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SUMSUMSUMSUMMARYMARYMARYMARY    

The study describes the potential of various habitat suitability indices (HSI) using remotely 

sensed data (Landsat 5 and 7) and other mapped information in digital format for the 

characterization and monitoring of rare species habitats at the landscape level over time. The 

main focus was to develop a flexible and open system for habitat monitoring which allows a 

pragmatic overview of habitat development for a rare or umbrella species without field 

assessments, or with very limited field assessments. Habitat suitability is derived by a 

modelling approach that integrates objective information of natural conditions. Areas of 

habitat loss and habitat gain can be identified by modelling habitat suitability for different 

occasions. In addition the model can be used to predict the effect of human induced changes 

on the environment and on habitat suitability.  

The approach concentrates on potential attributes of two example habitats for the key species 

Red Kite (Milvus milvus) and Black Stork (Ciconia nigra). The potential HSI models are 

analysed with regard to their sensitivity to changing environmental conditions, and also with 

regard to the influences of individual attributes used as input for the models. To test the HSI 

models a heterogeneous landscape with a combination of different landscape elements such as 

lakes, meadows, agricultural land, and forested areas was needed. Therefore the landscape 

around the village Moritzburg, located close to the city of Dresden, Germany was selected as 

the test site. It is characterised by a pronounced heterogeneity of landscape elements such as 

forests, meadows and lakes.  

The remote sensing (RS) data for the year 2000 were combined with ground data collected in 

the field campaign of the research project “MNTFR”1. In addition, the database 

“Datenspeicher Wald” provided forest information for the year 1989 based on the forest 

                                                 

1 FAIR CT98 4045 www.forst.tu-dresden.de/Informatik/mntfr/ 
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inventories at the company level. Attributes, based on Natura 2000, such as food supply or 

nesting resources, were utilised as input for HSI models. The in situ data were combined with 

satellite data using a spatial statistic approach called kNN method for extending in situ 

attributes to the entire area of interest. KNN classifies the remote sensing data according to 

their spectral information, after the in situ data were matched with the relevant pixel 

information in the Landsat images. Habitat suitability maps for both occasions (1989 and 

2000) were compared for the individual key species. 

The combination of the Landsat data with the ground data applying the kNN method for both 

occasions underlay the three HSI models tested in this study: 

1. The Habitat Suitability Index (HSI) with binary attribute maps 

2. The Enhanced Habitat Suitability Index (EHSI) applying binary attribute maps 

enhanced with fuzzy sets  

3. The Habitat Suitability Index with Home Rage Aspect (HR-HSI) applying recalculated 

attribute maps with an activity radius of 200 m for each pixel. 

Each of these HSI models includes two levels of consideration: the attribute level and the life 

requisite level. In all three HSI models a number of weighted attributes, e.g. “timber volume” 

indicating patches with forests of more than 300m³ timber volume per hectare and “open 

forests” indicating patches with a canopy cover of 15%, are added to one life requisite called 

“nesting”. Within the final habitat modelling procedure the combination of life requisites such 

as “nesting” as well as the life requisites for “food” and “safety” requirements was realised 

with two different approaches for each model: 

- The multiplicative approach with multiplicative combination of life requisites resulted 

in the original models HSI, the EHSI and HR-HSI and 

- The summation approach with additive recombination of life requisites resulted in the 

models HSI+, EHSI+ and the HR-HSI+ 

The suitability of the life requisite “safety” for Black Stork could not be detected with the HSI 

in the test site. Because of the tourism in the Moritzburg area there is a high density of roads 
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and hiking paths, and consequently none of the area meets the safety requirements reflected 

by the attribute “infrastructure distance of minimum 3 km”. The area is also too densely 

populated and there were not any areas with a “resident population of less than 100 

inhabitants/km², what describes the second attribute for the life requisite “safety”. Therefore 

the other models were not used to investigate the habitat suitability for Black Stork. 

A sensitivity analysis was applied to show the influence of the individual attributes in the HSI 

model itself, and the different effects of the various combinations of life requisites within the 

original HSI model and the combinations of attributes due to the test site conditions. The 

sensitivity analysis was realised with a seven digit habitat image including the presence of all 

attributes in each image digit. Thus the influence of each attribute in the entire HSI model 

results could be analysed. 

