green vegetation
from damaged vegetation and from non-vegetated areas. The greatest confusion between
classes within those groups is caused by similarities in the class spectral reflectances.
One can find close spectral properties for open pine forest and lichen tundra, open pine
forest and wetland, pine forest and open spruce forest, birch forest mostly with shrubs
and dwarf tundra in areas of insect attacks etc.

Accuracy improvements in distinguishing some of the classes could be achieved by
adding further uncorrelated informations, such as the digital elevation model (DEM).
This would help to separate undamaged tundra, such as stone tundra, from the forest-
zone non-vegetated objects, such as technogenic barren. Having no DEMs for the area
of all the hotspots the altitudinal variations in tundra vegetation have been ignored.
Experimenting with training areas for the damaged vegetation classes in tundra also
shown poor results, so further methodology adjustments would be needed to take this
information into account accurately.

Some classes, such as clean water, should have a nearly constant area through years.
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However, due to similarities in the spectral reflectance shadows of thick cloud may be
included in the clean water class. The spectral reflectance of shadows from small clouds
can be mistaken for wetlands with a water mirror in the middle. Therefore, some shad-
ows are detected as clean water and other as wetland. In the current research thinner
marginal cloud areas are often detected as ‘Human non-vegetated areas: quarry, spoil
heaps, asphalt, residential and industrial areas’. They also contribute to the misclassi-
fication of edge pixels due to the sub-pixel alignment. This has an e�ect on the area
of classes that are expected to be constant such as clean water. The variations of less
than 4% are indicative of these further errors due to cloudiness, on top of the detected
classification errors. In some cases cloudiness prevents the quantitative comparison of
images. The only way to remove clouds and shadows and get information from under
them is to cut out the so-called dark areas and extract information from other cloud-free
images.

5.7 The e�ect of human impact on the treeline

Boreal needleleaf forests of the sub-Arctic are essential in supporting the global atmo-
spheric balance. The state and area of these forests is of high importance for global
environmental processes. Their distribution is controlled by natural conditions, such as
temperature, soil contents etc., and by human activities, such as mechanical or chemical
transformation or removal of vegetation by man. The distribution of the boreal forest to
the North is often described by the treeline, or the forest/tundra interface. The treeline
is a good indicator in monitoring the condition of the coniferous forests in Fennoscandia.
Changes in the forest density, structure and composition are the most important param-
eters used in detecting and monitoring the treeline. As a result of human impact the
forest canopy at many hotspots becomes more open with densities falling to 30≠40%.
The understorey vegetation, mostly grass/dwarf shrub/lichen and moss species, starts
being more visible in the remote sensing data. Even when the pressure of human impact
weakens or disappears, the density of coniferous species remains low as the succession
starts with grass, shrubs and deciduous species. This process is clearly visible in the
timelapse images in this dissertation. It takes many years to restore the vegetation back
to conifers.

The analysis of the hotspots of human impact in northern Fennoscandia over the
past 20≠30 years demonstrates little evidence of any significant vegetation cover changes
beyond the local level. Except for grazing and logging, hotspots of other types of human
impact show no substantial changes of boreal vegetation around the edges of the hotspot.
The impact of atmospheric pollutions, fires and mining is localised with nearly constant
boundaries over the past 20≠30 years. Masek (2001) found a similar situation studying
the boreal forest stands in North-West Canada.

Based on the generated land cover maps we can confirm that in the boreal forest the
decreases in the amounts of air pollutants and the suspension of the open quarry exca-
vation and moving underground reduce the impact on vegetation and trigger succession
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with grass and deciduous species. Additionally, the increases in the pine and spruce ar-
eas in the 2000s in comparison to the 1980s is caused by the higher tree density caused
by the improving environmental situation. All these changes, however, are localised to
the areas of the corresponding hotspots and show little variation in vegetation already
at the edges of the hotspots.

The analysis of impact from wider areas of grazing and logging activities requires
further attention and more data. I have been able to demonstrate that our method
can be successfully used to identify and quantify the corresponding hotspots over large
territories. However, unlike for air pollutions, fires and mining this research did not
capture all the areas impacted by grazing and logging, just the most interesting ones in
the region. The results of this dissertation show that the proportion of deciduous and
coniferous vegetation in the grazing hotspot has increased since the 1980s leading to
changes in the tundra vegetation composition. This confirms the earlier results by Rees
et al. (2003) who found the conversion of dwarf shrub tundra into grass/shrub mostly
birch and willow tundra in the Russian Arctic between 1988≠2000 by reindeer grazing.
As the lichen layer gets damaged through herding and trampling the shrubs vegetation
expands to the North.

