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a b s t r a c t

According to the contemporary ecosystem approach, integrated management of natural

resources recognizes that humans, with their cultural diversity, are an integral component

of many ecosystems. Therefore, the linkages of human actions with their environment have

to be assessed in an integrative manner. Appropriate models and indicators, data and

information for human and environmental systems are needed as well as suitable linkages

between the specific components. In this paper, an indicator framework for the analysis and

assessment of complex human-environmental systems is presented. An example applica-

tion from a research project dealing with the development of sustainable management

strategies for the husbandry of semi-domesticated reindeer in northern Fenno-Scandinavia

illustrates the potentials and limitations of this framework. The concept and indicators of

ecological integrity are used to assess the impacts of reindeer herding on the natural

environment. Human well-being is evaluated with indicators for social and economic

welfare. In conjunction with three scenarios, associated with varying land use patterns

and land use priorities, the relevance of the particular components for a sustainable

t in the case study area was estimated and recommendations to

ties could be given.
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1. Introduction

Sustainable landscape management should be based on

assessment and monitoring strategies which seriously con-

sider the interrelations between environmental, social and

economic components as focal objects of indication. These

sustainability dimensions can be best understood from a

systems analytical viewpoint that takes into account that

human-environmental systems, linked systems of humans

and nature, are operating on manifold spatial and temporal

scales including interacting processes and long-term as well

as exogenous effects. In this paper we will present one concept

to approach these demands, whereby different methodologi-

cal problems as well as the potentials of interdisciplinary

integration with restricted resources in a participatory

environment will become obvious.
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The scientific starting point of the presented investigations

is the concept of ecological integrity, which is a management

target for the prevention of ecological risks and the main-

tenance of nature’s capacity to provide ecosystem services

while preserving the systems’ capacity for self-organization

(Barkmann et al., 2001). Self-organization is related to efficient

structures and functions in systems. Hence, a system based

approach, taking into account elements, structures and

functions crucial for self-organization, is necessary for the

indication of ecological integrity. For the representation of

varying states of self-organization in ecosystems, a theory

based indicator set was developed (Baumann, 2001; Müller,

2004; Breckling et al., 2005). This set has been developed

further and applied to indicate ecosystem organization in case

studies on terrestrial ecosystem comparisons (e.g. Müller,

2005; Müller et al., 2006; Burkhard and Müller, 2006b; Müller
d.
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and Burkhard, 2007; Schrautzer et al., in press, 2007). In the

case study presented in this paper, respective indications are

accomplished by socio-economic features in order to enable a

holistic assessment of human-environmental systems and

the linkages within them. Ecological parameters resulting

from field investigations and model applications on a local

scale are combined with socio-economic data from partici-

patory expert interviews and statistics referring to adminis-

trative units of reindeer herding co-operatives in the

extraordinary subarctic environment.
2. The Human-environmental system of
reindeer herding

Northern European tundra ecosystems have developed rather

undisturbed since the last deglaciation period. Due to the

harsh climatic conditions in the subarctic, natural develop-

ments proceed rather slowly, with seasonal fluctuations

(Wielgolaski, 1997). Thus, the typical tundra ecosystems are

characterized by low productivity rates, low species diversities

and low standing biomass (Bliss et al., 1981; Wookey, 2002).

Since several centuries, large parts of these landscapes have

been affected by grazing and trampling of semi-domesticated

reindeer herds. While grazing is a disturbance, which can
Fig. 1 – Feedback loops in traditional and contemporary reindee

feeding and external stresses on the system (based on Kumpul
partially or entirely destroy the phytomass (Grime, 2001), by

trampling, the animals can destroy the vegetation cover as

well as the upper horizons of the soils. As a consequence, they

can become susceptible to erosion (Löffler, 2001; Peth and

Horn, 2006). Thus, both disturbance processes can have

significant effects on important biotic and abiotic ecosystem

properties, such as their structure, biomass, nutrient storage

and cycling, primary productivity, efficiencies and diversity.

These effects become visible at localities under intensive use

like trample paths or roundup places at first. Under continued

heavy use, effects can spread to the landscape scale.

Increasing grazing pressure can lead to a transition from

the dominating lichen and moss-rich tundra heaths into

graminoid dominated steppe-like vegetation types (Zimov

et al., 1995; Olofsson et al., 2001). Particularly pastures rich in

ground lichen (Cladina stellaris, Cetraria nivalis), the main winter

forage for reindeer in these particular regions, have been

comprised as the ‘‘bottleneck’’ for an increase of reindeer

numbers (Kitti et al., 2006) in the past. The rather new attempt

to reduce the dependence on natural resources by supple-

mentary feeding accelerates the deterioration of the pastures

by omitting natural negative feedback mechanisms between

reindeer and pastures (Kumpula, 2001, see Fig. 1). Thus this

economically driven solution cannot be classified as a

sustainable measure because natural pastures are lacking
r management; showing negative effects of supplementary

a, 2001).



