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ABSTRACT 

Land use change constitutes a primary driving force in shaping social-ecological systems world 
wide, and its effects reach far beyond the directly impacted areas. Graph based landscape ecologi-
cal tools have become established as a promising way to efficiently explore and analyze the com-
plex, spatial systems dynamics of ecological networks in physical landscapes. However, little 
attention has been paid to making these approaches operational within ecological assessments, 
physical planning, and design. This thesis presents a network based, landscape-ecological tool 
that can be implemented for effective use by practitioners within physical planning and design, 
and ecological assessments related to these activities. The tool is based on an ecological profile 
system, a common generalized network model of the ecological infrastructure, graph theoretic 
metrics, and a spatially explicit, geographically defined representation, deployable in a GIS. Graph 
theoretic metrics and analysis techniques are able to capture the spatio-temporal dynamics of 
complex systems, and the generalized network model places the graph theoretic toolbox in a 
geographically defined landscape. This provides completely new insights for physical planning, 
and environmental assessment activities. The design of the model is based on the experience 
gained through seven real-world cases, commissioned by different governmental organizations 
within Stockholm County. A participatory approach was used in these case studies, involving 
stakeholders of different backgrounds, in which the tool proved to be flexible and effective in the 
communication and negotiation of indicators, targets, and impacts. In addition to successful 
impact predictions for alternative planning scenarios, the tool was able to highlight critical eco-
logical structures within the landscape, both from a system-centric, and a site-centric perspective. 
In already being deployed and used in planning, assessments, inventories, and monitoring by 
several of the involved organizations, the tool has proved to effectively meet some of the chal-
lenges of application in a multidisciplinary landscape. 

Key words: Least-cost modeling; Functional connectivity; Environmental planning tool; 
Resilience; Spatial redundancy; Ecological integrity 
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1.  INTRODUCTION 

Humans have a profound effect on hydro-
logic systems, biodiversity, climate, land 
cover, and biogeochemical cycles, at local, 
regional, and global scales (Vitousek et al., 
1997; Grimm et al., 2008). Land use change 
represents the primary driving force in the 
loss of biodiversity world wide, and negative 
effects reach far beyond the directly impacted 
areas (Vitousek et al., 1997). This is particu-
larly the case of cities, in which humans de-
pend heavily on ecosystem services scattered 
across the globe, often occupying areas that 
are tens to hundreds times that of the cities 
(Grimm et al., 2008). 
Although area wise on a smaller scale, the 
effects are often evident within the rapidly 
changing urbanizing regions, where already 
developed lands become more contiguous 
over time, while the rural and wildland areas 
become increasingly more fragmented (Rob-
inson et al., 2005; Hedblom & Söderström, 
2008). With increasing exurban development 
in many parts of the world, both the species 
richness and the reproduction success of 
native species are significantly reduced (Han-
sen et al., 2005). Negative effects of urban 
development can also be found on the ge-
netic level. For example, Hitchings and Bee-
bee (1998) have found a significant loss of 
genetic diversity and fitness in smaller, urban 
populations of the Common Toad (Bufo bufo) 
in comparison with rural populations in the 
same region. 
While apparently having large negative effects 
on the environment, locally, regionally, and 
globally, cities also benefit from their internal 
ecosystem services (Bolund & Hunhammar, 
1999). Paradoxically, cities sometimes also 
harbor valuable native habitat remnants such 
as natural forests with qualities not normally 
found in their rural counterparts that are 
often managed for production. As an exam-
ple, urban and peri-urban woodlands in Swe-
den contain significantly higher amounts of 
components important for biodiversity, such 
as dead wood, than the non-protected forests 
outside of these regions, and yet their total 

area is larger than that of the protected for-
ests nationwide (Hedblom & Söderström, 
2008). 
The recent increase in awareness of the hu-
man impact and dependence on social-
ecological systems has resulted in the need to 
better understand, measure, and predict, 
potential impacts (both positive and negative) 
on ecosystems and biodiversity. This need is 
in part driven by a general understanding 
among stakeholders regarding the importance 
of ecosystems and biodiversity, in part by 
international conventions, regulations, and 
directives. As a result, there has been an 
emergence of environmental objectives, 
environmental assessments, and sustainability 
considerations within urban and regional 
planning, and design (Leitao & Ahern, 2002). 
Environmental Impact Assessment (EIA; see 
for example Glasson et al., 2005) and Strate-
gic Environmental Assessment (SEA; see for 
example Therivel, 2004) have been developed 
to assess the environmental impacts of pro-
posed projects (EIA), or proposed policy, 
plan, or program initiatives (SEA). Both EIA, 
and increasingly also SEA, are strongly regu-
lated tools in many countries (Gontier, 2008). 
Another movement is reconciliation ecology, 
where the spatial planning, management, and 
design of land is carried out in such a way as 
to increase biodiversity while providing both 
ecosystem services and economic benefits 
(Grimm et al., 2008). Land use regimes that 
address the trade-offs between immediate 
human needs and the capacity for the long-
term sustainability of ecosystem services may 
successfully meet some of the global envi-
ronmental challenges (Foley et al., 2005). 
Within both physical planning and environ-
mental assessments, there is a need for tools 
and methods to better handle the ecological 
aspects in a landscape. This includes analysis, 
predictions, and evaluations of planning 
scenarios, the design of better alternatives, 
and public participation, policy-, and decision 
making. Since these activities are inherently 
spatially explicit, and take place in a multidis-
ciplinary landscape, the tools and methods 
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need to be designed with this in mind. There 
is a rapidly increasing number of such tools, 
often GIS-based (Guisan & Zimmermann, 
2000; Scott, 2002; Guisan & Thuiller, 2005; 
Tian et al., 2008). 
Despite these methodological advances, their 
use in practice is still limited (Opdam et al., 
2001; Gontier et al., 2006; Gontier, 2008). 
Furthermore, the vast majority of GIS-based 
tools for biodiversity assessments is devel-
oped for single species distribution models 
(Guisan & Thuiller, 2005; Ferrier & Guisan, 
2006), and ecologically relevant theory, as 
well as process based theory are often lacking 
(Guisan & Thuiller, 2005; Austin, 2007). In 
an attempt to move towards a process based 
systems perspective, there have also been 
recent advances in the development of net-
work based tools, better suited to study the 
complex, spatial dynamics across the entire 
landscape. However, little attention has been 
paid to making these operational within envi-
ronmental assessments, physical planning, 
and design. 

1.1. Overall aim and objectives 

In this thesis, I set out to bridge the gap 
indicated above, between the advances in 
network based landscape ecological ap-
proaches, and their effective application in 
environmental assessments, physical plan-
ning, and design. More specifically, the objec-
tives of the project were to: 
 

1. develop an understanding of the state 
of the art use and effectiveness of 
network based tools, methods, and 
indicators within landscape ecological 
assessments, planning, and design 
(section 3.1-3.5); 

2. analyze strengths and weaknesses of 
different landscape ecological ap-
proaches, and identify the needs for 
further development to improve their 
integration in policy making and 
planning. (chapter 4; section 6.4; Pa-
per I; case studies); 
 

3. modify existing landscape ecological 
approaches to better fit the specific 
context of physical planning and as-
sessments (section 6.1-6.3;Paper II); 

4. develop a conceptual model for a 
network based landscape ecological 
approach that can be effectively used 
in a GIS (section 6.5-6.6;Paper II); 

 
The thesis is based on two papers, attached 
in the appendices, and seven commissioned 
real-world cases, which together address the 
objectives laid out above. Paper I deals with 
four of the seven case studies carried out, 
exploring the effectiveness of an initial GIS-
based habitat network tool, and an ecological 
profile system. Some of the case studies only 
involve practitioners actively engaged in 
environmental assessments, monitoring, or 
physical planning. Others include the partici-
pation of a multitude of stakeholders from 
several disciplines and organizations, for 
example in the case of the development of a 
Regional Landscape Strategy for Stockholm 
County or the Regional Development Plan 
2010 for the Stockholm Region (RUFS 
2010). A life-cycle based approach to the 
patch-concept within landscape ecology 
(section 6.2) is introduced in Paper II, in 
order to better match the often highly frag-
mented configuration of ecological resources 
in the study area. A conceptual model is 
finally developed (Paper II) allowing the 
integration of GIS-based, spatially explicit, 
and geographically defined tools, with graph 
theoretic indicators of connectivity. The 
usability of the model is also explored (Paper 
II), using the Common European toad (Bufo 
bufo) as a profile species, in a regional plan-
ning scenario from both a system centric, and 
a site centric perspective, as well as in a local 
design scenario. 
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1.2. Structure of the thesis 

The thesis is organized into nine chapters. 
The introduction in chapter one outlines the 
general background of the research problem, 
the research aim and specific objectives of 
the thesis. A brief overview of how the two 
papers are interrelated is given above, and the 
scope and limitations are specified in the next 
section. Since the thesis is located at the 
intersection between landscape ecology, 
network theory, and the effective application 
within planning and assessments, chapter two 
introduces some of the methods and con-
cepts used in the respective areas. This chap-
ter is provided for the purpose of orientation 
for readers with different backgrounds. In 
chapter three, a review of the state of the art 
within the relevant topics is presented. Note 
that, for the sake of clarity, any analysis or 
criticism presented in this chapter is re-
stricted to the historic and ongoing debate 
within the respective fields. 
The identification of knowledge gaps and an 
explicit analysis of relevant parts of the re-
view are further treated in chapter four. 
Based on the review, this chapter specifies 
and justifies the problem that is addressed in 
my thesis. Using references to previous re-
search, the problem statement is argued to be 
both important and not adequately addressed 
previously. Chapter five introduces the study 
area and the data that have been used, and 
chapter six is really where my own contribu-
tions start taking shape. In this chapter, the 
steps considered relevant to solve the prob-
lem are presented, bringing in results from 
the attached papers and further analysis of 
the case studies. The sections in this chapter 
follow the order of the objectives specified in 
section 1.1. The chapter is closely related to a 
regular results chapter, although some of the 
relevant methods and a brief discussion are 
included for the sake of continuity. Details 
with respect to the methods can be found in 
the appended papers and referred case stud-
ies. 
Chapter seven includes a general discussion 
of the topics treated in the thesis, linking the 
appended papers and ranging from interpre-
tations of the results to a critical analysis of 

the methods, approaches and assumptions 
chosen throughout the project. Chapter eight 
provides a conclusion of inferences and 
contributions of knowledge, and chapter nine 
presents some suggestions for future re-
search. 

1.3. Scope and limitations 

1.3.1. Biodiversity, ecological integrity, and 
ecosystems 

In less than 20 years biodiversity has become 
a globally well-known concept among re-
searchers, practitioners, politicians and the 
general public alike. However, despite the 
impact and importance of the concept, and 
its intended use as a practical tool, it is un-
clear what is meant by biodiversity or how it 
relates to more traditional concepts such as 
species diversity (e.g. Hamilton, 2005). A 
multitude of definitions of biodiversity exists 
(for lists of definitions, see for example 
DeLong, 1996; Gaston, 1996; Baydack & 
Campa, 1999), and the number of definitions 
and biodiversity-related topics keeps growing. 
The definitions may seem clear, but policies 
and decisions involving biodiversity are in-
herently vague due to the very nature of the 
concept of diversity. This lack of precision 
invariably leads to a poor degree of intersub-
jectivity in communication about results and 
theories. Furthermore, the concept suffers 
from unspecificity, with at least three differ-
ent types of interpretations, which in addition 
are value-laden. There are even different 
approaches, and contradictory results regard-
ing objective measurements or implications 
of biodiversity, within each of the three 
groups of interpretation. 
Despite being useful as a mental construct, I 
will thus refrain from defining it and leave it 
to the reader’s imagination as the vague con-
cept it is. Neither are there any attempts at 
finding or using specifically defined metrics 
as direct indicators of biodiversity in this 
thesis. There is, however, a review on differ-
ent species approaches as surrogates of bio-
diversity, which somewhat relates to the 
ecological profile system chosen as one of 
the frameworks in the thesis. 



Andreas Zetterberg  TRITA-LWR.LIC 2045 

 

4 

It has been suggested to be more important 
to focus on the relations between species, 
functional groups and ecosystem function 
than on measures of diversity (Bengtsson, 
1998; Loreau et al., 2001). In line with this, I 
have in this thesis chosen to base the work 
around the concept of “ecological integrity”. 
This can be defined as “the capacity to sup-
port and maintain a balanced, integrated, 
adaptive biological system having the full 
range of elements (genes, species, assem-
blages) and processes (mutation, demogra-
phy, biotic interactions, nutrient and energy 
dynamics, and metapopulation processes) 
expected in the natural habitat of a region” 
(Karr, 1996, p. 101). In other words, ecosys-
tems maintain integrity when both their na-
tive components and ecological processes are 
intact. Note that this intactness does not 
imply a steady-state but rather includes the 
dynamics and constant change of ecosystems 
(De Leo & Levin, 1997). Furthermore, De 
Leo and Levin argue that the concept also 
reflects the capability of ecosystems to sup-
port services, including aesthetics, that hu-
mans value. Although both biodiversity and 
ecological integrity are normative concepts, 
Callicott et al. (1999) argue that the latter is 
“the most comprehensive as well as the most 
rigorous of current norms in conservation”. 
Higher level perspectives regarding relations 
between biodiversity, ecological integrity or 
properties of social-ecological systems are 
not explicitly analyzed. At the core of my 
research is an intention of finding tools and 
methods to better understand, explore, and 
take into account in physical planning, the 
complex interactions between species and the 
physical landscape of which they are a part. 
Hence, only a limited, one-way perspective of 
the social-ecological system is handled, im-
plicitly, by ultimately providing a tool for 
physical planning and assessment activities. 

1.3.2. Conservation biology 
As previously stated, the overall aim of this 
thesis is the effective application within 
physical planning, design, and related eco-
logical assessments, which is quite different 
from the perspective of conservation biology. 
While the starting point within conservation 
biology is safeguarding viable populations of 

certain species, the urban and regional plan-
ning focus is on ecological integrity across 
the landscape. A central issue within physical 
planning is the trade-off between different 
interests, both social, economic, and ecologi-
cal, to be sustainably implemented in a physi-
cal landscape. The methods thus presented in 
this thesis are an important complement to 
the methods used within conservation biol-
ogy, such as detailed spatially explicit popula-
tion modeling (SEPM; e.g. Dunning et al., 
1995; Turner et al., 1995), and population 
viability analysis (PVA; e.g. Boyce, 1992). 
Indeed, the methods developed in this thesis 
may even be useful as a complement within 
conservation planning as well. 