The HSI model indicates that from 1989 to 2000 the area of potential habitat suitability for 

Red Kite increased from 4,5% to 7,8% of the test site area. However, most of the patches 

indicating suitable habitats can be found in different locations in 2000. The HSI+ model 

applying an additive recombination of life requisites resulted in an increase of areas with 

potential habitat suitability of more than 8% of the test site area. The potential habitat 

suitability for the Black Stork could not be detected due to the high resident human 

population and the many recreation facilities around Moritzburg. These attributes are 

important components of the life requisite “safety”. 

An EHSI model was realised by applying fuzzy sets on each attribute map. Within the fuzzy 

implementation a membership function simulates the linear decrease of the attribute 

probability from the patch borderline with the value 1 to 0 at a defined distance of 150 m. 

According to the EHSI model the area of potential habitat suitability increased from close to 

32% to nearly 53% of the test site area from 1989 to 2000. The EHSI+ model applying an 

additive recombination of life requisites resulted in a decrease of areas with potential habitat 

suitability of more than 8% of the test site area between 1989 and 2000.  

A potential habitat change assuming higher timber volumes in forests as a consequence of the 

desire to increase the carbon stock under the Kyoto Protocol’s Article 3.4 was simulated. The 

simulation resulted in a habitat suitability decrease in more than 55% of the test site area.  
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The habitat suitability index with home range aspects (HR-HSI) on attribute level indicates an 

increase of habitat suitability from nearly 13% to over 74% of the test site area between 1989 

and 2000. For the approach applying an additive recombination of life requisites (HR-HSI+) 

the area of potential habitat suitability increases from about 33% to more than 66% of the test 

site area from 1989 to 2000. This is nearly half of the increase resulting in the multiplicative 

approach (HR-HSI). 

All HSI model variations (HSI+, EHSI+ and HR-HSI+) with an additive recombination of life 

requisites detected more habitat losses, than the approaches applying a multiplicative 

combination of life requisites. The additional habitat losses caused by a drained lake in the 

north-eastern part of the test site were detected similarly by all variations of the HSI models 

with additive recombination of life requisites. Therefore the approach with summation of life 

requisites was chosen as the preferred model approach because of its sensitivity to detect 

more potential habitat changes, than the approach with multiplicative combination of life 

requisites. A multiplicative combination can be useful in identifying special quality 

requirements such as water quality. 

While all HSI models are able to detect habitat changes and to predict future habitat 

development, the EHSI model proved to be efficient to enhance purely binary data into 

discrete transition probabilities along suitable pixel with a decreasing probability within a 

distance of 150 m. The HR-HSI model proved to be useful in describing neighbourhood 

relations of habitat attributes. It offers a graduation of habitat potentials calculating 

continuous transition probabilities. According to the assumed life requisite weights within the 

study the HR-HSI model is sensitive for areas of minimum 25 hectares indicating potential 

habitat loss or gain in the test site. The graduation of the habitat values and the definition of 

thresholds, even on the life requisite level, can support decision- and policy-making 

concerning landscape management, as well as enabling simulation of changing individual 

attributes. 

The study tested whether a HSI model could derive objective habitat suitability information 

and detect potential habitat changes over time. Depending on the aims, the scale of 

application can vary from local to regional to national and multinational level. The HSI 

models were applied as an open system in terms of new knowledge achievements and 
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additional sources of objective data. The effects of land-use and land-cover changes on the 

potential habitats of key species can be predicted; what opens the potential to implement the 

approach into decision processes for sustainable land-use planning with respect to 

biodiversity conservation. The study concentrated on the principal possibilities of HSI models 

with objective data sources on landscape level. The main obstacle to a successive 

implementation of the HSI models is a comprehensive description of factors driving habitat 

suitability that have hardly been presented in quantitative terms. Therefore an 

interdisciplinary knowledge transfer is recommended to realise the transition to an operational 

level implementing quantitative information of species specific requirements for habitat 

suitability modelling. The applied HSI models for Red Kite are tested with the available data 

in one selected test site; the results of the HSI models themselves have the character of a case 

study. Therefore the results cannot be generalised so far. The focus of the study was to 

investigate the detection of potential habitat changes, the sensitivity, and the role of the 

selected attributes and their combinations and weights. In order to apply the HSI models at an 

operational level, the species specific definitions of real habitat values for species like the Red 