Fig. 2 – Research layout for the assessment of the future

scenarios coupling indicators, field measurements,

modelling, GIS and experts interviews.
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time to recover if herd sizes are kept on an artificially high

level. The effects of intensive herding are accelerated by

negative effects of further forms of land use, which have been

increasing during the last decades, and negative effects of

global climatic change like winter rain events which create ice

covers that hampers the reindeers’ feeding on ground lichen

(e.g. winter 2006/07 in Sweden).

Due to these complex effects, it is imperative not to look

only at separate parts of the system or at short time periods,

but to consider important properties and processes to safe-

guard the utilization of ecosystem services in a long-term

perspective. Basic ecosystem services used by the reindeer

herding system are biomass production and provision of space

on the natural pastures. Ecosystem services provided by the

reindeer herding systems are for example provisioning of food

(and hence income) but also numerous cultural services like

the perpetuation of cultural heritage. To assess the effects that

different reindeer herding intensities have on tundra ecosys-

tems in a holistic manner, an ecosystem oriented indicator

system, based on the concept of ecological self-organization

and landscape integrity (Müller, 2005), was applied on a

medium scale landscape level in an intensive research area of

3 km2. The resulting environmental indication was coupled

with a semi-quantitative characterization of socio-economic

features to derive future scenarios for sustainable reindeer

herding. Hereby the scale was changed to reindeer herding

districts.

Within that framework, this paper will try to discuss the

following methodological questions:
1. Is
 it possible to describe the environmental consequences

of reindeer herding on the basis of a small set of systems

oriented indicators?
2. C
an that ecological characterization be linked with social

and economic features which operate on different scales

and with varying data qualities and quantities?
3. W
hich is the potential of a semi-quantitative, participatory

indication in an interdisciplinary framework?

The respective features will be described in the following

sequence: starting with a general description of the indicators

sets, we will present the study sites in Finland and show the

basic methodology of indicator characterization. The results

will be demonstrated with reference to the ecological items,

the socio-economic characteristics and to an application of

both in developmental scenarios. In the end we will return to

the three questions from above.
3. Material and methods

The material and data of this study originate from contribu-

tions to the EU’s 5th framework programme research and

development project RENMAN (The Challenges of Modernity

for Reindeer Management: Integration and Sustainable Devel-

opment in Europe’s Subarctic and Boreal Regions; Forbes, 2004;

Forbes et al., 2006). The project aimed at the development of

new tools and models of participatory research and planning

in reindeer management that will facilitate integrated and

sustainable use of semi-domesticated reindeer and related
living resources in subarctic/boreal regions of Europe. One

main tool developed during RENMAN is the indicator set that

was applied exemplarily for the assessment of the human-

environmental system in the two study areas. For the

quantification of individual indicators, an approach based

on model and GIS applications and expert interviews (Fig. 2)

was used to evaluate different future scenarios for reindeer

herding (chapter 4.3).

3.1. Study areas

One focal research site of the studies was the area Roavveoaivi

in the Jauristunturit mountains at the Finnish-Norwegian

border. Roavveoaivi (688450N, 248000E) is a typical subarctic

continental tundra heath dominated by lichens, dwarf shrubs

and dwarf birches, situated approximately 550 m above sea

level (Oksanen and Virtanen, 1995; Olofsson et al., 2001) (Fig. 3).

Reindeer herding traditionally is the dominating land use

form in this remote region and has been carried out since

several centuries. The investigated site belongs to the

Norwegian West Finnmark reindeer herding co-operative

and the Finnish Näkkälä herding district. The average reindeer

density in the whole Näkkälä district was 2.5 animals/km2 and

the number of counted reindeer was 5642 owned by 168

herders (year 2002, Paliskuntain Yhdistys, 2002). In the late

1950s, a fence was built to separate the Norwegian from the

Finnish pasture areas and to prevent reindeer migrations

between the different co-operatives and districts. In the

Finnish district, the Jauristunturit area south of the fence

was mainly used in summer and late-winter. Especially during

the reindeer ear-marking weeks in early summer, this

particular site is used quite heavily and there are about nine

to ten reindeer per square kilometre (Kitti and Forbes, 2006).

The area on the Norwegian side of the fence has been used

either as winter pastures or left as emergency forage reserve

frequently. Furthermore there is a third zone in-between, that

initially was part of the Norwegian system and, due to a



Fig. 3 – Research areas.
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relocation of the reindeer fence about 20 years ago, belongs to

the Finnish pasture regime now. Hence, due to varying

management strategies in these three areas, this semi-natural

‘‘space-for-time substitution’’ (Picket, 1989) experimental set-

up could be used for a comparison of medium-term effects of

reindeer herding on tundra ecosystems (Henry and Svoboda,

1994).