2. METHODS AND CONCEPTS 

2.1. Indicators and the science-policy 
interface 

An indicator is an important concept both 
when formulating targets and goals for the 
environmental objectives, and when assessing 
environmental impacts of a plan or policy. 
They are also used at a higher level when 
balancing trade-offs in decision making Al-
though the term indicator may not be known 
to the general public, the concept is used by 
most people in everyday life to better under-
stand or manage the world we live in. Indica-
tors are simplifications of the complex sys-
tems around us, combined into a small set of 
limited factors that are often, but do not have 
to be, numeric. Indicators are used in many 
different contexts, and on many different 
levels of complexity. As an example, the fuel 
gauge in a car is a simple type of indicator of 
how far you can go before the car stops. 
Indicators are frequently used to aid policy- 
and decision making on local, regional, na-
tional, and international levels, and exist 
within domains such as health, economy, and 
environment. Several indicators can be used 
to illuminate an aspect from different per-
spectives. As an example, indicators on cli-
mate change can include greenhouse gas 
emission, atmospheric concentrations of 
carbon dioxide, and the average global tem-
perature. 
Indicators are often a calculated index of 
some kind. The Dow Jones Industrial Aver-
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age index is an indicator of how the stock 
market is doing from one perspective. An 
index can be easy to formulate, appear to be 
scientific and yet not be particularly relevant 
outside of a limited range, or even at all. The 
Body Mass Index (BMI) is often used decide 
whether a person should be considered 
overweight. In this case it merely relates to a 
definition of what overweight is. However, it 
is also commonly used as an indicator of 
health, or of the risk for cardiovascular dis-
ease, where other factors may (or may not) 
be far more important. 
As has been illustrated above, indicators exist 
at many different levels, and describe very 
different aspects of a problem, such as the 
state, rate-of-change, or some process be-
lieved to be important. This is also true of 
ecological indicators, making it a potentially 
confusing concept. Ecological indicators are 
in fact a nested concept with no agreed ter-
minology (Turnhout et al., 2007). As an ex-
ample, the 16 environmental objectives in 
Sweden (section 2.2) typically refer to some 
overall quality, such as ‘good-quality ground-
water’, ‘a good built environment’, and ‘clean 
air’. The quality objective, ‘a rich diversity of 
plant and animal life’, has a target about the 
‘stopped loss of biodiversity by 2010’, which 
in turn can be assessed through an ecological 
indicator of diversity such as species richness. 
There is another source of confusion with 
respect to ecological indicators and species, 
where the term indicator species, often a 
plant species as influenced by Ellenbergs 
work in the 1950s, is used to indicate some 
environmental property, such as soil pH (e.g. 
Diekmann, 2003). 
An important point to mention is that quality 
objectives, such as the Swedish Environ-
mental Objectives, are not objective, but 
instead value-laden. Hence, with respect to 
intersubjectivity, acceptance, and successful 
implementation, ecological indicators need to 
be constructed through negotiation at the 
science-policy interface (Turnhout et al., 
2007). The indicators are normative, and 
highly dependent on scientific knowledge, 
but must also be simplified and packaged in 
such a way that they can be understood and 
effectively used by all stakeholders. In order 

to be accepted among the science and policy 
communities alike, they thus have to be cre-
ated through boundary work and negotiation 
at the intersection of these domains (Cash et 
al., 2003). In such a way scientific knowledge 
can be translated into useable knowledge 
such as ecological indicators, and policy 
questions can be translated into research 
questions (Turnhout et al., 2007). As a result, 
the indicators need to be flexible enough to 
support iterative reshaping throughout the 
process in order to eventually match the 
political context while still being scientifically 
accepted. After all, a scientifically accurate 
indicator is of no great value if it ends up not 
being used in policy making or management 
work. 

2.2. Swedish environmental objectives 

The Swedish Environmental Objectives 
“define the state of environment which envi-
ronmental policy aims to achieve and provide 
a coherent framework for environmental 
programs and initiatives at national, regional 
and local level” (Swedish Environmental 
Protection Agency, 2009). There are currently 
16 environmental quality objectives, of which 
15 were adopted by Parliament in 1999, and 
the 16th, regarding biodiversity, in November 
2005. They include overall, national objec-
tives, on the climate, air, acidification, toxins, 
ozone layer, radiation, water quality, ecosys-
tem types and landscapes, the built environ-
ment, and biodiversity. The objectives are 
broken down into more specific targets, 
often expressed through indicators (section 
2.1), which are used within the framework 
nationally, regionally, and locally. 

2.3. Environmental assessments 

As was mentioned in the introduction, envi-
ronmental assessment frameworks, such as 
EIA and SEA, are strongly regulated in many 
countries; both with respect to when and 
how they need to be carried out and how 
they should be presented, and followed up. 
Both the process used when carrying out an 
EIA or SEA is regulated, as is the structure 
of the document, the environmental impact 
statement (EIS), in which the results are 
presented. A central part of an environmental 
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assessment is the prediction of potential 
impacts, which is often notoriously difficult, 
albeit required. Measures on how to mitigate 
negative impacts should be stated, and within 
SEA, the state of the impact is required to be 
monitored. Indicators (section 2.1) are often 
used when predicting, evaluating, and moni-
toring impacts. 

2.4. Physical planning 

In urban planning a wide range of aspects of 
the built environment of urbanized munici-
palities and communities are explored, in-
cluding the social environment, transporta-
tion, aesthetics, suburbanization, 
environmental factors, and safety. Regional 
planning deals with a much larger geographic 
region on a less detailed, aggregated level. A 
successful connection between urban plan-
ning and regional planning in situations of 
suburbanization and sprawl, can support the 
aims and aspirations of environmental plan-
ning and sustainability. 
Within urban planning, it is common (often 
required by law) to develop a comprehensive 
plan (also called master plan), which in es-
sence is a strategic document providing pol-
icy direction for decision-making regarding 
the several aspects of land use and human 
activities. Likewise, in some countries, re-
gional planning is manifested in a regional 
development plan. In some cases, an SEA 
has to be carried out for comprehensive 
plans or regional development plans. 
Urban and regional planning are commonly 
referred to as physical planning (or spatial 
planning). An important aspect of physical 
planning with respect to this thesis is that it 
refers to planning with a spatially explicit, 
geographically defined component. The 
general idea is to plan the spatial configura-
tion of land use and activities in such a way 
as to achieve the planning objectives. This 
ultimately results in the plans containing both 
activities and incentives that aim to influence 
the distribution of activities and people in the 
region, and in a set of spatially explicit maps. 
Indeed, Hall (2002) claims that “it is simply 
impossible to think of this type of planning 
without some spatial representation – with-
out a map, in other words”. This is of par-

ticular interest for the research described in 
this thesis. Since physical planning activities 
are carried out and expressed in a physical 
landscape, it is of great interest for anyone 
engaged in ecological planning and assess-
ments to understand the relationship between 
the configuration of this physical landscape 
and its (social-) ecological properties. 

2.5. Landscape ecology 

Looking out the window of an airplane, the 
mosaic-like pattern of the landscape is appar-
ent. Aerial photographs, like Fig. 1a, brought 
a new perspective into the worlds of regional 
geography and vegetation science, and out of 
this new perspective, a new discipline 
emerged – landscape ecology. The term was 
coined by the German biogeographer Carl 
Troll and elaborated in 1950 (Turner, 2005). 
Central to the discipline is the relation be-
tween spatial “patterns” and “processes”. 
Looking at an aerial photograph, a landscape 
ecologist would typically start to wonder 
which processes caused the pattern, and this 
pattern in turn will affect the processes. If 
one were to shift scales (up or down) several 
orders of magnitude, the same kind of ques-
tions are asked by cell biologist looking at 
images from a CCD-camera mounted on a 
microscope, or an astrophysicist studying 
images from a telescope. One big difference, 
however, is that the landscape ecologist actu-
ally can walk around inside the landscape 
corresponding to this image, and personally 
perform a wide range of experiments on site. 
In reality, the photographic image as such is 
seldom used. Instead, remote sensing tech-
niques are used to collect spatial data for 
example through laser scanning or CCD-
images from several spectral bands, including 
both microwave and infra red, which are then 
manipulated using image analysis techniques. 
The data sets used can in this way represent a 
multitude of vegetation classes, wetness, 
geological structures, or topography. This 
data is then often stored, analyzed and pre-
sented in different ways using Geographic 
Information Systems (GIS). 
Even though there have been many different 
definitions of landscape ecology (e.g. Risser 
et al., 1984; Forman & Godron, 1986; Urban 
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et al., 1987; Turner, 1989; Pickett & Cade-
nasso, 1995), they all essentially consider the 
relations between the spatial heterogeneity of 
a landscape and ecological processes. There 
are, however, at least two fundamental 
schools of landscape ecology: one with its 
roots in northern Europe, and the other in 
North America. The European school has 
more of an anthropocentric view, including 
humans in the system, and with a clear ambi-
tion to aim for application in management 
and planning. The American school has more 
focused on analysis of the spatial relations 
between pattern and process, considering a 
landscape as a general system that can span 
from a micro scale of a river bank to entire 
regions. These two traditions have subse-
quently spread across the world according to 
the respective cultural relations (Farina, 
2000). 
Some of the terms used in landscape ecology 
are frequently used in this thesis and may 
require an explanation. The spatially hetero-
geneous land-mosaic shown in Fig. 1a, al-
most looks like a patchwork, and the “patch” 
is a central concept in landscape ecology. The 
landscape patches of the photograph have 
different kinds of environmental characteris-

tics, both with respect to the biotic and 
abiotic elements that they are made up of and 
the processes that continue to shape them. 
As such, they are of different suitability for 
different organisms. A particular organism 
may only like a certain type of patch and 
when extracting, or filtering out, these 
patches, the rest of the landscape in which 
these patches are embedded is often called 
the “matrix” (Fig. 1b). The organism under 
study, whether micro- or macroscopic, 
flower, moss or animal, usually has seeds, 
spores or juvenile individuals that eventually 
spread across the landscape to colonize new 
patches. This process is referred to as (juve-
nile) “dispersal”. The dispersal between 
patches takes place through the matrix but 
often in a non-random fashion, which has led 
to other concepts. Some organisms tend to 
use linear elements in the matrix, such as 
hedgerows, which has led to the “corridor” 
concept (Forman & Godron, 1981). This is a 
strictly morphological concept building on 
the human perception of what may be a 
suitable linear structure through the matrix. 
In some cases, smaller well confined land-
scape elements can be crucial when moving 

Fig.  1. Comparison of the real world with the patch model used in landscape ecology. (a) Aerial 
photo near Skurup in southern Sweden showing the patchy landscape. (b) Patches, in this case, 
corresponding to deciduous forest, all embedded in the matrix. 

(a) © Lantmäteriverket 2009. Grant I 2009/0275 (b)
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through the landscape, and these are often 
referred to as “stepping stones”. 
“Habitat” refers to the different places in the 
landscape where an organism normally lives. 
However, this is in fact a complex term. It 
can be regarded as a collective term for dif-
ferent kinds of habitat, such as breeding 
habitat, migratory habitat, and foraging (feed-
ing) habitat. These preferential uses of habitat 
throughout the life-cycle of an organism 
could be adapted to the patch-matrix model 
by referring to breeding, migratory, and habi-
tat patches. 
In practice, however, this is seldom the case 
and the majority of studies and models in 
landscape ecology simply aggregate some 
land cover classes from a GIS data-set into 
general habitat patches. In order to better fit 
the physical planning context and more accu-
rately pinpoint potential impacts of a land use 
scenario, the patch concept is therefore 
clearly generalized in this thesis (section 6.2). 
I consider a patch as being clearly context 
specific and depending on the time-scale of 
the landscape model used, a patch can for 
example be a resource patch, a home range 
patch, or a population patch. 
“Connectivity” is another often used term, 
and in the thesis this is the most investigated 
property of ecological integrity. Merriam 
(1984) introduced the concept of “landscape 
connectivity” and defined it as “the degree to 
which absolute isolation is prevented by 
landscape elements which allow organisms to 
move among patches”. Other definitions 
have since followed (e.g. Taylor et al., 1993; 
With et al., 1997), but at the core of the con-
cept lies the degree of flow of organisms and 
processes through the ecological network 
(Crooks & Sanjayan, 2006, p. 2). A higher 
flow means a higher connectivity, which is 
often desired when maintaining integrity. 
There are exceptions, however, such as when 
dealing with disease or invasive species. In 
these cases, limited connectivity is required to 
restrict the spread of disease. Different or-
ganisms or processes have different degrees 
of connectivity in the same landscape. The 
concept is entirely dependent both on the 
organism or process studied in a landscape, 
and on the spatial and temporal scales at 

which the property is studied. This means 
that metrics of connectivity, as well as defini-
tions, inferences made from experiments, and 
applications need to be considered in relation 
to organism, process, and scale. This has led 
to a considerable amount of debate and con-
fusion, but is indeed no different from the 
fact that for example the same urban land-
scape has different connectivity for children 
in comparison with teenagers. 
There are two main approaches to studying 
connectivity: a “structural” and a “func-
tional” approach (e.g. Tischendorf & 
Fahring, 2000). The structural (or physical) 
perspective deals with the physical composi-
tion and spatial configuration of elements, 
such as habitat patches, in the landscape. The 
functional (or behavioral) perspective deals 
with the responses of organisms or processes 
in the landscape. This main division between 
structural and functional approaches is a 
recurring theme, not only for connectivity, 
but in general when studying properties of a 
landscape. The structural composition of a 
landscape is often referred to as the “mor-
phology”, and in the same way, I argue that a 
suitable corresponding term for the func-
tional composition is the “physiology” of a 
landscape. 
In this thesis, a functional perspective on the 
landscape is used instead of the structural, in 
the sense that it is the geographic extent of 
the studied ecological process that is consid-
ered important. In order to avoid confusion, 
the term connectivity zone is introduced 
when referring to a functional corridor. More 
generally, the connectivity zone refers to any 
spatially explicit zone in the landscape that is 
believed to be important in connecting dif-
ferent patches. The term patch is also used in 
a more general way than the often used habi-
tat patch. 
In metapopulation theory the patches corre-
spond to sub-populations that together make 
up a metapopulation. Within this, sub-
populations occasionally go extinct, but are 
subsequently re-colonized by dispersers from 
other sub-population patches within the 
metapopulation (e.g. Hanski, 1998). In cases 
where this is systematic, the patches with a 
net loss and a net influx of individuals are 
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called sinks, and the patches with a net out-
flux of individuals are called sources (Pulliam, 
1988; Pulliam & Danielson, 1991). The 
metapopulation model is particularly relevant 
in fragmented landscapes, consisting of many 
smaller fragments of patches. 