In the areas above the treeline grazing is the main form of land use, for example
in Jauristunturit (Kumpula, 2010). This means that these lands su�er less from other
types of human impact, such as forestry or agriculture. There is no conflict of land use.

Large scale logging activities are currently detected over the territory of Finnish
Lapland only. However, due to the active forest restoration policy and the organised
nature of protected areas, the forests of Finnish Lapland are still alive. One can argue
about the tree species selected for the regeneration as well as about the quality of the
latter, but these actions have been successful and yielding positive results with respect
to keeping the area of coniferous forest stable despite all the forest logging activity.
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Chapter 6

Conclusions and Outlook

This dissertation opens new horizons in analysing and monitoring human impact on
vegetation of the sub-Arctic using remote sensing data. Bringing together most char-
acteristic types of human impact into a novel and automated analysis workflow, this
research lays down the foundations for the development of an automated environmen-
tal monitoring system of human impact on ecosystems for the whole area of northern
Fennoscandia with the area of about 400,000km2.

The dynamics of the vegetation cover under human impact has been analysed using
the developed methodology for a series of hotspots across northern Fennoscandia from
the middle of the 1980s up to 2009≠2011. The analysis has been performed in the fol-
lowing selected hotspots of human impact on vegetation: in the atmospheric pollution
hotspots near the towns of Monchegorsk and Nikel in the Murmansk region of Rus-
sia, the reindeer grazing hotspot at the Finnish/Norwegian border, the forest logging
hotspot at the Finnish/Russian border, the forest fire hotspots around the towns of
Monchegorsk and Nikel and at the Finnish/Russian border, and the infrastructure and
mining development hotspots around the towns of Kirkenes (Norway), Kiruna (Sweden),
Olenegorsk, Apatity and Kirovsk in the Murmansk region of Russia. The land cover
maps showing the local dynamics of vegetation cover correlating with human activities
at the hotspots have been assessed and discussed with references to literature, field
data and local knowledge. Finally, the state of vegetation at the edges of the hotspots
for atmospheric pollution, fires, industrial development and mining has been assessed
and demonstrated to show little variations over time suggesting only a localised e�ect
of these types of impact on the environment. The methodology separates vegetated
from non-vegetated areas and from areas of damaged vegetation very well even when
vegetation is not at its phenological peak. Notable exceptions are technogenic barren,
residential development and stone tundra, all of which a characterised by bare or totally
non-vegetated surface or soil. In particular, the constructed land cover maps show sta-
ble separations of classes over time except for the cases of human impact. Most of the
variations could be explained using field data and local knowledge, which supports the
quality of the results and of the method.

The most significant advantage of the advanced automated remote sensing method-
ology is coherent mapping of vegetation across large territories due to the use of a single
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classifier and high throughput in processing images with a fully automated execution.
For the very first time an automated methodology for environmental monitoring and
assessment over such a large territory has been suggested and its foundations tested in
practice. The methodology has been tested using more than 35 Landsat TM and ETM+
images of the VNIR spectrum range in the areas most severely damaged by di�erent
types of human impact in northern Fennoscandia.

The principles of the methodology allow for the use of data with other spatial and
spectral resolutions than Landsat, over other territories than northern Fennoscandia and
with a di�erent set of classes. The only requirement is the definition of a new classifier
training dataset that matches the conditions of the research. However, practically there
is a number of limitations. First, the availability of images may be a problem. Even
with free and open Landsat archives, the malfunction of Landsat ETM+ in 2003 has
lead to a great reduction in the number of available images, which were coming for the
years 2003≠2013 primarily from Landsat TM. Landsat 8, launched in February 2013,
should ease this problem, but similar technical issues may occur for other systems as
well. Second, the analysis of some types of human impact, such as fires, mining and
infrastructure development etc. requires good spatial resolution of data. This would
limit the use of systems with lower resolutions than Landsat such as MODIS or AVHRR
to detect environmental changes caused by these types of human activity in the sub-
Arctic. Systems with even lower resolution will fail to give insight into the characteristics
of even such types of human impact like industrial atmospheric pollution. A pollution
hotspot would be displayed by a cluster of just a few pixels. On the other hand, the very-
high resolution systems, such as QuickBird or IKONOS, enable the detection of di�erent
types of lichen, the computation of their biomass, and the detection of vegetation in
di�erent levels of degradation. Practical disadvantages of the very-high resolution data
are their high price and their swath values: one would need to stitch together many
individual images to cover most of the hotspot sizes considered in this study. Finally,
the temporal resolution is another limiting factor for the application of remote sensing
data for the ongoing sub-Arctic monitoring. Due to frequent and extensive cloudiness it
is rarely possible to collect VNIR data with a temporal resolution better than a week,
which may be needed, for example, to study the development of vegetation, throughout
the phenological period.