The intensities of the impacts of reindeer grazing and

trampling on the pastures are different in summer and in

winter: in winter, the snow cover is protecting the vegetation

against trampling and the reindeer have to dig the snow to

reach the plants for grazing. In summer, when conditions

generally are dry and snow cover is lacking, reindeer

trampling can cause heavy destructions of the vegetation

cover (especially referring to lichens, being very fragile when

dry) and soil covers that can be eroded by wind and water

afterwards. Furthermore, reindeer have access on all plants as

forage. Hence, impacts of intensive summer reindeer herding

on lichen-dominated tundra ecosystems can be classified as

generally more severe than effects of winter grazing on

comparable pastures. Consequently, the lichen pastures

within the Finnish summer pasture management regime at

the Roavveoaivi site should show signs of deterioration or a

retrogressive ecosystem development. To corroborate this

hypothesis, the indicator system for ecological integrity was

applied.

While in the Näkkälä district reindeer herding is the

dominant form of land use, in the second research area, the

more south-eastwardly located district ‘‘Lappi’’ (688170N,

268600E), a mixed land use pattern was found. In contrast to

the treeless tundra area in Näkkälä, boreal spruce and pine

forests are growing in the Lappi area. This fact attracts forestry

which has been harvesting increasing amounts of wood in the

last decades. In the southern part of the district, two large

artificial water reservoirs were built in 1967 and 1970 for the

supply of power plants. Furthermore, large tourist facilities are
located around the Saariselkä mountains. For the protection of

the unique natural environment, the Urho Kekkonen National

Park was established in the year 1983 in this research area.

Reindeer herding, as a traditional form of land use, is allowed

in the park while other land use activities are restricted or

prohibited. Hence, this nature protection measure has positive

effects on reindeer herding while others, e.g. the protection of

predators, can cause serious damages to the reindeer herds. A

total number of 151 reindeer herders with 8521 living animals

was registered in Lappi in the period 2001–2002 (Paliskuntain

Yhdistys, 2002).

3.2. Selected indicators

The indicator derivation was carried out on two levels, (a) by

an intensive quantitative characterization of the key environ-

mental features, and (b) by coupling these facts with semi-

quantitative information about the socio-economic frame

conditions in northern Finland. The details of indicator

definition and description as well as a time series based

characterization of their dynamics can be found in Burkhard

(2004).

3.2.1. Indicators for ecosystem integrity
The starting point of the indicator derivation was the concept

of ecological integrity. The utilized indicator set is based on the

following issues:
� E
cosystem self-organization: all ecosystems are self-organized

systems, even though in many cases their potential is

extremely reduced by human land use activities (see e.g.

Müller and Nielsen, 2000). Ecological integrity demands for a

support of all those structures and processes which promote

the long-term capacity of these systems to proceed with

self-organized processes (Schneider and Kay, 1994; Kay,

2000; Barkmann et al., 2001).



Table 1 – Indicators to represent the organizational state of ecosystems and landscapes

Orientor groups Indicator Potential key variables

Energy budget Exergy capture Gross or net primary production

Exergy dissipation CO2 production from respiration

Metabolic efficiency Respiration per biomass

Matter budget Storage capacity Soil organ carbon content

Nutrient loss Nitrate leaching

Water budget Biotic waterflow Transpiration per evapotranspiration

Structures Biotic diversity Number of selected species

Abiotic diversity Index of heterogeneity
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� O
rientor theory: a result of an undisturbed ecological

development is the self-organized optimisation of certain

ecosystem features (e.g. optimisation of biomass storage,

structure development or cycling processes), which are

called orientors (Müller and Leupelt, 1997; Bossel, 1998).

These variables have been selected as indicators, thus also

representing the ‘‘naturalness’’ of the investigated systems.
� E
cosystem analysis: indicator selection has been based on the

demand to represent the interrelated structures and func-

tions of ecosystems with a focus on those processes which

represent the key regulation services of environmental units

(e.g. Müller and Burkhard, 2007).

It was tried to reduce the necessary information to a very

small indicator set which represents the most significant

features to holistically describe ecosystem states. The strategy

used has been described in Barkmann et al. (2001) and Müller

(2005) in detail. The resulting variables, orientor groups and

indicators are listed in Table 1.

3.2.2. Indicators for land use structure and intensity
To consider the social and economic problems of reindeer

herding, land use change, economic arguments and social

aspects were taken into account. As most of the respective

changes in northern Finland are operating on broader scales

(e.g. macro-economic features instead of micro-economic

restrictions), these variables have been applied for the

development of herding districts. Due to distinct histories,

the two investigated districts have to cope with different

problems, which are strongly related to competitive land use

dynamics (Kumpula, 2001; Burkhard, 2004; Forbes et al., 2006).

Therefore, the shares of the individual forms of land use (as

percentage of total area) as well as their intensities are base

points of the investigations. The current land use pattern was

classified using GIS data provided by the National Survey of

Finland supplemented by own Landsat TM satellite image

interpretations (Kumpula et al., 2005). Intensities, develop-

ments and trends of particular land uses were evaluated based

on statistical data. Due to recent developments, the following

land use features have been selected as indicators (in brackets:

effects on reindeer husbandry):
� R
eindeer herding (main problem: transition from traditional

herding to modern agricultural-like practice and continuous

displacement due to land use competition)
� F
orestry (main problem: destruction of reindeer habitats due

to intensive forestry)
� A
griculture (main problem: land requirements reduce the

herding area)
� E
nergy conversion for electricity generation (main problem:

construction of artificial lakes for power generation reduces

the reindeer herding area)
� T
ourism facilities (main problem: tourist disturbances reduce

the quantity and quality of reindeer habitats)
� M
ining (main problem: reduction of herding area by mining

activities)
� N
ature protection (advantage: other land use activities are

restricted or excluded; hence: additional habitats suitable

for reindeer herds)
� O
ther land use activities (e.g. military, infrastructure).