2.6. Network flows and graph theory 

Networks arise in a wide range of forms and 
situations. The most obvious setting is in the 
form of physical networks such as transpor-
tation, telecommunication, the Internet or 
utility networks such as for power or water 
distribution. There are also non-physical 
networks such as social networks describing 
for example the relations between individuals 
or institutions within a community. The most 
common problem domain relates to flows 
within the network, where the movement of 
some entity (e.g. water, electricity, messages, 
genes, consumer goods, people, behavior or 
vehicles) is analyzed (Ahuja et al., 1993). The 
field of network flows has a rich and long 
tradition, going all the way back to the mid 
1800s and the work of the early pioneers of 
mechanics and electrical engineering (e.g. 
Gustav Kirchhoff’s circuit laws of 1845). 
These pioneers formulated many of the key 
ideas of network flow theory and they estab-
lished the graph as a useful model representa-
tion of networks (Fig. 2). 
However, graph theory as a mathematical 

construct is even older. The first paper on 
graph theory was published by Euler in 1736, 
and was inspired by a famous old problem 
about whether it was possible to take a walk 
across all the seven bridges of Königsberg, 
but only crossing each bridge once (Wallis, 
2000, p. 23). Euler generalized the problem 
into any configuration of islands and bridges 
in a river and the theories are now known as 
Euler walks. By the way, using this theory, it 
is not difficult to show that it is impossible to 
cross the seven bridges of Königsberg exactly 
once. 
The ideas from the early days of Euler, me-
chanics, and electrical networks, were gener-
alized and used to study one of the most 
well-known problem areas in network flow 
theory dealing with minimum cost flows. The 
first studies considered a special case of the 
minimum cost flow and were related to a 
transportation problem (‘the travelling sales-
man problem’). These were, according to 
Ahuja et al. (1993), originally conducted by 
Kantorovich (1939), Hitchcock (1941), and 
Koopmans (1947), (as cited in Ahuja et al., 
1993, p. 19). 
The minimum cost flow problem was gener-
alized further during the 1950s and great 
interest arose for specializations such as the 
maximum flow problem, the shortest path 
problem and the assignment problem. The 
pioneers Dantzig (1962, as cited in Ahuja et 
al., 1993, p. 19), and Ford and Fulkerson 
(1962, as cited in Ahuja et al., 1993, p. 19) 
presented groundbreaking work, particularly 
related to the development of special algo-
rithms for solving these problems. A second 
revolution in network theory, algorithms and 
applications has probably come about with 
the birth of the fastest growing network in 
the world – The Internet (see for example 
Hayes, 2000b, 2000a) 
The graph model is a fundamental concept 
within network analysis. A graph, G(N,L), 
consists of a set of nodes (or vertices), N(G) 
and a set of links (also called edges or arcs), 
L(G). The link lij connects nodes i and j. The 
term link is used here instead of edge, be-
cause edge is an often used term within ecol-
ogy. In general network analysis the nodes 
often represent some quantity of production  

Fig. 2. Graph representing a network with 
both uni- and bi-directional flows. The graph 
is disconnected and consists of two sub-
graphs defined by the sets (a,d) and (b,c,e,f) 
with a total of six nodes, and five links, defi-
ned by the sets ((a,d), (d,a)) and ((e,b), (b,c), 
(c,b), (c,f), (f,c), (f,b)). 

a

f

c

e

b

d
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or consumption, and links represent some 
relation between these nodes, such as flux, 
capacity, or probability. See Table 1 for a list 
of some typical associations for these graph 
components. 
A graph can be both directed (containing at 
least one uni-directional flow) and undirected 
(containing bi-directional flows only). A uni-
directional flow in an ecological network 
graph could symbolize the possibility of 
dispersal in one direction but with no possi-
bility, or a barrier effect in the reverse direc-
tion, such as when seeds from a plant are 
spread through a river but with no possibility 
of moving back up-stream again. 
The graphs can in turn be represented in a 
computer using a node-link incidence matrix, 
a node-node adjacency matrix, an adjacency 
list, or a forward and reverse star. These 
representations use different amounts of 
storage space, and have different properties 
with respect to ease of implementation, effi-
ciency of manipulation, number of developed 
tools, and algorithms (Gross & Yellen, 2004). 
There is a multitude of graph theoretic met-
rics developed to measure different proper-
ties of a network. In this thesis, ten different 
metrics mainly relating to the connectivity of 
the network were tested (Paper II). One of 

these, Betweenness Centrality (Freeman, 
1979), was studied in detail. For a graph, 
G = (N, L), the betweenness centrality 

( )nCB for node n is calculated as 

( ) ( )
∑

≠
∈≠≠

=

ji
Njni ij

ij
B

n
nC

σ
σ

 

where ijσ is the total number of shortest 
geodesic paths (i.e. least-cost paths, see sec-
tion 2.7), from i to j and ( )nijσ  is the number 
of least-cost paths from i to j that actually 
pass through node n. The index essentially 
finds the nodes routing the highest propor-
tion of the least-cost paths between two 
randomly chosen nodes in the network, tak-
ing all pairs of nodes into account. 

2.7. Least-cost modeling 

One of the main modeling approaches used 
throughout this project (Paper I, Paper II, 
and all of the case studies) is called least-cost 
modeling (often also referred to as cost-
distance modeling). In least-cost modeling, 
graph theoretic algorithms are used to find 
the shortest weighted distance from one 
point in a network to another. This distance 
is called the least-cost distance, and its corre-
sponding path through the network is called 

Table 1 Examples of typical nodes, links, and flows for different types of networks 

Type of network Typical nodes Typical links Typical Flows 

Water supply network Pumping stations, lakes, 
reservoirs, water towers, Pipelines, aqueducts Water (comp. w. gas, oil, 

hydraulic fluids) 

Power supply network Transmission stations, 
tension towers Transmission lines Electric current 

Transportation systems Intersections, airports, rail 
yards 

Highways, rail beds, airline 
routes 

Passengers, freight, vehi-
cles, operators 

Mobile phone network Mobile phones, antennas, 
base stations Cables, radio links, Voice, SMS, MMS, packet 

data 

Integrated computer circuits Gates, registers, processors Wires Electric current 

The Internet Computers, servers, fire-
walls, routers 

Cables (fiber optics, copper), 
radio links 

Web content, e-mails, files, 
streaming media 

Social networks Persons, communities, 
nations 

Relations (trade, acquaint-
ances) Goods, behavior 

Ecological networks Habitat patches, stepping 
stones, overwintering areas 

Dispersal paths, corridors, 
migration routes 

Individuals, populations, 
genes 
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the least-cost path (LCP), or simply the 
shortest path (SP). The shortest-path prob-
lem also has a long history, and is well stud-
ied within graph theory (section 2.6). 
The modeling approach used in this project, 
is a variation of the general least-cost prob-
lems, and takes advantage of the fact that a 2-
dimensional grid, such as a GIS raster, can be 
seen as a network; each grid cell can be 
viewed as a node, with a link to its eight 
neighboring grid cells (four in the cardinal, 
and four in the diagonal directions). The 
least-cost path between two nodes can this 
way be used to represent a geodesic path in 
between two points (approximated by grid 
cells) on a projected surface, and thus visual-
ized in a GIS. This path will be the shortest 
effective distance between two points on a 
raster, which means that even though the 
straight line Euclidean distance is a lot 
shorter, it may be functionally shorter for ex-
ample to follow a detour along a preferred 
habitat. 
Within the raster, the cost-distance value at 
any point (i.e. grid cell) is the least-cost dis-
tance from that point to the closest specified 
source point. This makes it easy to visualize 
or otherwise work with georeferenced sur-
faces, for example when constructing patches 
made up of cells with a cost-distance value 
below some threshold corresponding to 
some ecologically relevant property (sec-
tion 6.3) 

3. REVIEW OF STATE OF THE ART 

3.1. Species as indicators of biodiversity 

Species are often used as indicators of biodi-
versity; the rationale being that the fluctua-
tion of the indicator-species population is 
believed to indicate for example chemical or 
physical changes or fluctuations of other 
species in the community (Simberloff, 1998). 
Species, or groups of species that are consid-
ered good biodiversity surrogates are also 
frequently used as a target species, and their 
habitat requirements used to analyze the 
potential landscape support for the species 
(e.g. Opdam et al., 2008). Metrics based on 
structural or functional properties of the 
landscape with respect to these species are 

then in turn used to infer indicators for bio-
diversity, sustainability, or ecosystem man-
agement. However, concepts such as sustain-
ability, ecosystem management, and even 
biodiversity are inherently vague and it is 
therefore difficult (if not impossible) to set 
meaningful targets (e.g. Simberloff, 1998). 
In addition, the methods and criteria for the 
selection of indicator species, and even what 
they should indicate, have received critique 
almost from the very beginning (e.g. Landres 
et al., 1988). As a result, a number of system-
atic approaches and attempts to formalize the 
selection criteria have emerged, such as um-
brella species, flagship species, and keystone 
species (Simberloff, 1998; Roberge & Angel-
stam, 2004), the focal species approach 
(Lambeck, 1997), the landscape species ap-
proach (Sanderson et al., 2002), and ecologi-
cal profiles (Vos et al., 2001). The umbrella, 
flagship, and keystone species approaches 
result in the selection of a single species. An 
umbrella is a species believed to have such 
high requirements, for example large habitat 
requirements, that saving the umbrella spe-
cies will automatically save a wide range of 
other species with lesser requirements. This 
approach can be questioned when consider-
ing that certain insects are better off in natu-
rally fragmented landscapes (Tscharntke et 
al., 1998). Keystone species are those that are 
important in regulating or governing the well-
being of other species, and are thus believed 
to target ecosystem properties better. A flag-
ship species is simply a charismatic species 
that can be used to anchor conservation 
efforts among stakeholders. However, it need 
not be an indicator, umbrella or keystone. 
For example, the Eurasian lynx (Lynx lynx) 
that was modeled in one of the case studies 
(Zetterberg, 2007), could be regarded as a 
flagship species (Linnell et al., 2000). Indeed, 
the viewers of the most popular nature show 
on national Swedish television (‘Mitt i 
Naturen’), voted the Lynx as the most popu-
lar Swedish animal (Rovdjurscentret De 5 
Stora, 2009). Being a predator, however, it is 
a very controversial flagship species. Fur-
thermore, it is not particularly sensitive with 
respect to habitat or other resource require-
ments, and can therefore be questioned as an 
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umbrella species. It does have a keystone 
function with respect to regulating the den-
sity of its prey, and the important secondary 
effects that follow from this. 
Even though they still represent the most 
common methods for setting targets, the 
single-species approaches have been criti-
cized, mainly for not representing an accept-
able portion of the species within an ecosys-
tem. (Landres et al., 1988; Andelman & 
Fagan, 2000; Chase et al., 2000; Poiani et al., 
2001). Another approach, the focal species 
approach (Lambeck, 1997), aims at finding a 
suite of umbrella species in a systematic way 
so as to better represent an ecosystem. The 
suite is selected by identifying the most vul-
nerable species due to high demands with 
respect to process-, resource-, dispersal-, and 
area requirements. In reality, however, the 
choice of focal species has been directed 
towards well-known species (often birds) not 
capturing the potential response of other 
organism groups adequately (Lindenmayer et 
al., 2002; Lindenmayer & Fischer, 2003). The 
approach was further criticized by Linden-
mayer (2002) for being unsuitable to imple-
ment practically, in essence not being opera-
tional within planning. The approach requires 
large amounts of, often unavailable data, and 
a high level of ecological expertise. In an 
effort to meet the criticism on subjectivity 
with respect to the final selection of species, 
Delphi surveys using expert panels have been 
used (Hess & King, 2002; Beazley & Cardi-
nal, 2004). 

A different perspective on which suite of 
species to select is provided by the landscape 
species concept (Sanderson et al., 2002). This 
approach, although being a kind of focal 
species approach, differs mainly with respect 
to the purpose of species selection. While the 
traditional focal species approach by Lam-
beck aims at finding the most vulnerable 
species due to their requirements, the land-
scape species approach focuses on finding 
species with spatio-temporal requirements 
comparable to the human use or transforma-
tion of the landscape. Detailed information 
on the suite of species is then used to analyze 
the entire landscape needed for their protec-
tion with respect to some population level 

targets, and there is a particular focus on 
areas at risk for conflicts between the land-
scape species and human activities. The land-
scape species concept is thus more aimed at 
guiding landscape planning than conservation 
planning. 

Opdam et al. (2008), argue that a major prob-
lem with all of the approaches above, for 
their successful application in policy- and 
decision making, is their lack of flexibility. 
This flexibility is needed when devising an 
ecological indicator (Turnhout et al., 2007) in 
order for its acceptance within planning, 
assessments and decision making. Opdam et 
al. argue that there is a need to allow for a 
dynamic negotiation of the trade-offs for 
example between aspiration levels of biodi-
versity, and the corresponding required total 
area. In response to this need, they have 
chosen to work with the concept of ecologi-
cal profiles introduced by Vos et al. (2001), 
which they call ecoprofiles. This concept 
groups species in functional classes with 
respect to three dimensions: the ecosystem 
type, the ecosystem area requirements, and 
the dispersal capacity. By mapping the locally 
relevant species into these functional groups, 
the trade-offs between biodiversity on one 
hand, and the corresponding required total 
area or connectivity (for example modeled as 
maximum inter-patch distance) on the other, 
can be explored. 

3.2. GIS and maps in ecological planning 
and assessments 

Geographic Information Systems (GIS) are 
spatial database management and analysis 
systems that are particularly useful for spatial 
analysis within ecological assessments, plan-
ning, design, and research. They are capable 
of capturing, storing and managing large 
spatial datasets, provide a multitude of tools 
for spatial modeling and analysis, and can 
efficiently handle spatial data overlays and 
visualizations for aesthetic analysis, and mul-
tidisciplinary stakeholder involvement. There 
has been a rapid increase in the use of GIS-
based methods and models to understand, 
predict, and visualize the spatial distribution 
of organisms in a landscape. Many of the 
popular prediction methods are based on the 
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general linear models (GLM) of multiple 
regression, but generalized additive models 
(GAM), Bayesian models, neural networks, 
and combinations of these are all common 
(Guisan & Zimmermann, 2000). 
However, the use of modeling in ecological 
assessments remains limited, and the uses of 
GIS are mainly restricted to analysis through 
simple data overlays, or presentation through 
maps (Gontier et al., 2006; Gontier, 2008). 
While GIS and maps in planning and assess-
ments present considerable benefits for the 
communication between stakeholders in 
multidisciplinary landscapes (Theobald et al., 
2000), there is a gap between the advances in 
landscape ecological modeling on one hand, 
and guidelines, general rules and the applica-
tion of this knowledge in applied activities, 
such as landscape evaluation and design, on 
the other hand (Opdam et al., 2001).  

3.3. Landscape ecology: Pattern and 
process 

As was mentioned in section 2.5, an impor-
tant aspect, in particular in fragmented land-
scapes such as urban environments, is the 
relation between pattern and process. How-
ever, these relations are not captured in the 
majority of GIS-based landscape ecological 
methods used within assessments, planning, 
or even research today. The two worlds re-
main separate, with one set of (often GIS-
based) methods for finding suitable habitat 
based on landscape pattern or land cover, 
and another for studying process based prop-
erties, such as within PVA. The landscape 
support for ecosystem processes depends, 
not only on the existence of the required 
resources in a landscape, but also on their 
spatial configuration and temporal dynamics. 
For example, different kinds of resources are 
needed in different life-cycle stages of an 
organism, and there must be a way to move 
around between these resources when they 
are needed. 