In the context of obtaining more detailed information on a periodic basis, active
radar systems look very attractive. They operate at wavelengths of 1≠30cm and with
the spatial resolution comparable to that of the very-high-resolution VNIR satellite re-
mote sensing systems. These systems function equally well in the dark and are nearly
una�ected by weather conditions and in particular by clouds. Radar data could, there-
fore, be used to provide an extra source of detailed information, in particular for the
accuracy assessment of land cover maps obtained using the VNIR satellite systems.

Research novelty and achievements

The following novelty points and achievements can be singled out for this research:
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1. For the first time, most characteristic types of human impact in Fennoscandia have
been systematised by their chemical and mechanical e�ect and by their distribution
in space and time. As a result, a series of hotspots most a�ected by di�erent types
of human activity was selected for the analysis;

2. For the first time, di�erences in views of Russian, Norwegian, Swedish, Finnish
and British research teams on the description, mapping and analysis of ecosystems
and the environment have been brought together and systematised;

3. For the first time, a possibility to perform a simultaneous environmental assess-
ment of di�erent types of human impact on vegetation using complex information
of multi-temporal Landsat data supported by a number of indices, such as NDVI,
NBR, NDWI and NDSI, has been demonstrated;

4. Criteria for selecting remote the sensing system and data have been formulated
based on physical and geographical conditions of northern Fennoscandia. These
criteria were used when selecting remote sensing data and collecting field data for
this research;

5. A novel automated method for the analysis, assessment and monitoring of vegeta-
tion has been suggested and tested over the hotspots. The novelty and advantages
of the method are based around the following three principles: the use of a single
classifier to process all images aiding reproducibility of results; the use of scripting
to automate and speed up preprocessing, classification and mapping; the use of free
and open source software to improve the availability of the tools and accessibility
of research;

6. Land cover maps showing the local dynamics of the vegetation cover and corre-
lating with the human activities at the hotspots have been computed, assessed
and discussed with references to literature, field data and local knowledge. The
state of vegetation at the edges of the hotspots for atmospheric pollution, fires,
industrial development and mining has been assessed and demonstrated to show
little variations over time suggesting only a localised e�ect of these types of impact
on the environment;

7. Finally, all hotspots have been provided with up-to-date land cover maps, which
were generally unavailable before. The quantitative and qualitative environmental
assessments of the hotspots have also been updated.

Overall, this research makes a significant contribution to the knowledge and understand-
ing of the ecosystems of northern Fennoscandia, their environmental monitoring, land
cover assessment and climate change on the landscape, local and regional scales.

General research conclusions

The following conclusions generalise and complement the results in the technical and
scientific parts of this dissertation.

With respect to the technical and methodological part of this dissertation the fol-
lowing conclusions can be drawn:
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1. The choice of the remote sensing system and data depends primarily on the re-
search aims, scale and financial ability. Analysis of land cover maps with the
30◊30m spatial resolution of Landsat sensors shows that the vegetation response
is accurately distinguishable at this resolution;

2. More accurate classification results are expected close to the peak of the vegetation
season, although the high level of cloudiness invalidates many Landsat images in
this period;

3. The newly developed automated method for the remote sensing analysis and as-
sessment works well with Landsat data and for all the discussed types of hu-
man impact on vegetation providing clear class separation and mapping across all
hotspots.

With respect to the scientific and environmental part of this dissertation we can make
the following conclusions:

1. The dynamics of boreal vegetation can be the most representative indicator for
qualitative and quantitative analysis of land cover changes and for the environ-
mental monitoring on the basis of remote sensing data in the sub-Arctic;

2. While the stability and vulnerability of sub-Arctic vegetation depends primarily
on climatic conditions, the speed of vegetation destruction and restoration depends
additionally on the type and intensity of the external impact;

3. The major types of human impact in northern Fennoscandia are atmospheric pol-
lution, reindeer grazing, forest logging, forest fires as well as infrastructure devel-
opment and mining;

4. Types of external impact on vegetation di�er by nature (chemical or mechani-
cal) and localisation. The chemical impact from atmospheric pollution causes a
prolonged damage due to turning soil highly toxic. The mechanical impact is
characterised by the removal of trees and other vegetation by means of logging,
reindeer trampling and herbivory. A mixture of chemical and mechanical impact
is common for fires and mining areas. Atmospheric pollution, fires, industrial in-
frastructure development and mining are localised impacts (though with di�erent
degrees of localisation), while reindeer grazing and logging have a spatial nature
and spread over large territories;

5. The state of lichen is confirmed as a good indicator of reindeer grazing activity.
Mapping lichen works well for the purposes of monitoring the state of vegetation
a�ected by the reindeer grazing activity;