The competitive land use forms diminish the size and

quality of the potential herding area. Therefore reindeer

density increases in the remaining landscapes, and the

described disturbances by trampling and grazing can become

more intense. On the other side, the alternative economic

activities are important because the economic autonomy of

reindeer herding is very small. The herders very often depend

on alternative income sources, whereby tourism will play a

major role in the future.

3.2.3. Indicators for economic welfare

The economic situation in the remote areas of Lapland is

correlated with many problems. In the last years one

dominating tendency was the transition from the traditional

livelihood of the indigenous Sámi people to modern forms of a

rural economy. This dynamics also implies that it has become

very hard to live from herding exclusively. To indicate the

respective economic situation, the following items have been

chosen:
� E
mployment in reindeer herding (main problem: increasing

unemployment rates)
� S
pending power of reindeer herders (main problem: decreas-

ing real incomes)
� A
ccommodation of reindeer herders (main problem: change to

fixed houses instead of nomadism)
� E
fficiency and autonomy of reindeer herding (main problem:

immature management structures, high dependence on

subsidies, marketing problems, dependence on a small

number of meat distributors)
� R
eindeer condition and production (main problem: produc-

tivity is strongly dependent on environmental issues, such

as pasture conditions, predators or weather conditions)
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� L
ogistics and infrastructure usable by reindeer herders (main

problem: marketing, co-operation and availability of slaugh-

ter houses)
� P
rogress in reindeer herding (main problem: slow but

expensive technological development)
� R
eindeer herding—economic performance (main problem:

decreasing economic power).

For the quantification of economic and social welfare

indicators, the information and quantitative evaluations from

expert interviews were used (see Section 3.5).

3.2.4. Indicators for social welfare
The problematic economic situation is related with the social

framework conditions. Additionally, the ethnic problems

between Sámi and Finnish people play an important role for

well-being of the herders. We have used the following items to

describe this situation:
� H
ealth and nutrition (main problem: unemployment and

related social consequences)
� L
eisure (main problem: loss of economic power provokes a

reduction of adapted recreational facilities, need for side

occupation reduces leisure hours)
� S
ocial security (main problem: social insurances and con-

sequences of unemployment and poverty, resource compe-

tition provokes strife)
� E
thnic identity (main problem: autonomy of Sámi population

and conflicts concerning the preservation of traditional

livelihoods)
� W
omen’s situation (main problem: migration of young

women, increasing mechanisation of reindeer herding

causes a male-domination)
� E
ducation and culture (main problem: reduction of traditional

culture, Sámi schools and cultural facilities, migration of

young and well-educated people)
� D
emography (main problems: strong migration of young

and active people, i.e. women, filtering of the remaining

population)
Table 2 – Ecological integrity indicators, applied variables with

Indicator Applied variable

Exergy capture Above ground plant biomass

production

g/m2/year

Exergy dissipation Soil CO2 production g CO2/h/g

nall = 720

Storage capacity Soil organic carbon content 1/2 loss on

soil, nall =

Biotic waterflow Interception per

evapotranspiration

Interceptio

calculated

Metabolic efficiency Soil respiration per

bacteria biomass

Soil respir

mean valu

biomass in

dry weigh

nall = 90

Nutrient loss Nitrogen discharge by leaching kg/ha, sum

Biotic diversity Number of plant species Number o

Abiotic diversity Soil humus heterogeneity index Ranges of

thickness
� P
ersonal well-being (main problem: frustration due to the

socio-economic situation, future fear).

3.3. Characterizations of the indicators

Most of the variables needed for the description of the selected

ecological indicators were obtained in the years 2001–2003

during comprehensive field studies within the RENMAN

project. Thus, data could be applied for assessment of the

research area almost directly. The methodological strategies

for ecological data acquisition are documented in Table 2.

Variables applied to quantify respective ecological integrity

indicators diverge from the potential key variables suggested

in Table 1 in some cases. For example, due to a lack of plant

specific data concerning exergy dissipation and metabolic

efficiency, parameters related to soil bacterial activities were

used.

For the description of the non-ecological parameters, data

regarding the development in the research areas during the

last 25 years were gathered from national and census statistics

and literature. These data were used as base information for

the expert interviews regarding future developments within

the following 25 years.