One of the life-cycle processes that has been 
studied in particular, with respect to the 
spatial relations between landscape compo-
nents, is juvenile dispersal. This research area 
has been strongly influenced by the funda-
mental work on island biogeography by 

MacArthur and Wilson (1967), where rela-
tionships are formulated between the sizes of 
islands (including an infinite size mainland), 
and the distance between them on one hand, 
and extinction and colonization on the other. 
Parts of this work inspired the birth of meta-
population biology by Levins, (1970) (section 
2.5), and the introduction of the concept of a 
metapopulation as a “population of popula-
tions which go extinct locally and recolo-
nize”. While the theory of island biogeogra-
phy by MacArthur and Wilson mainly was 
based on an equilibrium model of the num-
ber of species, the metapopulation concept 
by Levins was more focused on population 
dynamics. In an attempt to analytically pin-
point parts of this dynamic process, an inci-
dence function was developed (Diamond, 
1975). Assuming that the metapopulation 
dynamics can be described as a stationary 
Markov process, the incidence function was 
later turned into a practical patch-occupancy 
model (Hanski, 1994), only requiring occu-
pancy data from a single point in time. This is 
an important step forward with respect to 
validation of models since most data on 
species that exist are in the form of simple 
observations (occupancy) at a certain site. At 
the same time the lack of non-occupancy 
data is problematic since the fact that a spe-
cies has not been observed at a site does not 
necessarily mean that it does not exist there. 
Even though classical metapopulation theory 
is mostly applicable in highly fragmented 
landscapes (Hanski, 2004), it does point out 
the importance of considering relations be-
tween habitat patches across the landscape. A 
large negative effect on certain critical 
patches can affect an entire metapopulation 
within a region. The awareness of problems 
with fragmentation in a landscape (e.g. Wil-
cove et al., 1998) has led to an entire research 
area attempting to evaluate the degree of 
fragmentation in a landscape, and sometimes 
relate this to metapopulation theory. This is 
often achieved through a structural approach to 
the landscape (section 2.5), using statistical 
analysis of general morphological attributes 
such as size, shape, connectivity, isolation, 
and heterogeneity (e.g. Giles & Trani, 1999). 
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However, the functional processes are once 
again not included in these structural ap-
proaches, and one can certainly question the 
ecological relevance of many of their indices. 
As was mentioned in section 2.5 regarding 
connectivity, the functional response to a 
specific morphology of a landscape is differ-
ent depending on the organism or process 
studied. Hence a general ‘one size fits all’ 
structural index can not exist. Another typical 
problem for many structural approaches is 
that several drastically different configura-
tions of the landscape can lead to the same 
structural index. This is a general problem 
with most morphological approaches since 
they are both scale- and scope-dependent. 
They can even be counter intuitive; as an 
example, a typical structural approach con-
siders the connectivity to be high if patches 
are connected to many other patches. Due to 
this, a landscape with a few, large, high qual-
ity patches will have a lower structural con-
nectivity index than a highly fragmented 
version of the same landscape, where these 
few larger patches are fragmented into many 
small patches. 
A parallel line of research has followed a 
functional approach rather than the structural, 
and there are several models that try to relate 
population processes to landscape pattern 
(see for example Lindenmayer et al., 1995; 
Brook et al., 1999). One major drawback 
with these models focusing on population 
processes, such as PVA and SEPM, is the 
large number of parameters and the data 
requirements. Indeed, one of the main driv-
ers for Hanski when developing the patch 
occupancy model (1994) was the simple data 
requirements, and yet even simple occurrence 
data are hard to find for most species. 
In most metapopulation- and patch-matrix-
models, the matrix is assumed to be ho-
mogenous and often referred to as a ‘hostile 
sea’ surrounding the ‘habitat islands’. The 
dispersal success between patches is there-
fore often expressed as some function of the 
Euclidean distance between them. In reality, 
however, the type and configuration of the 
landscape in between the patches affects 
both the ease of movement, and for higher 
organism groups, the behavior (e.g. Wiens et 

al., 1993). There are also critical components 
within the matrix that offer, for example, 
food and shelter. In land use planning, 
changes within the matrix may influence the 
organisms just as much as changes within the 
habitat patches, and there is increasing 
awareness of the importance of taking this 
heterogeneity into account (With et al., 1997; 
Tischendorf & Fahring, 2000; Moilanen & 
Hanski, 2001; Ricketts, 2001; Tischendorf & 
Fahrig, 2001; Schadt et al., 2002; Stevens et 
al., 2004; Dunford & Freemark, 2005; Ste-
vens, Leboulenge et al., 2006; Tanner, 2006; 
Yamaura et al., 2006; Compton et al., 2007; 
Wiser & Buxton, 2008). Land use changes 
within the matrix can also lead to cumulative 
effects (Bélisle & St. Clair, 2002), which are 
seldom accounted for. 
The least-cost modeling approach (section 
2.7) is increasingly being used to incorporate 
the heterogeneity of the matrix directly from 
GIS-information into the inter-patch func-
tion (Walker & Craighead, 1997; Ferreras, 
2001; Graham, 2001; LaRue & Nielsen, 
2008). The least-cost model ultimately calcu-
lates a functional distance, often referred to 
as the “effective distance”, which can be used 
in place of the homogenous Euclidean dis-
tance. Using genetic approaches, the least-
cost model of effective distance has been 
shown to be significantly more accurate than 
Euclidean distance or barrier models (Coulon 
et al., 2004; Vignieri, 2005; Cushman et al., 
2006; Stevens, Verkenne et al., 2006; Epps et 
al., 2007; Mcrae & Beier, 2007). 
Another important property of the least-cost 
modeling approach is that it calculates a 
geographically explicit least-cost path through 
the landscape, in addition to estimating the 
least-cost distance. This is potentially very 
useful in physical planning as a functional 
approach to the otherwise often used struc-
tural approach of trying to define a ‘green 
corridor’ between two patches. An unfortu-
nate interpretation of the least-cost path is 
that the entire habitat can be eradicated ex-
cept for the patches themselves, and narrow 
least-cost paths connecting them, without 
negatively affecting the species. A measure of 
connectivity using the least-cost distance 
would remain unchanged even after such a 
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drastic change of land-use. In reality, the path 
itself may not even be closely connected with 
for example the behavioral feasibility for an 
organism (e.g. Walker & Craighead, 1997; 
Schadt et al., 2002). Indeed, neither the 
movement by individuals nor the long term 
gene flow is restricted to the least-cost path 
(Theobald, 2006; Mcrae & Beier, 2007). In 
response to this, there are extensions of the 
least-cost modeling approach that try to find 
an entire region, in this thesis referred to as a 
connectivity zone, between the patches 
(Theobald, 2006; Theobald et al., 2006). 
There is another important implementation 
of the least-cost approach that was briefly 
described in section 2.7. Instead of simply 
looking at the least-cost path between two 
patches, one can highlight all the cells that are 
below some effective-distance threshold 
level. This results in entire regions around the 
patches, and produces maps showing the 
entire landscape that is potentially within 
reach from the core habitat patches (Walker 
& Craighead, 1997; Ray et al., 2002; Adriaen-
sen et al., 2003; Joly et al., 2003; Larkin et al., 
2004; Nikolakaki, 2004; Theobald, 2006). 

3.4. Network based tools for assessments 
and planning 

As has been previously mentioned, one of 
the most common tools for network analysis 
is graph theory and in the last few years, 
several papers have explored graph-based 
approaches to modeling species-habitat inter-
actions from a landscape perspective. A 
graph-theoretic approach to ecological net-
works can act as an initial, heuristic frame-
work for management, driven in an iterative 
and exploratory manner, and with very little 
data requirements (Bunn et al., 2000; 
Calabrese & Fagan, 2004). It does not require 
long-term population data, making it an 
important tool for rapid landscape-scale 
assessments (Urban & Keitt, 2001), but 
graph-theory is at the same time dynamic, 
allowing additional knowledge to be incorpo-
rated. Minor and Urban (2007) have illus-
trated the potential of graph theory as a 
proxy for SEPM, making it an interesting 
complement to existing research frameworks. 

In section 2.6, it was argued that another 
attractive property of network analysis and 
graph theory is their long tradition, well de-
veloped and tested tools, as well as efficient 
algorithms, used in a wide variety of disci-
plines (e.g. Ahuja et al., 1993; Nijkamp & 
Reggiani, 2006). Several metrics related to 
classical network analysis problems, such as 
maximum flow, connectivity, and shortest 
paths, have been developed over decades 
within the world of graph theory, and Bunn 
et al. (2000) as well as Urban and Keitt (2001) 
have proposed ecological interpretations for 
some of these. Some of the proposed graph-
based metrics of functional connectivity have 
also been summarized and evaluated (Pas-
cual-Hortal & Saura, 2006; Saura & Pascual-
Hortal, 2007). 
In addition to comparing metrics for the 
overall network for different scenarios, graph-
based methods can be used to explore impor-
tant internal structures. For example, the 
importance of a patch with respect to land-
scape connectivity can be measured by re-
moving one patch (i.e. one node) at a time, 
and recording the corresponding change, 
IΔ , of the connectivity index (I) (Keitt et al., 

1997). This has become a central technique 
for finding important patches, and has also 
been used by Urban and Keitt (2001) to find 
important links within the network. The 
patches and links contributing the most to 
overall connectivity can thus be found. Simi-
lar techniques have also been used to explore 
tradeoffs between the total protected area, 
and the overall connectivity (Rothley & Rae, 
2005; Rae et al., 2007). 
A simple visualization technique sometimes 
used within landscape ecology is to present 
geographically explicit graphs, showing the 
full extent of the linked patches on top of a 
map or geographically defined area (Keitt et 
al., 1997; van Langevelde, 2000; Urban & 
Keitt, 2001; O'Brien et al., 2006; Zhang & 
Wang, 2006; Bodin & Norberg, 2007; Fall et 
al., 2007; Uy & Nakagoshi, 2007). This repre-
sentation is similar to what Fall et al. (2007) 
refer to as the ‘spatial graph’, with two-
dimensional patches connected by georefer-
enced one-dimensional paths. 
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3.5. Ambiguities in the ecological 
network discourse 

The term ecological network seems to have 
gained wide support among planners, con-
servationists and policy makers over the past 
decades. This has been concluded, at least in 
a European perspective, by Rientjes and 
Roumelioti (2003), who conducted a survey 
among conservation ecologists and national 
or regional policy makers in 31 European 
countries (107 returned questionnaires; 
40.1%). Rientjes and Roumelioti also stated 
that the concept in general has a potential to 
appeal to specific stakeholder groups and the 
general public, experts and laymen, due to its 
understandable components and the fact that 
it can be made visible through maps. 
Opdam et al (2006) argue that the concept of 
ecological networks “helps to focus on an 
ecologically relevant part of the landscape, a 
part that can be pictured as a concrete struc-
ture that appeals to the actors’ imagination of 
what biodiversity needs; facilitates negotia-
tion about feasible goals and required area, 
configuration and location of ecosystems; can 
be designed in alternative options with more 
or less equal sustainability”. In addition, the 
network concept as well as graph theory in 
general are widely used as a basis for effective 
communication within other sectors involved 
in the planning process (Nijkamp & Reggiani, 
2006). Even when only considering research 
involving people here at the Royal Institute 
of Technology, graph theoretic network 
examples include transportation networks 
(Jenelius et al., 2006), traffic simulation 
(Burghout & Wahstedt, 2007), electric power 
networks (Holmgren, 2006; Holmgren et al., 
2007), social networks (Westlund & Nilsson, 
2005; Ernstson et al., 2008; Gronlund et al., 
2008; Larsen, 2008), the Internet (Bagula, 
2007), and of course the Ecological Network 
Graph proposed in Paper II. The experience 
and concepts already developed within these 
sectors could serve as very valuable sources 
of inspiration within landscape ecology, with 
the potential to resolve problems related to 
tools, methods, metrics, and indicators. 
However, the term ecological network is not 
uniquely defined and has many different uses 
(Boitani et al., 2007). One refers to a structural 

approach, building on the patch-matrix-
corridor paradigm introduced by Godron and 
Forman (1983), where an ecological network 
is simplified into morphological landscape 
elements, such as core areas, buffer zones 
and corridors (e.g. Jongman, 2004, p. 24). 
This approach originated from the realization 
that conservation management needs to be 
regarded in an integrated way across different 
scales in an entire landscape, which has lead 
to the concept of multiple-use modules 
(MUM) (Noss & Harris, 1986), and later a 
structural approach to the habitat network 
(Hobbs, 2002). An implementation of such 
an ecological network is the Natura 2000 
network, which has it’s origin in the EU Bird 
directive of 1979, and the EU Habitat direc-
tive of 1991. This is sometimes claimed to be 
“the largest coherent network of protected 
areas in the world” (European Commission, 
2009). I would however argue that it is still 
far from the ambition of being coherent, with 
protected valuable patches indeed, but with a 
questionable connectivity. Even though the 
intentions are clear, there is a long way to go 
for it to even be considered a real network. 
Another definition of an ecological network 
refers to a more general, functional approach, 
where the network is viewed as a set of eco-
systems, interacting with the landscape and 
linked through functional relations between 
the organisms of the ecosystem (e.g. Opdam 
et al., 2006). Opdam (2002) also takes on a 
functional approach for the habitat network 
concept instead of the more structurally 
oriented approach taken on by Hobbs (2002). 
This is closely related to the concept used in 
general network analysis, where a network is 
represented by a graph of nodes connected 
through links. 
A third definition is that used within food-
web theory (Sole & Montoya, 2001; Montoya 
et al., 2006), in which the nodes of the eco-
logical network often represent different 
species, and the links refer to trophic interac-
tions between the species. In this sense, the 
ecological network within food web theory 
does not generally have the spatial dimen-
sion, like the two first examples of ecological 
networks, although there are recent advances 
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in the studies of spatial food-webs (e.g. Holt, 
2002) 
One of the major problems among stake-
holders regarding the concept of ecological 
network is a lack of understanding or differ-
ent interpretations of concepts such as corri-
dors, key patches, stepping-stones, core areas 
and buffer zones (Rientjes & Roumelioti, 
2003). These problems could perhaps be 
resolved by harmonizing the terminology 
and, in some cases, using more general net-
work concepts such as nodes, links, sources, 
sinks, flow, connectivity, vulnerability, re-
dundancy, and resistance. 