6. Di�erences in reindeer management systems are clearly visible in the state of
vegetation across grazing territories in Norway and Finland. Timed e�ects of large
changes in the reindeer population, such as the large increases in the middle of the
1980s, are clearly reflected in the land cover maps. The processes of restoration
are also clearly visible as the reindeer population starts its decline towards the
2000s;

7. High levels of industrial atmospheric pollution are confirmed over the whole dura-
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tion of the study for the areas of Monchegorsk and Nikel, where the copper-nickel
smelters are located. The ellipsoid shapes of the damaged areas are in line with the
wind patterns and the local relief. Time lapse variations of the state of vegetation
correlate very well with the literature data about the levels of production, the use
of rich ore and activities to restore vegetation.

8. Primary reasons for fires are lightning, touristic activity and atmospheric pollution
via creating of dry forest, which increase the likelihood of fires. This is confirmed
in land cover maps by the location of fires in the popular tourist destinations in
the nature and by the dry vegetation around the copper-nickel smelters. Old and
new fires are separated clearly in the classification maps;

9. The size of most mining developments, such as the ones in Kirkenes, Kiruna and
Olenegorsk, looks to stay constant over time in the land cover maps. By the 1980s
the mining industry had exhausted most of the overground resources and moved
underground. Correspondingly, the areas of spoil heaps and tailing ponds are
sometimes seen increasing over time;

10. Generally, the restoration of damaged coniferous forest with deciduous species
is confirmed across the study area with a few exceptions. For example, in the
Nikel hotspot the restoration also occurred by conifers, more than doubling their
population from the 1980s to the 2000s, while reducing the population of deciduous
species by half. The restoration of technogenic barrens in the areas of atmospheric
pollution is confirmed to often occur via wetland formation;

11. The constructed land cover maps provide up-to-date high-confidence mappings for
the areas most heavily a�ected by human impact in northern Fennoscandia;

12. The distribution of the vegetation land cover on the regional level remains stable
between the 1980s and the 2000s with no qualitative or quantitative evidence for
active treeline dynamics at this level. Changes due to human impact have been
mostly localised in e�ect and are visible on the landscape and local scales;

13. Visual changes in vegetation and land cover over the 20-year research period are
linked primarily to the social, economic and policy changes in the countries of
northern Fennoscandia over the period of the study.

Other general conclusions include:

1. A research of this scale in time and space is made possible by the availability of free
and open Landsat image archives as well as free and open source software. The
same points make the developed method attractive for the use in other research
projects, especially those of them which involve time periods from the 1980s, or in
setting up an automated monitoring system;

2. The use of Landsat images is restricted between 2003 and 2013 onto the Landsat
TM only due to the malfunction of the Scan Line Corrector in Landsat ETM+
in 2003. Data from Landsat 8, launched in February 2013, should improve this
situation;
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3. Cooperation between Earth scientists and software developers opens new possibil-
ities for large scale studies and large scale environmental assessment projects;

4. The systematic approach to studying human activity and environmental conditions
used in this dissertation enables researching environmental changes in a consistent
way. The consistency remains in fact when changing from the local level of research
to regional or, possibly, global. The uniformity of the image processing method
and the map legend are important for supporting the integrity of the systematic
approach.

Outlook and future developments

Having time, page count and financial limits set for this dissertation a number of inter-
esting ideas and developments had to be left out of the scope for the future. Hopefully,
some of the following ideas will not only be used by the author to develop the ideas of
this research further, but will also be useful to other scientists:

1. The developed methodology could be tried with other remote sensing data or other
resolutions, both higher and lower. The method is not fixed to the resolution of
Landsat systems and should work out of the box, although a new training dataset
will be needed;

2. Accuracy improvements can be achieved by integrating further uncorrelated data
where available, such as data on the distribution of heavy metals and sulphur diox-
ide in soil, landscape data such as DEM, specialised data on plants and atmosphere
etc.;

3. Accuracy improvements may be achieved by applying the phenological correction
to compensate for seasonal di�erences. Varying from year to year the meteorologi-
cal conditions have a strong influence on the vegetation phenological development;

4. Working across a large region with many hard-to-reach areas it is di�cult to
collect field data for assessment. However, it is known that radar data of the
microwave range are successfully used in local-scale projects for the detection of
soil moisture content, living and dead vegetation, geomorphological characteristics
etc., which are useful during the assessment. It is questionable if applying radar
data continuously over the whole region is beneficial as the gain in information
may be too small for the price;

5. Developing an automated algorithm for the change detection and for comparing
land cover maps between two dates would provide more quantitative insights into
the vegetation degradation or regeneration in time.
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