3.4. WASMOD model application

To simulate the effects of different reindeer herding inten-

sities on water and matter budgets in the study areas, the

simulation model WASMOD (Reiche, 1996) was applied on

three sites representative for three varying herding intensi-

ties. To run the model, a high amount of input data concerning

soil physical and chemical properties, climatic conditions and

vegetation data was needed and provided by the different

RENMAN sub-projects (see Forbes et al., 2006), by respective

institutions (e.g. the Finnish Meteorological Institute) or by

comparable studies (e.g. Olofsson et al., 2001). The aim of the

model application was to link different grazing and trampling

intensities to important ecosystem processes related to the

water and matter budgets.
units and data sources

Units Data source

literature Literature (Olofsson et al., 2001)

soil mean values, RENMAN project (Bölter, personal

communication)

ignition in % dry weight

38

RENMAN project (Uhlig, personal

communication)

n and evapotranspiration

in mm, sums 1977–1999

WASMOD modelling

ation in g CO2/h/g soil,

es, nall = 720; bacteria

mg wet weight per g

t soil, mean values,

RENMAN project (Bölter, personal

communication)

s 1983–1999 WASMOD modelling

f plant species RENMAN project (Kumpula, personal

communication)

the soil humus layer

in cm, nall = 75

RENMAN project (Zink, personal

communication)
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3.5. Questionnaires and expert interviews

For the characterization of socio-economic dynamics, inter-

views were carried out in 2003. Within these interviews, special

questionnaires designed to enable an estimation of future

developments based on our indicator system and according to

future scenarios (see Section 4.3) were used. Fourteen selected

experts were asked during these interviews to estimate possible

developments of reindeer management using the social, eco-

nomic and land use indicators on a scale from �5 (maximum

decrease of respective indicator value) to +5 (maximum

increase of respective indicator value) and 0 (no change com-

pared to today’s reference situation). The completion of the

questionnaires was supervised by the author and took between

30 m (a young reindeer herder) and 3 h (an older scientist).

Spatial scales of these investigations span from reindeer

herding co-operatives, such as the investigated areas ‘‘Lappi’’

and ‘‘Näkkälä’’ to the whole Finnish reindeer husbandry region.

3.6. Scenario building

Three different scenarios with focus on reindeer herding were

defined. Two of them were used to consider extreme develop-

ments with a high increase of reindeer herding on the one hand

and a strong decline on the other hand. Between these two

developments, a ‘‘business as usual’’ dynamic was placed as a

third scenario. In its conditions, the reindeer management

system would be maintained under the same general condi-

tions in future as today. As time horizon, a 25 years period was

chosen as comparable to one human generation.
4. Results

The results will be described on three subsequent levels.

Those are (a) analyses of the ecosystem states, which are
Fig. 4 – Comparison of the Norwegian and Finnish rei
exemplarily described here with reference to the experimental

and modelling studies at Jauristunturit, (b) a short introduc-

tion into the socio-economic situation and (c) the scenario

applications.

4.1. Environmental system components

The data analysis concerning the ecological integrity indica-

tors is based on alterations between the differently managed

reindeer pasture systems. Fig. 4 gives a synoptic overview of

the results. In the diagram, relative deviations from 100%

reference values, which were calculated as mean values from

the three differently managed reindeer pastures, are shown.

These mean values are applied to represent condition on an

average reindeer pasture in this region. All sites have been

chosen to be representative for larger regions but of course,

variations can be found at different localities.

The energy budget related variables almost performed as

expected: in the more intensively grazed Finnish area, exergy

capture (the amount of usable energy assimilated by the

system; see Jørgensen, 2000) increased by 53% compared to the

less grazed Norwegian area. From a herder’s perspective this

can be seen as a success because in this way, the reindeer

increase plant productivity and thus, increase their own

forage source (Olofsson et al., 2001). On the other hand, the

intermediately grazed transition zone shows the lowest values

for exergy capture. This can be taken as information on the

complexity within these successional steps and their ecosys-

tem features as well as the difficulty to find adequate and

recommendable intensities of grazing (see also Gaare, 1999;

Moxnes et al., 2001; Kumpula et al., 2002). Nevertheless, lichen

are the main winter fodder for reindeer and an increase of

plant productivity and biomass at the expense of the lichen

cover will cause severe problems for the survival of the herds

in winter. Fig. 5 gives an overview of lichen biomass, total

plant biomass and above ground plant primary production at
ndeer pasture tundra ecosystems in Roavveoaivi.



Fig. 5 – Lichen biomass, total plant biomass and above

ground plant primary production at the differently

managed pastures. Data for lichen biomass based on

remote sensing image calculations (Kumpula, 2006), total

plant biomass and primary productivity data from

Olofsson et al. (2001).
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the differently managed pastures in the Roavveoaivi research

area.

Exergy dissipation was lowest in the Finnish area and

highest in Norway. This can be related to the reduction of the

standing stock of plants and organisms under higher grazing

pressure which leads to a diminution of dissipative structures.

As a consequence of this energetic behaviour, at the more

intensively grazed pasture the degree of structures and cycling

activities, as well as the storage capacity was lower. Regarding

biotic waterflow, an ecosystem transition from lichen-domi-

nated tundra into steppe-like graminoid dominated grassland

by intensive grazing in principle increases transpiration of the

vegetation (Zimov et al., 1995). This would raise the transpira-

tion per evapotranspiration rate (which indicates biotic

waterflow). In our case, the critical threshold for this

ecosystem transition probably has not taken place yet.