4. PROBLEM STATEMENT AND 

JUSTIFICATION 

In light of the review and the objectives of 
my research project, the problem to be 
solved can be formulated as the development of a 
network based, landscape-ecological tool, and a sug-
gested set of indicators that can be implemented for 
effective use by practitioners within physical planning 
and design, and ecological assessments related to these 
activities. The tool should be operational, 
effective, and yet flexible; it should support 
freedom of choice both of communicative 
methods for different stakeholders and con-
texts, and of theoretical metrics, indices, and 
methods within network theory. 
The clear intention of packaging the com-
plexities within landscape ecology for de-
ployment in a physical planning context 
implies the necessity of a spatially explicit 
tool, able to effectively meet the challenges of 
application in a multidisciplinary landscape. 
Hence the activities that are addressed, such 
as design, analysis, predictions, assessments, 
public participation, policy- and decision 
making, should all be able to use the same 
spatially explicit landscape as a common 
reference. Even though there is limited use in 
practice of suitable tools and methods, such 
as GIS-based modeling, (Gontier et al., 2006; 
Gontier, 2008) there is a rapidly increasing 
number of such tools (Guisan & 
Zimmermann, 2000; Scott, 2002; Guisan & 
Thuiller, 2005; Tian et al., 2008). 
However, the vast majority of GIS-based 
tools is developed for single-species distribu-

tion models (Guisan & Thuiller, 2005; Ferrier 
& Guisan, 2006), and ecologically relevant 
theory, as well as process based theory are 
often lacking (Guisan & Thuiller, 2005; Aus-
tin, 2007). At the same time, there is a wide-
spread understanding of the need to take on 
an ecosystem approach rather than a species-
distribution approach, for successful protec-
tion and management of ecological integrity. 
This urge for an ecosystem approach can for 
example be seen in the critique on species as 
indicators of biodiversity (section 3.1), on the 
lack of ecologically relevant and process 
based theory (Franklin, 1993; Guisan & 
Thuiller, 2005; Austin, 2007), and on the 
focus of measures of species diversity instead 
of understanding linkages between species, 
functional groups, and ecosystem function 
(Bengtsson, 1998; Loreau et al., 2001). 
Applying an ecosystem perspective in a spa-
tial context implies a shift from site based 
assessments to assessments of the entire 
landscape. It also implies a shift from empiri-
cal, structural, and statistical models to spa-
tially explicit mechanistic, functional, and 
process-based models. Instead of linking 
ecological pattern to landscape pattern, we 
would like to link ecological patterns and 
processes to landscape patterns and proc-
esses. Such an approach must recognize the 
dynamics and complex interactions within 
the social-ecological system, where physical 
planning activities are an integral part, and 
the physical landscape is the common point 
of reference. 
When dealing with complex systems, ‘net-
work thinking’ is central to understanding 
(Mitchell, 2006), and network analysis as well 
as graph theory are commonly used. The 
enormous increase in easily accessible and 
manageable data, as well as research on net-
work analysis and complex systems in several 
fields, has led to a number of recent applica-
tions of network thinking within the entire 
field of biology, from genes to ecosystems 
(Proulx et al., 2005; Bascompte, 2007). In the 
last few years, several papers have explored 
graph-based approaches to modeling species-
habitat interactions from a landscape per-
spective, and although most of these ap-
proaches are back at the single-species or 
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focal-species level, some interesting analysis 
techniques have evolved (section 3.4). In 
spite of their simplicity, by integrating least-
cost modeling with graph theory, these ap-
proaches seem to be able to capture the 
complex processes involved in spatial popu-
lation analysis in an integrated functional 
manner. 
However, previous network-based research 
has focused on conservation issues and not 
on physical planning or ecological assess-
ments related to planning. As a result, little 
attention has been paid to making these 
graph-theoretic approaches operational 
within these practices. Issues related to the 
successful application of graph theory in 
planning, policy- and decision making have 
not been adequately addressed. Examples 
include the need for negotiation space 
(Turnhout et al., 2007), or the usefulness of 
geographically defined maps in multidiscipli-
nary communication (Theobald et al., 2000). 
Indeed, these issues have been mostly ne-
glected in bridging the gap between spatial 
planning and landscape ecology in general, 
and there is a particular need for multidisci-
plinary tools and methods (Opdam et al., 
2001). 
In order to be successful, the tools and 
methods need to be effective within physical 
planning, and in particular in a context and 
working environment already in use by plan-
ners, such as a GIS. A general aspiration of 
the research project is thus an effective im-
plementation of the graph theoretic frame-
work within a GIS, which could effectively 
communicate the problems, results, and 
challenges among stakeholders of quite dif-
ferent backgrounds in this multidisciplinary 
landscape. This implementation should ide-
ally allow for the evaluation of planning 
indicators and at the same time be based on 
ecologically relevant properties, with a strong 
connection to the underlying landscape, and 
aggregated to a higher level that is under-
standable for stakeholders without thorough 
ecological knowledge. It should also be based 
on concepts and a terminology that are gen-
erally understandable by ecologists, planners, 
decision makers and the public alike. The 
trade-off between simplification and rele-

vancy of scientific knowledge is paramount 
to a successful implementation (Cash et al., 
2003). 
My thesis attempts to bridge this gap and 
meet the challenges by first testing the com-
municative aspects of geographically defined 
habitat networks in a GIS, through seven 
real-world cases using participatory ap-
proaches and multi-stakeholder involvement. 
Four of these case studies are treated in Pa-
per I. A conceptual model is then developed, 
linking the graph theoretic approaches to the 
resulting communicative platform in the 
form of spatially explicit, geographically 
defined maps in a GIS (Paper II). Finally, an 
example using a real species in a real land-
scape within the study area is used to explore 
the potential and usefulness of this model 
and ecologically relevant graph theoretic 
metrics as indicators (Paper II). 
It is hoped that this development of a con-
ceptual network based landscape ecological 
model, and related graph theoretic indicators, 
can be effectively used in practice, and that 
the scientific findings can further stimulate 
the research and the development of new, 
relevant tools and methods. The shift to-
wards a network perspective could result not 
only in the much needed operational tools 
for testing physical planning scenarios, but 
maybe also give a better understanding of the 
cause and effect relationships, leading to an 
improved, guided design, and tighter, iterative 
interactions between ecological knowledge, 
and planning, policy-, and decision making. 

5. STUDY AREA 

All of the studies were performed within the 
county of Stockholm, the capital of Sweden 
(Fig. 3), during the years 2006-2008. Admin-
istratively, the county is divided into 26 mu-
nicipalities, and the municipality of Stock-
holm contains the city center. The study area 
comprises roughly 7000 km2, and the land-
scape is heterogeneous with about 60% cov-
ered with forest, and the remaining 40% 
equally broken up by agricultural land, water, 
and built-up areas. Since the city has grown 
in a star-shaped form along the main infra-
structural routes, green wedge-shaped areas 
of variable size reach almost all the way into 
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city core. Two million inhabitants live in the 
area, and the population density varies con-
siderably between the urban, suburban and 
peri-urban areas. While the average popula-
tion density for the county is 291 inhabitants 
per km2, this figure varies from 4117 in the 
municipality of Stockholm to 27 inhabitants 
per km2 in the municipality of Norrtälje, 
which is close to the average density of the 
nation (22 inhabitants per km2). 

6. MOVING FROM PROBLEM TO 

SOLUTION 

6.1. The ecological profile system as a 
framework and a probe 

In an effort to build on previous graph-
theoretic advances, while at the same time 
moving from a single-species approach to a 
more diversity-oriented functional approach, 
the concept of ecological profiles (Vos et al., 
2001; Opdam et al., 2008) was chosen as an 
inspirational starting point. One of the rea-
sons was its provisioning of an attractive 

framework that can guide the inventory of 
ecologically relevant functional profiles for 
each planning or assessment case. This inven-
tory can ultimately be used to successively 
populate the functional, multi-dimensional 
diagram representing the niches within an 
ecosystem (Fig. 4). Another reason was the 
presumed communicative advantage of mov-
ing away from a set of specific species and 
towards a set of abstract functional profiles 
that could better match the aggregated, high-
level perspective of the planner or decision 
maker. 
The overarching organization of ecological 
profiles is the ecosystem type (or habitat 
type). An ecological profile for a certain 
ecosystem type is then ideally constructed by 
using size, quality, and spatial configuration 
of ecological resources to match the resource 
requirements axis (Fig. 4). The resources are 
usually modeled using patches of different 
types of land cover. Disturbances within the 
area are ideally made up of disturbances 
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related to urban and regional planning, such 
as noise, recreational pressure, or pollutants. 
For dispersal capacity, the maximum juvenile 
dispersal distance could be used. Based on 
these initial assessments, the ecological pro-
file diagram is successively populated, and 
one or several profiles can be chosen for 
analysis, preferably through a participatory 
process. In order to be able to exemplify real 
world expressions of the abstract ecological 
profile, each profile is finally populated with 
“profile species”, which are real species that 
fit the functional profile, and are currently, or 
could potentially be active in the landscape at 
hand. 
The Ecological Profile approach was used in 
all case studies of Paper I, and the profiles 
were selected through a participatory ap-
proach, involving different kinds of stake-
holders from case to case. The parameters 
used in the modeling of each profile, as well 
as in the species-specific case of the man-
agement plan for the Eurasian Lynx (Zetter-
berg, 2007), were chosen through expert 
solicitation (Paper I). A lot of work remains 
in order to try to validate these parameters, as 
well as explore their uncertainties. Thus far, 
several profiles have been constructed and 
modeled using expert-based parameters and 

targeting grasslands, wetlands, the oak land-
scape, deciduous, and coniferous forests (Fig. 
5). The amphibian profile for wetlands was in 
turn used to explore the potential of the 
Ecological Network Graph model developed 
and tested in Paper II (see also section 6.6). 

6.2. A life-cycle based approach to 
patches and links 

There are several different approaches when 
trying to model the functional requirements 
in the landscape of a species, or more gener-
ally, of an ecological profile (section 3.3). On 
one extreme, there is the often used approach 
of linking pattern and process by simply 
finding suitable habitat patches and some 
measure of probability to disperse between 
these. The patches are then typically found 
either through expert opinion or using em-
pirical data. In the first case, expert solicita-
tion is used to give information on which 
classes of land cover that could be considered 
to be habitat, and if there is any threshold 
value of lowest acceptable patch size. In the 
second case empirical observations are 
matched with statistical modeling of the 
patches using combinations of parameters 
such as land cover type, climatic data, topog-
raphy, hydrology, and distances to roads. The 
probability of dispersal is typically modeled 
using a negative exponential function using a 
species specific parameter, and the Euclidean 
distance between the patches. On the other 
extreme, there is the data- and computation-
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Fig. 5. Schematic illustration of the position-
ing of ecological profiles developed so far, 
with respect to ecosystem type 
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ally intensive method of using detailed, spa-
tially explicit, individual-based models. In this 
case, data on life history parameters such as 
fecundity, mortality, habitat use, and dispersal 
are required. 
The challenge from the perspective of physi-
cal planning was to find a suitable trade-off 
between these two extremes, which could be 
successfully implemented over larger geo-
graphical regions, taking the most significant 
ecological processes with respect to land use 
into account. The simpler approach of find-
ing potential patches and the probability of 
dispersal between these was considered able 
to capture the most significant ecological 
processes directly related to the activity of 
physical planning. It is also a well established 
approach within landscape ecology (section 
3.3), and is particularly suitable when using 
graph-based methods to model the system, 
with nodes representing the patches, and 

links representing the dispersal relations. 
Despite being well established within land-
scape ecology, the habitat/non-habitat form 
of the much often used patch-matrix para-
digm was considered not able to adequately 
capture ecologically important processes that 
could potentially be affected by land use 
change as a result of physical planning activi-
ties. Critique has for example been raised on 
the view of the matrix as simply being a 
hostile area (section 3.3). I argue that the 
same reasoning can be extended to the view 
on patches. The matrix is in reality heteroge-
neous, containing more or less qualitative 
elements, and the same is of course true for 
the patches internally, with resources un-
evenly distributed within these patches. Fur-
thermore, most organisms are capable of 
moving between groups of resources, even 
though they are not spatially contiguous on a 
land cover map, hence utilizing clusters of 

Fig. 6. Schematic overview of how clusters of patches and links gradually build up larger pat-
ches, connected by new links as the temporal domain increases. Clusters of resource patches and 
links make up home-range patches, which are connected by dispersal links. On a longer time 
scale, these home-range clusters make up population patches, connected by genetic links. 
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smaller patches. This means that organisms 
interact with the landscape (e.g. vegetation 
type, disturbances, topography, hydrology) 
both within and between the patches. The reso-
lution of data and computing power of today 
are more than enough to use other models, 
better reflecting the interaction between 
species processes and a heterogeneous land-
scape. The challenge here is to find a suitable 
trade-off between the attractive properties of 
a patch-link paradigm and the detail of the 
landscape considered when constructing the 
patches and the links. 
Another seldom emphasized fact is that the 
size and type of a patch vary with the tempo-
ral scale. Theobald (2006) argues that the 
functional definition of a patch depends on 
the movement type considered, and that 
these occur at a range of temporal scales. For 
example, for a certain organism with tempo-
ral dynamics similar to human, the move-
ment type on a daily basis could typically be 
foraging, and the patches reflecting the corre-
sponding time frame would therefore contain 
foraging resources. On a yearly basis, the 
movement types could typically be natal 
dispersal and genetic exchange, and the patch 
types would be home range patches (either 
annual or lifetime). On a centurial basis, the 
movement type could typically be genetic 
exchange and the patches would correspond 
to (meta-) population patches. I argue that 
the same reasoning is valid for the traditional 
matrix and corridor concepts; as the temporal 
scale increases and the patches change type, 
parts of what was previously considered 
matrix or connectivity zone are successively 
incorporated into the patch, and new connec-
tivity zones are formed reflecting the proc-
esses relevant at the new time scale (Fig. 6). 
In order to generalize this view, a life-cycle 
based approach was designed (Paper II), in 
which the patches and links were first defined 
with respect to a temporal scale related to a 
specified part of the life-cycle. These were 
then constructed by finding contiguous areas 
containing all resources within reach, needed 
throughout this selected part of the life-cycle. 
In the typical modeling case, all resources 
needed from birth to juvenile dispersal were 
included in a home-range patch, and the link 

between the patches then represented juve-
nile dispersal. For a plant, a patch would for 
example be closely related to soil type or land 
cover, for which this general model can be 
reduced to the simpler habitat/non-habitat 
model. For higher organisms, however, a 
patch would need to contain for example 
resources for reproduction, foraging, and 
over-wintering. An interesting development 
of this model would be to include species 
interactions and move towards a community 
perspective. In this case, pollinators would be 
included in the plant model, and the commu-
nity patch would need to meet their respec-
tive spatial, and temporal scales. 

6.3. Least-cost modeling for networks 
and GIS-maps 

Based on a friction map corresponding to the 
cost of movement across a raster cell 
(Fig. 7a), the least-cost modeling approach 
(section 2.7) was used for three different 
purposes. First of all, it was used to estimate 
the probability of dispersal as a measure of 
the link strength in the graph-theoretic analy-
sis (Paper II). Secondly, it was used to model 
the accessibility of resources, and could thus 
be used to cluster these resources into home 
range patches (Paper II). Thirdly, it was used 
to create a spatially explicit, geographic extent 
of both the home range patches (Paper I; 
Paper II; case studies) and the connectivity 
zones (Paper II). This way, all the required 
resources within a life-cycle span that were 
within reach of each other, including the part 
of the landscape needed to move among them, 
could be grouped into geographically defined 
patches and presented in an “accessibility 
map” (Fig. 7b). 
Another advantage with this choice of 
method is that tools for least-cost analysis 
already exist within many of the existing GIS-
software packages. For example within Ar-
cGIS Spatial Analyst (ESRI, 2006), the tools 
‘cost-distance’, ‘least-cost path’, and ‘least-
cost corridor’, can be used to solve many of 
the related problems. This means that stan-
dard GIS-data can be used both as input to, 
and output from the model, which in turn 
facilitates the integration of model inputs and 
results into the existing planning context and  
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Fig. 7. Friction map (a), and accessibility map (b). Note the isolation effect in the lower left 
corner due to the relatively high friction. The highway in the lower right corner and the buil-
dings in the upper left corner also affect the accessibility. Patches that do not contain all the 
required resources are removed when finally constructing home range patches. 

© Lantmäteriverket 2009. Grant I 2009/0275 

(a) Resources on top of friction map. The darker the color, the lower the friction, and hence the easier to move.