Kite or others still have to be investigated. Attributes and life requisites with their weights still 

have to be defined and verified for other species or umbrella species of interest. The 

variability of the results show, that quantitative information for a sufficient description of 

complex wild life habitats requirements are still needed to achieve relevant information for a 

habitat modelling in operational terms. 
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During the last decades greater emphasis has been placed on biodiversity in terms of 

sustainable development and use of natural resources. During the United Nations Conference 

on Environment and Development (UNEP  1992) in Rio de Janeiro, biodiversity, defined as 

the “variability among living organisms from all sources, including terrestrial, marine and 

other aquatic ecosystems and the ecological complexes of which they are a part” was 

recognised as an essential issue. Most European countries have ratified the “Convention of 

Biological Diversity” (CBD). The affiliated EU activities included the “Ministerial 

Conference on the Protection of Forests in Europe” (MCPFE)1, in which Resolution H2 

“General Guidelines for the conservation of biodiversity of European forests” was adopted, 

because forests were found to be the landscape element, which encompasses the greatest part 

of the entire biodiversity. Within the MCPFE “Environment for Europe” initiative the “Pan-

European Biological and Landscape Diversity Strategy” was defined. Further the EU ratified 

conventions related to the safety of biodiversity, e.g. the NATURA 2000 and the Fauna, Flora 

and Habitats (FFH) Directive (EC  1992), as well as the Biodiversity Strategy (EC  1998). 

Besides a number of national initiatives the European Environmental Agency (EEA) is 

monitoring the state of the European environment. 

The complexity of the concept of biodiversity necessitates the development of different 

criteria, indicators and factors for practical measurements and monitoring purposes, for 

instance in the Temperate and Boreal Forest Resources Assessment (TBFRA  2000) , or in 

the BEAR-project (LARSSON ET AL.  2001) . Additionally the monitoring purposes on 

European level need harmonisation of definitions (e.g. KÖHL AND PÄIVINEN  1996).  In 

Europe there is a pronounced regional diversity in ecosystems depending on ecoregions, 

                                                 

1 Formally the “Helsinki Process” 
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social systems, forest history, and ownership structures (ANDERSSON ET AL .  2000) . To 

assess biodiversity, especially on large scales such as across the European Union, the concept 

of key or umbrella species are widely accepted as indicators of the biodiversity and ecological 

potential of a particular region (MCPFE,  1998;  PUUMALAINEN,  2001) . The main 

purpose of the national initiatives and the EEA is to monitor biodiversity, while political 

decisions can influence landscape changes dramatically. This requires objective information 

about the implications of political decisions. 

”Diversity” is a generic term referring to the condition of being different; a useful synonym 

for diversity is variety. Measures of diversity can be used as an indicator of qualitative 

characteristics (e.g., tree diameter) like variance can be used as a measure of quantitative 

characteristics (e.g. tree species) (P IELOU 1975) . On the landscape level diversity indices as 

measures for e.g. quantifying the biodiversity of a habitat through the amount of species 

within a defined area (SHANNON AND WEAVER 1949)  have been developed. Diversity 

indices are e.g. the number of individuals or even species in a defined area of interest (PATIL 

AND RAO 1994). Landscape indices are statistical measures to describe the structure of any 

landscape (MCGARIGAL AND MARKS 1994,  OEHMICHEN 2001,  O´NEILL ET AL .  

1988,  WALZ 1999). Both, the landscape indices and the diversity indices quantify 

biodiversity in more or less useful ways (KÖHL AND Z INGG 1996) . However, the 

prediction of the effects of political decisions on landscapes and habitat suitability is limited 

especially in the case of those species that use specific habitats in landscapes with diverging 

structures. Simulation and modelling of habitats can offer politically relevant information by 

forecasting the implications of potential land use activities on spatial and temporal scales. 