For the indication of metabolic efficiency, soil respiration

per soil bacterial biomass was applied. The rates were higher

in the less disturbed systems (Bölter and Möller, 2004, 2006). In

comparable studies it was proven, that reindeer grazing can

have positive consequences for soil respiration (e.g. Stark

et al., 2000). Hence, the pattern found in the Roavveoaivi

research area was exceptional and may be caused by effects of

local heterogeneity of surface soils where large variations

were found. The heterogeneity of the soil humus layer

thickness, applied as indicator for abiotic heterogeneity,

increased remarkably due to more intensive reindeer grazing

and trampling. Minor differences resulted from the WASMOD

modelling of the nutrient losses by nitrate leaching.

The number of plant species was used to indicate biotic

diversity. Altogether 151 different plant species were found in

the Roavveoaivi research area (Kumpula, 2006, Kumpula,

personal communication) but no significant differences in

species abundances were proven in the three study areas.

Nevertheless, alterations in the composition of the lichen

heaths from Cladina stellaris dominated heath on the Norwe-

gian side toCetraria nivalis/Cladonia sp. type lichen heath on the

Finnish side were obvious (Kumpula, 2006).

The comparison of the three different sites showed that

effects of varying reindeer herding intensities are verifiable

with the indicators selected. Indicators related to the energy
budget and to the abiotic heterogeneity demonstrated the

impact of a more intensive land use clearly. The relatively low

response of the other components demonstrates that there

are only little alterations between the compared systems.

4.2. Human-environmental system components

The interviews and questionnaires as well as the interpreta-

tions of the statistical data with reference to economic welfare

showed that only in the late 1980s, when there were the

highest numbers of reindeer in Finland, the costs for reindeer

herding were higher than the total incomes (Kumpula, 2001;

Paliskuntain Yhdistys, 2002). These incomes include govern-

mental and European subsidies and compensations, on which

contemporary reindeer husbandry depends strongly, and

additional employment, which has become more and more

important for many people (Nieminen and Kemppainen,

1999). In the last decades, reindeer management had to

fulfil a difficult transition from a self-sustaining nomadic

livelihood into a modern, mechanised and subsidised market

economy. Especially the difficult employment situation in

these remote regions is a reason for the continuing migration

tendencies.

Tightly connected to the economic welfare is the social

welfare of the local reindeer herding communities. A negative

population development resulting from migration and low

birth rates is challenging the region seriously. Also the number

of young professionals starting reindeer herding has been

decreasing dramatically. Quality of life will be further

declining if social conditions will take a too negative

development.

4.3. Scenario applications

The focal utilization of the indicator set was the execution of

scenarios to characterize potential pathways of three

hypothetical developments and to work out a potentially

sustainable scenario which can be used to derive recommen-

dations for future management. For the evaluation of the three

alternative developments, the indicator set presented in

Section 2 was applied. Expert interviews were used to indicate

the socio-economical components. Field study and modelling

data were used for the ecological evaluation. Data from the

more intensively used Finnish area represented an intensifi-

cation of reindeer herding, while the less intensively used

Norwegian side represents a reduction of reindeer manage-

ment. The intermediately grazed zone represents the business

as usual scenario. The diagrams in Fig. 6 illustrate the results

of the analysis of the different scenarios.

According to the three scenarios, different land use

patterns emerged. If for example reindeer husbandry is

diminished, all other forms of land use will be increasing. In

the scenario with more reindeer husbandry, the land use

pattern did not show big changes. The highest dynamics could

be seen for forestry and tourism. While the development of

forestry seemed to be connected to the degree of reindeer

husbandry, tourism will increase in future in any case.

Most apparent effects concerning the ecological integrity

parameters occurred concerning the abiotic diversity, the

exergy capture and the exergy dissipation (Fig. 7). Exergy



Fig. 6 – Scenario of the Finnish reindeer husbandry region in the year 2025. Expert consultations were used for the

evaluation of land use, social and economic welfare. In the diagrams, the value 0 indicates no change compared to today’s

situation, +5 denotes a high increase, S5 denotes a high decrease of respective parameters. Ecological integrity parameters

were derived from field data and model simulations and have been normalized to 100%.
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capture, indicated by plant primary production, increased

with higher animal densities. Also abiotic diversity and

metabolic efficiency were altered in relation to varying

reindeer herding intensities. Besides these effects, the
differences between the three simulations of the ecological

impacts of reindeer herding intensities are rather moderate.

The social and economic welfare components showed

similar dynamics. In the scenario with a reduction of reindeer



Fig. 7 – Sustainable scenario for reindeer management in Finland.
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husbandry, almost all indicator values were decreasing. The

only exception was leisure which can be correlated to the

higher amount of work people have to invest if reindeer

herding is intensified. Employment and demography were

developing in a negative manner in all three scenarios

(exception: employment in the ‘‘more reindeer husbandry’’

scenario). This indicates the need of new management

strategies for the reindeer herding region.