(b) Accessibility map. The resources are clustered into patches using the least-cost distance through the friction landscape.
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daily working environment. The output from 
the cost-distance tool in ArcGIS is a GIS-
raster giving the least aggregated cost-
weighted distance to the nearest source. This 
produces a continuous map, where the value 
in each raster cell can be interpreted as the 
functional, or effective distance (effective 
distance; e.g. Adriaensen et al., 2003), from 
the closest source to each point in space. 
By setting all required resources as sources in 
the model, and combining this with the spe-
cies’ friction of movement in the landscape 
(Fig. 7a), the resulting cost-distance map 
(Fig. 7b) can be interpreted as the functional 
accessibility of these required resources in the 
landscape for the studied species. In practice, 
both the resources and the friction values are 
constructed by combining available sources 
of GIS-data (for example land cover, slope, 
noise, amount of traffic, or altitude) into 
proxy variables. This way, we approach a 
functional view, using both life-cycle based 
requirements and the possibility of navigating 
among these throughout the landscape. 
Even though the traditional approach of 
simply selecting land cover classes sometimes 
includes different kinds of habitat, there is no 
guarantee that the same individual can reach 
these when needed. This is particularly the 
case in fragmented landscapes. 
The resulting maps are referred to as ‘habitat 
network maps’, and the approach was used 
both in Paper I, and all the case studies. In 
Paper II, least-cost modeling was used a 
second time to create the connectivity zones 
corresponding to juvenile dispersal links. In 
this case, the maps are referred to as “eco-
logical network maps (ENM)” (section 6.5). 

6.4. Case studies: Testing the habitat 
network approach 

In order to evaluate the effectiveness of the 
habitat network approach, seven real-world 
case studies have been carried out as com-
missioned projects, and the results from four 
of these are presented in Paper I. Two cases 
(Mörtberg, Zetterberg, & Balfors, 2007a; 
Mörtberg, Zetterberg, & Gontier, 2007) were 
commissioned by Stockholm Municipality to 
develop, test, and evaluate the effectiveness 
of the habitat network maps and ecological 

profiles within environmental assessments, 
monitoring, and urban planning. One case 
(Mörtberg, Zetterberg, & Balfors, 2007b) was 
commissioned by the County Administrative 
Board of Stockholm to test the potential of 
using these tools within the development of 
Regional Landscape Strategies. Another case 
(Zetterberg, 2007), also commissioned by the 
County Administrative Board, aimed at using 
the habitat network approach to aid the de-
velopment of a regional management plan for 
the Eurasian Lynx (Lynx lynx) within the 
county. A fourth case was commissioned by 
the Office of Regional Planning and Urban 
Transportation, to aid the formulation of 
targets, and analyze potential ecological im-
pacts of the planning scenarios within the 
Regional Development Plan (RUFS 2010). In 
the remaining two case studies, I did not 
personally take part, but the analysis of their 
outcome is included in Paper I. 
The basis for the analysis in Paper I was 
formed around the Landscape Ecological 
Assessment (LEA) framework (Mörtberg, 
Balfors et al., 2007). The aim was to study 
and compare which parts of the LEA-
framework were used, how they were used, 
and whether and how the habitat-network 
based approach and the LEA-framework 
could be integrated into the planning process. 
The LEA-framework is a process based 
methodological framework aimed at safe-
guarding proper caretaking of biodiversity 
within urban and regional planning, with a 
particular focus on the SEA that is required, 
for example for certain plans and programs 
within the European Union (Official Journal 
of European Communities, 2001). The SEA-
process involves tight linkages and iterative 
cycles between the strategic decision-making 
and the environmental and sustainability 
input (Therivel, 2004, p. 15) and the LEA-
process supports these linkages through the 
formulation of landscape targets and related 
indicators, landscape ecological predictions 
of impacts, assessments, and an evaluation 
that feeds back into the strategic decision-
making with for example proposed mitiga-
tion measures or modified scenarios (Pa-
per I). 
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The major results from Paper I show that 
both the ecological profile system and the 
habitat network maps are useful, both as a 
predictive tool for impacts in ecological as-
sessments, but also as a communicative tool 
for participatory approaches. The resulting 
habitat network maps were useful in aiding a 
systemic understanding of for example the 
geographic extent of the resource require-
ments for the chosen ecological profiles, and 
have continued being used by the clients 
even after the project closures. The resulting 
habitat networks have for example been 
delivered to the clients, and deployed as GIS-
layers in the majority of the cases and are 
actively used by the respective governmental 
agencies. Stockholm Municipality is using the 
habitat network layers within the ongoing 
planning and environmental assessment 
activities and they are currently used within 
the development of the new comprehensive 
plan of Stockholm Municipality. The County 
Administrative Board is using the GIS-layer 
of the Lynx habitat network, both when 
informing the public, and when planning 
inventory activities of the Eurasian Lynx. 
Another important observation is the impor-
tance of a participatory approach, in particu-
lar with respect to the formulation of targets 
and the assessments of impact predictions. 
The target formulation differed substantially 
from case to case, in part due to different 
initial objectives, but also depending on the 
stakeholders involved in the process. This 
finding is in line with Turnhout et al. (2007) 
who, as previously mentioned, argue that the 
ecological indicators need to be formulated 
through negotiation and boundary work at 
the science-policy interface in order to be 
anchored and accepted by the involved 
stakeholders. In the case of the Regional 
Landscape Strategies (Mörtberg, Zetterberg, 
& Balfors, 2007b), the assessment involved a 
set of workshops with stakeholders repre-
senting scientists from different disciplines, 
six different municipalities, non-
governmental organizations, landscape archi-
tects, the County Administrative Board of 
Stockholm, the Swedish National Road Ad-
ministration, the Federation of Swedish 
Farmers, and the Swedish Forest Administra-

tion. These workshops led to new input of 
data, re-iterations of the prediction models 
and modified, more accurate results that 
could not have been achieved without the 
participatory approach. In addition, it helped 
anchoring the final strategy among the stake-
holders. The case of the Regional Develop-
ment Plan (RUFS 2010) was of particular 
interest in that the development scenarios 
were actually re-designed at an early stage to 
better incorporate the ecological infrastruc-
ture. Subsequent landscape ecological model-
ing and predictions were then carried out, 
and the main results were incorporated in the 
reports used in the extensive public participa-
tion of the RUFS-process. 
In addition to the findings presented above, 
several new desires were either expressed by 
the stakeholders or successively formulated 
within the research project. One was the 
need to better validate the prediction models, 
which in turn would require long-term collec-
tion of ecological data, an activity which is 
very rare at present. Another request regards 
the need for measurable planning indicators 
and metrics, which can be used for example 
in comparing planning scenarios, formulating 
more specific targets, and during follow-up 
of a plan or project. The indicators should be 
ecologically relevant and systems oriented in 
order to better reflect the region-wide land-
scape-related properties of the ecosystems. 
There is also the need for tools to better 
prioritize future land-use between for exam-
ple areas of ecological importance and areas 
suitable for housing. A closely related issue is 
the need to better understand the internal 
structure of the ecological network. How are 
the patches within the habitat network map 
related? Which patches or links are important 
or critical for the sustainability or the resil-
ience of the ecological infrastructure? Where 
are the presumed physical connections be-
tween the patches manifested as connectivity 
zones in the landscape? There were problems 
related to the understanding or interpretation 
of concepts such as ‘habitat network’, and 
‘core areas’. Another problem related to the 
meaning of a connectivity zone. The func-
tional approach, in essence viewing the land-
scape through the eyes of another species, 
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was difficult to convey. This was for example 
the case when connectivity zones showed up 
across private gardens, church yards, across a 
street and an allotment garden, instead of 
along a green corridor of forest. 

6.5. Development of an operational graph 
theoretic model 

In response to several of the desires ex-
pressed in Paper I, the attention turned to 
network analysis and graph theory in Paper 
II. Despite having been proposed as an effi-
cient way to explore and analyze holistic 
systems properties of ecological networks, 
landscapes or habitats (section 3.4), little 
attention has been paid to making these 
graph-theoretic approaches operational 
within ecological assessments, planning, and 
design (chapter 4).  
In order to be successfully operational, the 
graph-based approaches need to be spatially 
explicit, geographically defined, placed and 
visualized in a relevant context and scale, and 
deployed in a working environment already 
in use by the stakeholders. Simple overlays of 
maps, relating the spatial whereabouts of 
potential impacts to geographically defined 
locations, are an example of an approach that 
has been showed to be successful in planning 
and assessments involving multidisciplinary 
communication (section 3.2). These findings 
are also in agreement with the findings of 
Paper I, using the GIS-based habitat network 
map as a communicative tool and a basis for 
prediction within ecological assessments and 
planning. 
However, the visualizations of graph-
theoretic representations of ecological net-
works presented thus far are restricted to 
simple patches of a predefined set of land 
cover classes considered to be habitat, con-
nected by straight lines, or least-cost paths 
representing the graph-theoretic links (sec-
tion 3.4). The extent of the area correspond-
ing to the links, such as the migration zones, 
juvenile dispersal zones, i.e. connectivity 
zones, also needs to be considered. This is 
just as important from the mapping perspec-
tive as the geographic extent of the patches. 
In addition, there are of course several other 
plausible mapping possibilities and the users 

engaged in planning, assessments or design 
activities need to be able to switch between 
different mappings and visualizations of the 
graph depending on the context, scale, and 
situation. One interesting approach has been 
presented by Theobald et al. (2006), where 
several different visual and geographically 
defined representations of nodes, links, 
patches, and linkages can be mixed.  
Recognizing the need for a collective and yet 
flexible model, Paper II separates the abstract 
graph-theoretic representation of an ecologi-
cal network from any visual or geographically 
defined representation of the network. These 
representations are instead unambiguously 
linked to each other, in effect linking process 
to pattern, and yet allowing for a separate 
analysis of the two, where appropriate. A 
common, generalized model is thereby 
achieved, approaching the ecological land-
scape at a higher, aggregated level, constitut-
ing the basis for a generalized interface be-
tween stakeholders. 
In order to separate the abstract from the 
visual representation, two complementary 
and strongly interlinked concepts are intro-
duced: the Ecological Network Graph 
(ENG) corresponding to any abstract, graph-
based representation of the network, and the 
Ecological Network Map (ENM), which is a 
collective term for any spatially explicit, geo-
graphically defined representation of the 
ENG. Each component of the ENG, for 
example a node, is unambiguously linked to a 
geographically defined part of the landscape, 
represented by a component in the ENM, for 
example the corresponding patch. The ENM 
is preferably represented within a GIS allow-
ing the incorporation of graph-based network 
properties into an effective analysis of plan-
ning scenarios, and design strategies, as well 
as a dynamic dialogue among stakeholders 
within ecological assessments. The spatial 
graph (Fall et al., 2007) is one of several 
different kinds of ENM:s (similar to Fig. 8b). 
A simple geographically defined graph con-
sisting of nodes and links (e.g. Bunn et al., 
2000) is another kind of ENM (similar to 
Fig. 8a). 
The separation and unambiguous linking of 
the abstract, graph-theoretic data structure to 



Network Based Tools and Indicators for Landscape Ecological Assessments, Planning, and Design 

 

27 

the geographically defined and spatially ex-
plicit structure allows for several new as-
sessment-, planning-, and design-techniques. 
Metrics, algorithms, and explorative tech-
niques already established within graph the-
ory can in this way be linked to geographi-
cally defined landscape objects in a relevant 
working environment, such as a GIS. 
Through graph theory, analysis of critical or 
otherwise important structures within a net-
work can be found on a scale that is relevant 
from a management or decision-making 
perspective (e.g. Keitt et al., 1997; Bunn et al., 
2000; Urban & Keitt, 2001). The ability to 
visualize different aspects of the network 
using a varying degree of detail depending on 
the context and scale, as for example when 
zooming between a regional overview and a 
detailed local perspective, is a crucial part of 
making the graph-based approaches opera-
tional, placing the local planning and design 
in a regional network context. The Ecological 
Network Graph can be represented using 
several kinds of data structures, such as adja-
cency matrices or adjacency lists. The ENM 
can be represented using several visual repre-
sentations, for example in a GIS. Fig. 8 illus-
trates three examples of ENM:s. 
The traditional representation (Fig. 8a) can be 
used to highlight important or critical com-
ponents within the system for conservation 
purposes, but it could also be useful within 
the regional planning process. The patch-link 
representation (Fig. 8b) is analogous with the 
spatial graph proposed by Fall et al. (2007), 
and has also been used in conservation plan-
ning, and greenway planning (e.g. O'Brien et 
al., 2006). The third representation (Fig. 8c) is 
crucial for the implementation of improve-
ments within the design process. The ‘Land-

scape network’ proposed by Theobald et al. 
(2006) has support for all three examples, 
including a tool for identifying multiple con-
nectivity zones between patches that can be 
seen in Fig. 8c. 
Another important aspect of making the 
graph-theoretic concepts operational is the 
ability to deploy these theoretic concepts in a 
context and daily working environment al-
ready in place by planners and designers. The 
operational maps within the ENM should 
therefore be implemented in such a way that 
they can be used seamlessly with other maps, 
tools and constructs used within the planning 
and design process, which is often achieved 
using a GIS. 

6.6. Testing the ENG/ENM model 
using a real-life case 

To illustrate the basic principles of working 
with the proposed operational ENG/ENM-
model, an ecological example was performed 
(Paper II) within the county of Stockholm, 
the capital of Sweden (Fig. 3), using the 
European common toad (Bufo bufo) as a pro-
file species. The study in Paper II moves one 
step beyond the issue of conservation of 
currently important structures, and seeks to 
identify suitable redesigns of the landscape to 
improve its social-ecological qualities. The 
example also illustrates the potential of using 
graph theory, not only to find areas that are 
important from a regional perspective (i.e. a 
system-centric analysis), but also to find parts 
of the network that are important from a 
local perspective (i.e. a site-centric analysis). 
The same methods that were used to find the 
patches in the case study by Mörtberg, Zet-
terberg, and Balfors (2007a), were scaled up 
in Paper II to cover the entire County. Least-
cost analysis was used to find 1361 potential 
annual home range patches, based around 
22 248 potential reproduction sites within the 
study area. In order to explore important 
internal ecological structures within the study 
area, a second least-cost analysis was then 
run, capturing the potential dispersal zones 
connecting these home range patches, and 
ten graph-theoretic indices were calculated 
for the resulting network. The relative impor-
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Fig. 8. Three examples of ENMs.
a) Traditional representation of a network.
b) “Patch-link” representation showing the
physical extent of the patches and the least-
cost path (LCP). c) Extent of both the
patches and multiple connection zones. 