Based on the results and experience from the studies

carried out during the RENMAN project, including expert

opinions as well as the results of participatory workshops

(Hukkinen et al., 2006), a scenario for sustainable reindeer

herding was developed as a recommendation for future

planning. The developed indicator set was applied to show

a holistic image of the reindeer husbandry system. The

sustainability scenario is presented in Fig. 7. The indication�5

in the diagram indicates the highest decrease or worsening of

the respective indicator parameter, +5 means the highest

increase or improvement of the respective parameter. If

maintenance of the current state is the recommendation, the

respective indicator value is 0. The diagrams include certain

bandwidths of sustainable development paths.

The most obvious component that should be taken into

account in future reindeer management seems to be forestry,

which is the main competitor for reindeer husbandry at the

moment. As an outcome of the scenario, it should be reduced

explicitly. Tourism will increase in any case but can have

positive synergetic effects if it is co-operating with reindeer

herding. Nutrient loss caused by erosion which is enhanced by

the destruction of the vegetation cover is a serious threat to

ecosystem functioning and has to be prevented urgently.

Efficiency and autonomy, logistics and infrastructure and

reindeer herding economy in general should be improved to

strengthen the economic welfare of reindeer herding com-

munities. Additional attention should be paid to the employ-

ment situation. Regarding social welfare, special focus should

be put on the demographical development, the education, the

situation of the women and the importance of reindeer

herding for the ethnic identity of local people. At least the

current state should be maintained, an improvement of the

conditions would help to increase quality of life in the region.
5. Discussion

The presented environmental results illustrate impacts of

reindeer grazing and trampling on lichen-dominated tundra
landscapes. Main alterations became obvious concerning

features related to the energy budget and the abiotic

heterogeneity. Smaller changes were found for the indica-

tors storage capacity and biotic waterflow. Very small

changes were derived by the WASMOD model for nutrient

loss by nitrate leaching. Biotic diversity, as indicated by the

number of plant species, did not vary significantly. However,

in some points, the general pattern of the effects of grazing

and trampling on lichen-dominated tundra environments

was depicted. The increasing uptake and decreasing dis-

sipation of exergy, the decreased storage capacity and the

reduced biotic waterflow were caused by more intensive

grazing. All these parameters provide an indication of

retrogressive ecosystem development showing the potential

of a shift into an alternative system, e.g. graminoid dominated

grassland.

The high increase of abiotic heterogeneity reflects the

effects of reindeer trampling on the soil humus layer. These

effects were mainly visible on intensively utilized zones as

trample paths, ridges, areas close to fences, vehicle tracks or

favoured (e.g. mosquito-free) grazing places. In subarctic

tundra wetlands with Salix-Eriophorum-Carex-dominated vege-

tation used as summer reindeer pastures, effects of grazing

and trampling are less significant (Kitti and Forbes, 2006).

However, in the investigated Jauristunturit area, (summer-

)dry heaths of the Betula nana-Cladina type dominate the

tundra heaths ecosystems (Olofsson et al., 2001; Oksanen and

Virtanen, 1995). Nevertheless there is a high heterogeneity and

patchiness in this, on the first view rather monotonous, tundra

landscape which complicates scale-overlapping transfers and

extrapolations of results.

From a methodological viewpoint, with the presented

approach an ecosystem oriented assessment of the effects of

reindeer herding on typical tundra landscapes was possible.

The application showed that pasture deteoriation caused by

intensive reindeer grazing and trampling affects important

ecosystem features and processes. This was exemplified by

the presented indicator system. The combination with socio-

economic welfare indicators and integrative systems analysis

facilitates the development of inter- and transdisciplinary,

sustainable management strategies.
6. Conclusions

The outcomes of the respective analysis revealed that an

enhancement of reindeer husbandry would improve almost
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all components of the reindeer herders’ social and economic

welfare (Burkhard, 2004; Burkhard and Müller, 2006a). But,

with regard to the ecological part of this systems analysis, the

limits of such an unbalanced land use strategy were

illustrated. Critical thresholds of irreversible ecosystem shifts

and degradations have to be taken into account as well as

long-term effects of overexploitation. Both could not be

defined based on the results presented here. Additionally,

realistic objectives are needed for the socio-economic perpe-

tuation of the reindeer husbandry system but also for nature

conservation and environmental protection. Reindeer hus-

bandry is strongly dependent on natural pasture resources

and the functioning and productivity of the ecosystems. With

regard to the effects of global climate change and the assumed

increase of temperatures, higher rates of plant productivity

and matter cycling are likely to emerge (exemplary effects in

Wookey, 2002).

Another important management aspect to consider is the

importance of lichen pastures as basic reindeer winter forage

(Virtala, 1992). If lichen pastures are destroyed or turned into

grasslands, supplementary winter feeding is needed increas-

ingly. Kumpula et al. (2002) urge to keep supplementary

feeding marginal or for emergency cases. Otherwise the

ecological and economic consequences will show positive

feedbacks. Moxnes et al. (2001) developed a stochastic

dynamic model integrating reindeer conditions (e.g. body

weight), qualities and quantities of summer and winter

pastures, alternative fodder resources and economic costs.

Their results showed that there is a high general dependency

on lichen resources. If they are limited, management policies

have to consider the non-linear relationship between lichen

density and lichen growth. With their modelling approach,

Moxnes et al. (2001) have found optimal strategies for one

herding district. To develop a more universal dynamic model

that helps to define the maximum long-term grazing

pressures which are optimal to the quantity and quality of

all reindeer pasture resources (Kumpula et al., 2002) remains

an important task for future research. Nevertheless, a holistic

consideration of important ecosystem functions and struc-

tures as presented within this paper will help to keep the

system in a sound state and thereby support the management

system that depends on it.

Referring to the three questions asked in the introduction,

the following conclusions can be drawn:
1. It
 is possible to describe the environmental consequences

of reindeer herding on the basis of a small set of systems

oriented indicators. But restrictions can be found:

regarding the selected indicator set that mainly

represents the functionality of the affected ecosystems.

Structural details are considered with a minor signifi-

cance only. However, biotic (plant) diversity belongs to the

set and can be linked to the occurrence of ground lichens

which are a focal point for reindeer herding. But in general

the user has to be aware of the main emphasis in the

indicator structure. To demonstrate a counterexample,

some institutions evaluate pasture quality for reindeer

herding only on the basis of the ground lichen abundance.

This extreme approach might be too reductive, but the

indication can be carried out rather easily by remote
sensing procedures (e.g. Colpaert et al., 2003). From our

viewpoint a compromise between these extremes has to

be found.

A second critical point which has to be investigated with

high emphasis in the future is the role of the indicator

exergy dissipation. In our case it was represented by

bacterial respiration, and the expectations which were

formulated as hypotheses in the beginning of the study,

have not been fulfilled satisfactory. This might be a

consequence of the restricted representation of ecosystem

loss. But as similar circumstances have been observed in

wetland studies, future work should be concentrated on

this item.
2. T
he ecological characterization can be linked with social

and economic features, but in fact there are some

methodological difficulties.

One problem arises from the different scales of the

guiding processes and the distinct scales of the responsible

sciences. The ecological consequences for example become

obvious on rather small spatial extents, while the sig-

nificant economic interactions in fact take place on levels

higher than reindeer herding districts, may be on a national

level. Therefore inter- and extrapolation procedures have to

be used and by this way the comparability of the data will be

reduced. Furthermore, for the linkage it is necessary to

correlate quantitative ecological data with the results of

questionnaires and other ‘‘weak’’ data sources. Therefore

the total result implies certain fuzziness. This might be a

disadvantage for very exact studies, but for the purpose

used here, the analysis of developmental scenarios, the

data quality was adequate.
3. S
emi-quantitative, participatory indications in an inter-

disciplinary framework therefore provide a high potential

for applied studies. In the presented case one dilemma

arises from the limited resources which often can be

observed in respective investigations. As it is not possible to

represent all scientific disciplines by big working groups,

indicator applications take place – which implies a

condensed representation of complex systems already –

and in spite of a smaller methodological exactness the main

results are clear, and the additional knowledge about the

whole system by far is a very high value. Additionally – in

spite of all the correlated methodological dangers – the

participation of stakeholders from a broad field of interests

can be used as a regulative function to make sure that the

right variables and data have been taken into account.

Therefore, ecologists should be encouraged to take into

account also variables from social sciences. In the light of

the sustainability principle, they even should do it in any

case.
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Laakso, A., Magga, H., Nevalainen, S., Pokuri, O., Raitio, K.,
West, N., 2006. Development of participatory institutions
for reindeer management in Finland: a diagnosis of
deliberation knowledge integration and sustainability. In:
Forbes, B.C., Bölter, M., Müller-Wille, L., Hukkinen, J.,
Müller, F., Gunslay, N., Konstantinov, Y. (Eds.), Reindeer
Management in Northernmost Europe. Ecological Studies
184. Springer, pp. 47–71.

Jørgensen, S.E., 2000. A general outline of thermodynamic
approaches to ecosystem theory. In: Jørgensen, S.E., Müller,
F. (Eds.), Handbook of Ecosystem Theories and
Management. Boca Raton, London – New York –
Washington D.C., pp. 113–133.

Kay, J.J., 2000. Ecosystems as self-organised holarchic open
systems: narratives and the second law of thermodynamics.
In: Jørgensen, S.E., Müller, F. (Eds.), Handbook of Ecosystem
Theories and Management. Boca Raton, pp. 135–160.

Kitti, H., Forbes, B.C., 2006. Vegetation: structure, cover, and
biomass of subarctic tundra wetlands used as summer
pastures. In: Forbes, B.C., Bölter, M., Müller-Wille, L.,
Hukkinen, J., Müller, F., Gunslay, N., Konstantinov, Y.
(Eds.), Reindeer Management in Northernmost Europe.
Ecological Studies 184. Springer, pp. 187–198.

Kitti, H., Gunslay, N., Forbes, B.C., 2006. Defining the quality of
reindeer pastures: the perspectives of Sámi reindeer
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