Andreas Zetterberg  TRITA-LWR.LIC 2045 

 

28 

Fig. 9. Betweenness 
centrality for all 1361 
nodes in the ENG of 
study area in Fig. 2b. 
The thresholds (class 
1 and class 2), created 
using ArcGIS natural 
breaks (ESRI, 2006), 
divide the importance 
of the nodes into thre 
 distinct classes and 
the top two were used 
to illuminate the 
important patches in 
Fig 10b). 

tance, IΔ , of each patch with respect to each 
of the ten indices was finally calculated. All of 
the ten metrics could be used as planning 
indicators of connectivity to compare urban 
or regional planning scenarios. 
Betweenness Centrality (see section 2.6 for 
definition), emerged as an index capable of 
illuminating important smaller stepping stone 
patches running through the bottleneck of 
the study area around the heavily urbanized 
city of Stockholm (Fig. 10). This result is in 
agreement with Bodin and Norberg (2007) 
stating that the betweenness centrality index 
manages to emphasize areas that are thought 
to be important to the connectivity of the 
network even when the risk for habitat isola-
tion is low. Minor and Urban (2007) also 
showed that betweenness centrality could be 
used to identify stepping stone patches that 
were not easily identified with a spatially 
explicit population model. 
Fig. 9  plots the betweenness centrality of all 
the 1361 home range patches, and shows two 
threshold levels found using ‘Natural 
Breaks’ (ESRI, 2006). The additional unam-
biguous linking of the ENG to the ENM 
allowed a geographically defined visualization 
of essentially the same information, which 
illustrates the power of the conceptual 
ENG/ENM-model. A result of this linking is 
shown in Fig. 10 (from Paper II). This is 
essentially the same information as in Fig 9, 

but in a GIS with all the 1361 patches to the 
left (a), and only those above each of the two 
threshold levels to the right (b). This spatial 
representation could be useful within regional 
planning. 
In addition, the information about important 
systemic, regional structures can be brought 
into a local perspective. This opens up for 
powerful analysis techniques within urban 
planning, and design. When zooming in and 
only studying a few hundred nodes and links 
instead of several thousands, other ENMs 
can be used. The marked region in Fig 10 is 
studied in detail in Fig. 11. Here, two differ-
ent visualizations are shown, with a node-link 
map to the left and a patch-link map to the 
right. Both of these give insight into the 
relations between the local network structure 
and the regionally important aspects, and can 
thus be used to find parts of the network 
with local or regional improvement potential. 
The node-link map shows important sources 
for recruitment as larger nodes and how they 
are interconnected. The patch-link represen-
tation shows the extent of the patches in 
place of the nodes. In this case, the map 
shows important patches with respect to 
regional “betweenness centrality paths”. The 
other patches (striped) can be seen as poten-
tial building blocks when managing the eco-
logical network.  
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Fig. 10 All of the 1361 patches are shown to the left (a), and the patches considered important 
(class 1 and class 2) with respect to betweenness centrality, according to Fig. 9, are shown to the 
right (b). Note the small stepping-stone patches running through the city. 

© Lantmäteriverket 2009. Grant I 2009/0275 
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Fig. 11. Close-up of the network. Left: node-link representation. Size of node corresponding to 
source strength and link-threshold corresponding to one-year dispersal. Right: patch-link repre-
sentation. Solid patches have high betweenness centrality, and striped patches are below class 1 
and 2 threshold level. Link-threshold corresponding to three-year dispersal. 
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To explore this potential further, a local, 
urban study, followed by a more detailed 
study, both within the municipality of Stock-
holm, were carried out in Paper II. While the 
regional study aimed at finding important 
ecological structures through the region, the 
local study illustrated examples of managing 
“improvement potential”; both for the eco-
logical resilience of the entire network by 
increasing spatial redundancy, and for miti-
gating the isolation of the National Urban 
Park within the municipality of Stockholm 
(Paper II). In addition, the effect of a re-
design, involving the construction of three 
new spawning ponds within an area sug-
gested as suitable for improvement potential, 
was studied by re-running the ENM after 
modifying the input data. 

7. GENERAL DISCUSSION 

7.1. Ecological profiles or real species? 

The two main reasons for choosing the eco-
logical profile approach were its provisioning 
of a framework for profile inventory, and the 
communicative advantage of using an ab-
stract profile instead of specific species when 
involving non-ecologists (section 6.1). In 
reality it turned out to be quite difficult to 
separate the abstract profile from specific 
species throughout the entire process, from 
selecting, to working with, or communicating 
the ecological profile. In the phase of setting 
targets and formulating ecological profiles, 
the ideal methodology was to first formulate 
suitable profiles based on an aspiration level 
with respect to landscape requirements, and 
then populate the profile with real ‘profile 
species’ that could be used as examples. 
However, this methodology has been difficult 
to follow. The actual participatory process 
has instead started off with agreeing on rele-
vant ecosystem types for each case, and then, 
through local expertise, finding examples of 
species that are vulnerable within the current 
landscape with respect to those ecosystem 
types. Real species have then finally been 
grouped into functional profiles matching 
their landscape requirements. 
This is in effect closely related to the focal 
species approach (Lambeck, 1997), or the 

landscape species approach (Sanderson et al., 
2002). It resembles the landscape species 
approach by initially focusing on an antici-
pated land-use change, but does not try to 
find specific species with high area require-
ments and a demand for many different 
ecosystem types across the entire landscape. 
It resembles the focal species approach in 
trying to find a suite of ecological profiles 
that, altogether, are believed to include the 
requirements of many species, but it does not 
try to find specific species whose require-
ments are believed to encompass the re-
quirements of many other species with lower 
requirements. It is simply a way of organizing 
the functional requirements space. 
Another difference from the traditional focal 
species approach is the use of abstract eco-
logical profile names, intended to avoid the 
use of specific species in the communication 
with non-ecologists. As it turned out in the 
case studies of Paper I, however, both the 
abstract ecological profile and specific profile 
species were used depending on the context. 
When starting off with a specific species, 
there was a clear risk of limiting the discus-
sion. The systems perspective could get lost 
in favor of discussions about the relevance of 
protecting that particular species. On the 
other hand, when starting off with communi-
cation centered on an ecological profile, the 
reality of that abstract profile could be ques-
tioned, and the real-world profile species 
were needed to give credible examples. This 
is in agreement with Opdam et al. (2008), 
who initially assumed that the virtual ecopro-
file would be easier to work with due to for 
example reduced complexity, but that the 
stakeholders “attributed imaginary value to 
real species”. Indeed, in their case study, the 
stakeholders preferred to use the real species in 
the communication, even though they lost 
the systems perspective in doing so. This 
imaginary value of real species may in fact be 
the reason why the ecological profiles ended 
up being constructed via real species, instead 
of the other way around as was initially in-
tended. The results from Paper I show that 
both the ecological profile, the specific pro-
file species, and the corresponding habitat 
network maps were needed and comple-
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mented each other in the participatory proc-
ess. The ecological profile aided in the under-
standing of the ecosystems perspective. The 
habitat network maps aided in the under-
standing of the spatio-temporal systems 
perspective, and the profile species were 
needed for acceptance as well as a real, com-
mon imagination point of reference. 

7.2. A Landscape perspective and 
environmental objectives 

Despite difficulties in applying the method-
ology as first intended, I argue that a clear 
advantage of the ecological profile approach 
came out of the overarching organization by 
ecosystem type. This shifts the perspective 
from species as such towards the landscape 
as a starting point, which better matches the 
activities within physical planning, and its 
related assessment and decision-making 
activities. It also matches environmental 
objectives that are often formulated in terms 
of ecosystem types. For example, several of 
the 16 Swedish environmental quality objec-
tives are formulated using expressions such 
as ‘thriving wetlands’, ‘sustainable forests’, ‘a 
varied agricultural landscape’, ‘flourishing 
lakes and streams’, and ‘a magnificent moun-
tain landscape’ (Swedish Environmental 
Protection Agency, 2009). Hence, during the 
participatory process of formulating planning 
indicators and targets, ecological profiles 
matching those of the environmental objec-
tives or their more specific environmental 
targets could maybe be more easily anchored 
among the stakeholders. Indicators related to 
these profiles would in this case also better 
match several parts of the environmental 
assessment process and the subsequent fol-
low-up, such as monitoring. 

7.3. Species-landscape or species-species 
interactions? 

From a species-landscape point of view, 
Opdam et al. (2008) argue that the proposed 
ecoprofile matrix was important in facilitating 
both the communication, and negotiation 
among the stakeholders. Having a simple 
matrix with easy-to-understand parameters 
such as ‘total area requirements’ along one 
dimension, and ‘inter-patch distance’ along 

the other, made it easier for ecologist to 
communicate the ecological needs for an 
ecoprofile within each ecosystem type. They 
further argue that it was successful during the 
negotiation of a reasonable aspiration level, 
where changes in total protected area and 
maximum inter-patch distance easily pin-
pointed the portion of the ecoprofile matrix 
that would be included in the protection 
scheme. This would provide the desirable 
ease of understanding and flexibility needed 
during negotiation within the science-policy 
interface (Turnhout et al., 2007). 
I argue, however, that it is probably more 
fruitful to base the negotiation around the 
actual predicted spatial requirements and outcome 
of the model; using the map one can clearly 
illustrate the trade-off between spatial prop-
erties ‘where, why, and which species’, rather 
than the non-spatial properties ‘area, inter-
patch distance, and portion of the ecoprofile 
matrix’. Although this approach would re-
quire the involvement of ecological expertise 
to run an initial model iteration, the boundary 
objects (boundary object; Turnhout et al., 
2007) for negotiation, formed through the 
habitat network maps (Paper I) or ecological 
network maps (Paper II), are probably easier 
to understand than the more abstract generic 
parameters used in the ecoprofile matrix. In 
addition, moving away from a simpler model 
based on a generic approach, to a more con-
text specific flexibility of the model, would 
produce a higher ecological relevancy, which 
may be important for a successful anchoring 
during the negotiation process. These hy-
potheses need to be investigated further. 
Another important point with respect to 
ecological relevancy is that it may in fact be 
the interactions between different species 
that are far more important to consider than 
the interactions between a functional ecologi-
cal profile and the landscape. Much of the 
work on spatial population dynamics and its 
relation to landscape properties such as the 
amount and quality of habitat, and the frag-
mentation of the landscape, including the 
work in Paper I and II, does not take these 
species interactions into account. Some of 
the case studies in Paper I took on a multi-
species or ‘many ecological profiles’ ap-
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proach, but none of them attempted at in-
cluding inter-species or intra-species interac-
tions. 
Within metapopulation ecology, the impor-
tance of interactions such as interspecific 
competition has been studied (Iwasa & 
Roughgarden, 1986; Bengtsson, 1991), and in 
(meta-) community ecology, it is recognized 
that different types of interactions and eco-
logical processes dominate at different spatial 
scales (e.g. Leibold et al., 2004). Studies of 
complex network interactions within food-
web theory suggest that species interactions 
are a lot closer than previously believed, and 
that the removal of certain species can in fact 
restructure the entire species community 
(Sole & Montoya, 2001; Montoya et al., 
2006). Depending on the strengths of species 
interactions with other species or their re-
sources, the loss of a single species can theo-
retically even produce a secondary cascade of 
species extinctions (Christianou & Ebenman, 
2005; Eklöf & Ebenman, 2006). 
This research arena is not without debate, 
however, and there are sometimes strong 
deviations between model predictions and 
empirical results, some of which can be ex-
plained by including a spatial dimension (Van 
de Koppel et al., 2005). In essence, this 
would drive the research towards including 
both species-landscape, and species-species 
interactions, producing an ever increasing 
level of complexity. Another complicating 
factor is the temporal mismatch between 
pattern and process; there can be a time-lag 
of several decades or even centuries between 
land use or land management changes, and 
significant effects on species distributions 
both in urban (Löfvenhaft et al., 2004) and 
rural (Lindborg & Eriksson, 2004) land-
scapes. Ultimately, the question is about 
simplifying the ecological complexity enough 
to allow for effectiveness, flexibility, and 
understanding among stakeholders, while still 
being ecologically relevant and credible (Cash 
et al., 2003). 

7.4. Species systems, ecosystems, or 
social-ecological systems? 

Even though it is already computationally 
possible, and with more ecological knowl-

edge may also be practically possible to 
model a very high level of complexity and 
spatial dynamics, including inter-species, 
intra-species, and species-landscape interac-
tions, the key question remains. What is it 
that we really want to achieve and be able to 
take into account within physical planning 
and environmental assessments? Within 
conservation biology this key question is 
somewhat easier to answer and is often ex-
pressed in terms of viable populations of 
selected species, although the term viable can 
certainly be debated as well as the lack of a 
social-ecological systems perspective in the 
modeling activities, including for example 
management or governance issues. Within 
the realm of physical planning or higher level 
environmental quality objectives, the key 
questions are much vaguer. Objectives often 
refer to ill-defined, value laden concepts such 
as the level of biodiversity, sustainable social-
ecological systems, ecosystem functioning, 
and ecological integrity. 
There seem to be clear links between some of 
the major constituents of these concepts, for 
example between species richness and eco-
system properties such as nutrient cycling, 
productivity, and decomposition rates 
(Loreau et al., 2001). However, trying to use 
such criteria to create operational relations 
between ill-defined and vague concepts, such 
as biodiversity and ecosystem functioning, is 
problematic (Bengtsson, 1998), and has led to 
intense debate and controversy over the 
years. Due to the inherent value laden nature 
of these high level concepts, I do not foresee 
an operational solution to such an approach. 
Despite this apparent dead-end, I agree with 
Noss (1999) in that we must continue to act 
on current knowledge, and learn through 
adaptive management, hopefully without too 
much damage along the way. Scientific pro-
gress within smaller parts of the system, such 
as the tools and methods presented in this 
thesis that focus on the species-landscape 
interactions, are important contributors to 
this knowledge. One of the main challenges 
within the systems analysis, that has received 
little attention, is finding better methods for 
linking and integrating the models between 
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the micro, meso, and macro scales (Ostrom, 
2007). 

7.5. Effective application of landscape 
ecological assessments 

One of the aims with the case studies of 
Paper I was to acquire general knowledge 
about the effectiveness, understanding, and 
trust of the steps in the LEA framework. The 
participatory approach that was used in the 
case studies ended up not only serving the 
intended purpose of anchoring the method-
ology and potential impact results among 
stakeholders, but also providing better data 
input, more accurate model predictions, and 
a better understanding among the stake-
holders of the science behind the models. 
The last part is important for the effective 
application of the assessments, since stake-
holders may not support what they do not 
understand (Theobald et al., 2000; Cash et al., 
2003). The participatory steps of the frame-
work also provided input regarding im-
provements of understandability and usability 
as proposed by Turnhout (2007), some of 
which were used in Paper II. This supports 
the idea that landscape ecology must co-
evolve with spatial planning to be successful 
(Ahern 1999, as cited in Opdam et al., 2003). 
In particular, local expertise was found to be 
important in providing more accurate data 
and validating the predictions of potential 
impacts by the landscape ecological models. 
Indeed, there are attempts at devising col-
laborative GIS- methods to incorporate local 
and technical knowledge into the already 
existing knowledge bank and GIS-data (Bal-
ram et al., 2004). 
Despite the positive response indicated in the 
case studies and in Paper I, the effectiveness 
has not been formally tested. Neither have 
the graph based approaches, metrics, or the 
ENG/ENM-model developed in Paper II. 
These were designed with the aim of being 
operational in planning assessments and 
design; some of the potential was explored in 
Paper II, but their operational effectiveness 
needs to be formally tested as well. 
Although the spatial maps proved to be use-
ful to communicate predictions, a better 
understanding of the complex nature of the 

ecological infrastructure, and as negotiation 
tools, the power of the map as a concrete 
artifact that could be misused or infect the 
dialogue was evident. Even though for ex-
ample the uncertainty in these models was 
communicated, the exact location of for 
example a border between habitat network 
and non-habitat network could end up being 
intensively debated, both by those who felt 
that an area should be included in the habitat 
network, and those that felt that an area of 
their interest was intruded by the habitat 
network. Even the choice of color for illus-
trating the habitat network turned out to be 
important, and the ‘wrong’ color could lead 
to politically charged situations. It seems clear 
that deceivingly accurate and objective maps 
of this kind are very strong communicative 
tools and, as such, they will be used politi-
cally, sometimes even to promote conflicting 
ideas. 

7.6. Resilience, robustness, and 
redundancy 

Within urban and regional planning and 
design, it is of interest to know which areas 
are suitable to develop without a large nega-
tive impact on the ecological integrity. One 
way of achieving this is to look for redundan-
cies in the ecological network. However, one 
has to keep in mind that the resilience of the 
ecological network is degraded when remov-
ing spatial redundancy in the network 
(Janssen et al., 2006). Indeed, one of the 
results in Paper II illustrated how to increase 
resilience by finding areas suitable for creating 
spatial redundancy in important structures. A 
deeper understanding of the ecological net-
work structure helps to select areas where 
redundancy can be increased as well as areas 
that are of less ecological importance and 
where redundancy could be decreased, allow-
ing for other functional aspects of the land-
scape, such as housing. 
However, there are intricate and complex 
trade-offs to watch out for, and a tool for 
finding redundancies (Paper II) can lead to 
counterproductive effects. Even though the 
robustness of the model can be improved 
with respect to a number of proposed plan-
ning scenarios and uncertainty in parameters, 



Andreas Zetterberg  TRITA-LWR.LIC 2045 

 

34 

it does not automatically imply that the so-
cial-ecological system is resilient. Indeed, the 
more efficiently we plan, even though the 
intention is planning for sustainability, the 
more rigid the structure of the system may 
become. In effect, this can dramatically de-
grade the resilience of the social-ecological 
system, making it even more vulnerable to 
sudden changes (Holling, 1987). This appar-
ent paradox calls for a shift in mental models, 
where we accept the limitations of the human 
ability to plan and adopt steady-state inspired 
policies, and move towards an adaptive gov-
ernance of the multidisciplinary landscape 
which we are a part of (Folke, 2006). 
Yet, even within adaptive governance and 
management, we are still faced with a need to 
prioritize elements of nature, in particular in 
urbanizing regions with expensive land and 
increasing pressure on the remaining lots of 
undeveloped land! Choices have to be made 
and in an environment such as a heavily 
urbanizing area, changing the land use of an 
area that has already been engulfed by the 
urbanization process is not possible, hence 
restricting the options within adaptive man-
agement. In such an environment, I argue 
that being able to strategically plan for spatial 
redundancy (Paper II), may uphold some of 
the spatial resilience in the form of ecological 
memory within the system (Bengtsson et al., 
2003). 
A suite of carefully selected ecological pro-
files (Paper I) may also promote resilience if 
an overlapping of function through species 
redundancy within scales, can be reinforced 
across scales (Peterson et al., 1998). This 
species redundancy, distributed across a 
range of spatio-temporal functional scales, 
can be an important factor contributing to 
response diversity (Elmqvist et al., 2003), 
which is an important component in the 
sustainment of ecological resilience and eco-
system services. 

7.7. Sources, sinks, and barriers 

In many ecological applications of least-cost 
modeling, the friction values are often related 
to a mixture of energy expenditure, behav-
ioral aspects, and mortality risks (e.g. Ray et 
al., 2002; Adriaensen et al., 2003; Joly et al., 

2003; Theobald, 2006). As a consequence, 
areas with high mortality are assigned a 
higher friction value, which in effect results 
in a reduction of the accessible patch area in 
the habitat network map. In network analysis, 
a more appropriate approach could be to link 
the mortality risks to a reduction of the sur-
viving number of propagules flowing through 
the network. In Paper II, the mortality risks 
were separated from energy expenditure, only 
acknowledging energy expenditure as being 
part of the effective distance. This opens up 
for other methods for handling the mortality 
risks, such as probability-related models, 
which in turn can result in both a better 
geographic representation of the potentially 
accessible patch, and a separate analysis of 
how to mitigate mortality risks. 
As an example, roads are often considered to 
be barriers (e.g. Forman & Alexander, 1998), 
but I argue that, in many landscape ecological 
cases, several roads should instead be re-
garded mainly as population sinks within the 
network (population sinks; Pulliam, 1988) 
instead of barriers. A sink can then be mod-
eled using a node with consumption (i.e. 
negative value) instead of production. This is 
particularly the case for the common Euro-
pean toad in Paper II, because some toads 
(and many other amphibians) may have no 
problem crossing certain roads, and often do 
not even avoid crossing. Once on a road, 
however, there is a substantial risk of being 
killed (e.g. Fahrig et al., 1995; Hels & Buch-
wald, 2001). In order to better reflect this in 
environmental assessments, this loss of indi-
viduals due to certain roads being sinks 
should be emphasized and not disguised by 
regarding the problem simply as a case of 
fragmentation due to roads as barriers. By 
not including the mortality in the friction 
value used for least-cost analysis, the network 
map clearly illustrated the potential sinks, and 
could thus be used to guide a more ecologi-
cally sustainable design of the landscape. 
Indeed, a short term solution could in fact be 
to create barriers along the roads that currently 
act as sinks in the landscape. 
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7.8. Dealing with subjectivity, errors, and 
uncertainty 

Although the ecological profiles, graph theo-
retic networks, and habitat network maps 
were created within the realm of natural 
science, using models, parameters, statistics 
and multi-dimensional diagrams, they are of 
course far from objective. In both Paper I 
and Paper II, as well as the report on the 
Eurasian Lynx (Zetterberg, 2007), several of 
the parameters used for modeling the habitat 
network maps were gathered using expert 
judgment, a method which introduces subjec-
tive uncertainties. These uncertainties could 
possibly be bracketed using bounding habitat 
suitability maps, as suggested by Ray and 
Burgman (2006), but the models should 
ideally be validated. The fact that both reso-
lution and detail in the datasets often vary 
among different administrative units can also 
introduce artifacts in the results. 
The ecological profile is also a highly subjec-
tive construct. As an example, how does one 
really define habitat requirements? Is it sim-
ply area requirements of some habitat, qual-
ity-weighted or not, or is it dependent on the 
internal configuration of different resources? 
The life-cycle based approach that was sug-
gested in Paper II is a step in a more detailed 
direction. This potentially narrows down the 
vagueness of the profile dimensions, albeit 
still subjective, but it makes modeling more 
complicated and model validation more 
costly due to the increase in validation data 
requirements. There is also a clear trade-off 
between increase in detail and potential accu-
racy on one hand, and the decrease in com-
municative power due to more complexity. 
Opdam et al. (2008) simplify the parameters 
into a matrix of total area requirements, and 
inter-patch distance for each ecosystem type. 
However, I argue that when modeling spe-
cies, be it single or several, it is crucial to 
capture the parameters that may be signifi-
cant in illustrating the impacts on critical 
parts of the system, which means that the 
choice of parameters is highly context and 
case dependent. I hypothesize that the bene-
fits of an increase in detail and flexibility of 
parameters, such as higher ecological rele-
vance, outweigh the potential communicative 

loss due to an increase in complexity. It may 
even end up improving the total understanding 
of the system among multidisciplinary stake-
holders, even those with little or no ecologi-
cal knowledge, compared to easy-to-
understand but ecologically questionable 
simplifications. 
A drawback of a more context dependent 
and detailed ecological approach is the need 
for expert knowledge. On the other hand, the 
need for, and use of expert knowledge is not 
unusual in planning and decision making 
when assessing for example, potential im-
pacts on traffic systems, commerce, social 
equity or health related issues. In order to 
meet the need for an iterative planning proc-
ess, the results from the initial expert output 
could be transformed into an intermediate 
knowledge structure, usable by for example 
non-ecologist planners in exploring, testing 
and changing potential effects of different 
scenarios. The final proposed scenarios re-
sulting from this process could then again be 
re-modeled by experts. Another source of 
subjectivity is within the evaluation of the 
results, which can also be handled using 
expert panels (Geneletti, 2005, 2007). 
On a more general level, both the habitat 
network maps in Paper I, and the graphs and 
network metrics in Paper II, are susceptible 
to great uncertainty at this stage due to the 
uncertainty related to landscape data (Rae et 
al., 2007), uncertainty related to the model 
structure and the methods used to create the 
graph, and due to lack of knowledge about 
the ecology of the modeled species. Notwith-
standing their limitations due to uncertainties, 
both the habitat network models and the 
graph theoretic models are useful as heuristic 
frameworks to explore the ecological infra-
structure. The graph theoretic analysis can be 
driven with very little data (Bunn et al., 2000; 
Urban & Keitt, 2001), and critical parts of the 
network can still be identified, for example 
using patch importance indices found 
through patch removal (Keitt et al., 1997) 
and searching for thresholds, as was done in 
Paper II. Similar techniques have been used 
to explore tradeoffs between a patch’s con-
tribution to overall connectivity and its corre-
sponding increase in protected area (Rothley 
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& Rae, 2005), or to analyze critical thresholds 
in connectivity with respect to dispersal dis-
tance (e.g. Keitt et al., 1997). 

8. CONCLUSIONS 

The habitat network tool that was introduced 
and tested in the case studies was shown to 
be useful in the urban and regional planning 
projects, as well as for the management of 
the Eurasian lynx. Areas within the city of 
Stockholm, in which suggested developments 
of the planning scenarios were detrimental to 
habitat networks, were successfully localized. 
This information on areas of conflict was 
subsequently used for decision support. An 
attempt at quantifying habitat loss and the 
splitting of habitat networks was able to 
predict negative impacts of the four planning 
scenarios tested in the Regional Develop-
ment Plan (RUFS 2010). 
A strong indication of the effectiveness of 
the habitat network tool is the fact that it has 
recently been successfully implemented by 
several of the clients. Indeed, the results of 
the commissioned cases within the research 
project, such as the GIS-layers of habitat 
networks, are actively used in planning, as-
sessments, inventories, and monitoring by 
Stockholm Municipality, the County Admin-
istrative Board of Stockholm, and the Office 
of Regional Planning and Urban Transporta-
tion. The case studies also showed that the 
GIS-based habitat networks were useful as 
communicative tools in participatory ap-
proaches involving several different kinds of 
stakeholders. In these, both the ecological 
profile, and the corresponding habitat net-
work map as well as the specific profile spe-
cies were needed and complemented each 
other in the participatory process. The eco-
logical profile and the habitat network aided 
in the understanding of the systems perspec-
tive, and the profile species helped by appeal-
ing to the imagination of the stakeholder, and 
by providing real examples of the profile 
needed for acceptance of the profile concept. 
The case studies expressed a need for ecol-
ogically relevant systemic metrics that can be 
used as indicators within planning and as-
sessment activities. There was also a need to 
prioritize among areas within the habitat 

networks and to clearly distinguish ecologi-
cally critical structures within the network. 
Another desire that was expressed was the 
ability to highlight structures that can be used 
to improve the network through an effective 
redesign of the landscape. 
The proposed ENG/ENM-model presented 
in Paper II, was designed to meet these 
needs. Through the design of an operational 
model, linking graph theory to operational 
maps, graph-theoretic methods can be in-
cluded in a GIS. This facilitates a context 
dependent, spatially explicit, and geographi-
cally defined network analysis in a working 
environment already in use by planners and 
designers. Inherent in network analysis and 
graph theory is the ability to capture complex 
interactions and emergent phenomena across 
the entire network, in ways that could never 
be achieved by structural or statistical ap-
proaches. It has the potential of finding the 
critical interactions within some part of the 
network that make the difference between 
two completely different outcomes. 
Indeed, these aspects were explored by illus-
trating how the model could be used in find-
ing important regions within a network, as 
well as how to, either increase resilience 
through spatial redundancy, or direct housing 
development to redundant areas. In addition, 
it was illustrated how the tool can be used in 
urban design to improve the ecological qual-
ity, both from a systems perspective, and a 
site perspective. The ENG/ENM-model 
places the graph theoretic toolbox in a geo-
graphically defined landscape, providing 
completely new insights for physical plan-
ning, and environmental assessment activi-
ties. 
It is hoped that the results and developments 
presented in this thesis will improve the 
knowledge transfer through the science-
policy interface by facilitating the use of 
landscape ecological aspects in assessments, 
planning and design, as well as providing 
insight into the needs for effective applica-
tion. 
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9. FUTURE RESEARCH 

There is a strong need for further develop-
ment and testing of ecologically relevant, 
graph-based metrics. Most graph-based met-
rics that are currently used are direct adapta-
tions of classical counterparts from other 
disciplines. A general requirement is that the 
metrics can be validated. This will be a major 
challenge, but an interesting way of validating 
both the proposed landscape ecological mod-
els and the graph-based metrics is through 
genetic approaches. It is for example argued 
that the betweenness centrality index intro-
duced in this thesis could be tested this way. 
An ecological interpretation of betweenness 
centrality is that it may indicate areas with 
long-term genetic variety. The index identi-
fies the patches routing the highest propor-
tion of the shortest effective dispersal paths 
between two randomly selected patches. 
Since the algorithm is influenced by all 
patches, including those that are far from 
each other and thus probably more geneti-
cally different, patches with the highest be-
tweenness may indicate the genetically most 
diverse paths through the network. In the 
meantime, at least the uncertainty of any 
metric due to the uncertainty in model struc-
ture and input parameters can be explored 
through forward uncertainty analysis. 
Another way of validating the model is to use 
empirical observations when possible. Recent 
availability of new data opens up for interest-
ing possibilities regarding the habitat network 
model. For example, in the case study on the 
ecological conditions for the Eurasian lynx in 
Stockholm County, the model was used to 
predict areas of potential colonization by lynx 
within three years. Now, two years after the 
study, a large scale inventory of lynx in three 

adjacent counties has recently been com-
pleted, and preliminary results indicate that a 
large portion of the predicted areas have 
been colonized. 
When focusing on landscape-species interac-
tions, it is easy to forget the importance of 
interactions between the species. There have 
recently been some interesting developments 
within the field of spatial food-webs, but 
there is a need to also consider non-trophic 
dynamics; both antagonistic dynamics, such 
as competition, and parasitism, and mutualis-
tic ones, such as pollination. 
Although it is argued that the graph based 
landscape ecological approaches can be effec-
tively applied in physical planning and envi-
ronmental assessments, this has not been 
formally tested. The validity of this argument 
would benefit from further case studies fo-
cusing on aspects such as usability, under-
standability, credibility, and negotiation flexi-
bility. A number of communicative aspects 
could be tested; in particular the trade-off 
between accurate results and few parameters. 
Which is easier to understand, or more credi-
ble, and for which stakeholders? What kinds 
of boundary objects in the science-policy 
interface are effective for negotiation? Should 
they for example be based on general nu-
meric parameters such as the trade-off be-
tween the total protected area and number of 
potentially affected species? Or around the 
trade-offs between the predicted, explicit, 
spatial location and the actual species that 
may be affected? A major challenge will be 
finding a good trade-off between the com-
municative aspects and the ecological rele-
vance. 
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