Many of the international reporting obligations require frequent and detailed information. The 

combination of former assessments and inventories with new technologies like remote 

sensing (RS) or geographical information systems (GIS) offer an opportunity to increase 

efficiency and reliability of temporal and spatial information concerning natural resources. 

The habitat suitability index (HSI) model is based on the application of ancillary data such as 

Landsat TM imagery in combination with in situ data using the k-nearest neighbour (kNN) 

classification method. The kNN algorithms are applied using GIS and modern image analysis 
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software to ensure an efficient, but also flexible means of retrospective landscape analysis in 

terms of habitat suitability modelling. 

The objective of this study is to develop an appraisal concerning the potential of habitat 

models for early warning and decision support properties applying a simulation of potential 

habitat change as a consequence of different policies. The approach chosen is concentrating 

on the concept of key species´ habitats, which are analysed with regard to their sensitivity to 

changing environmental conditions and also with regard to the influences of individual 

attributes used as input for the HSI models studied. The approach allows predicting the effect 

of political decision scenarios by an open model like the presented HSI. The HSI models 

reflect the potential habitat suitability as an assumption of the real habitat requirements of the 

two example key species, Red Kite (Milvus milvus) and Black Stork (Ciconia nigra). The 

results are verified by the application of the HSI models in a test area located close to the city 

of Dresden in Moritzburg, Germany. The test area was chosen because of its heterogeneity of 

landscape elements e.g. agricultural land, lakes, meadows or forested areas. The 

heterogeneous landscape structure is preferred by the Red Kite, whereas the Black Stork 

prefers a more homogeneous landscape structures with old more-or-less even-aged 

broadleaved tree forest stands. Both key species, which can be found in several rare species 

lists, are expected to be sensitive towards small scale changing conditions. This is verified 

within a retrospective habitat change analysis applied in the test site. For Red Kite an 

enhanced habitat model with fuzzy logic (EHSI) is applied by simulating a linear decrease of 

the attribute probability from the patch borderline with the value 1 to the value 0 at a distance 

of 150 m. The EHSI enhances purely binary data into discrete transition probabilities along 

patch borderlines. Furthermore the model for Red Kite was extended with a home range 

approach (HR-HSI). It allows considering the relevance of suitable attributes patches in a 

distances of 200 m by adding all suitable attribute pixels to the central pixel of interest as the 

potential position of the key species. The results of the home range approach are continuous 

transition probabilities, which allow the classification of different habitat suitability intensities 

with respect to neighbourhood relations.  

All approaches were also applied in a retrospective habitat change analysis for Red Kite in the 

Moritzburg test site. All variations of the habitat suitability index – the Habitat Suitability 

Index (HSI) with binary attribute maps, the Enhanced Habitat Suitability Index (EHSI) 

applying binary attribute maps enhanced with fuzzy sets, and the Habitat Suitability Index 
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with Home Rage aspect (HR-HSI) applying recalculated attribute maps with an activity radius 

of 200 m for each pixel – were applied with a multiplicative and an additive recombination of 

life requisites. 

The following aspects are covered in this study: 

• Biodiversity assessment in terms of a species specific approach with the application of a 

habitat suitability index (HSI) on the landscape level, 

• Adaptation of the FFH Directive habitat requirements for the two example key species 

Red Kite and Black Stork, in the HSI model, 

• Application of remotely sensed data in combination (kNN method) with field data and 

application of additional GIS layers as attribute maps 

• Modelling the HSI with combination of both digital mapped GIS information and 

remotely sensed data, 

• Application of the HSI in the test site “Moritzburg” close to Dresden, Germany, 

• Sensitivity analysis of the HSI model in terms of attribute weights in the theoretical model 

and with regard to the conditions in the test site, 

• Enhancement of the HSI model with a fuzzy set implementation to create an improved 

species specific relevance (EHSI), 

• Application of a home range approach to reflect the spatial aspects of species specific 

activity areas for the model (HR-HSI), 

• Analysis of the HSI, EHSI and HR-HSI with respect to a multi-temporal monitoring 

approach, 

• Analysis of the habitat suitability indices with respect to its sensitivity to changing 

conditions applying a multiplicative (HSI, EHSI, HR-HIS) and an additive recombination 

of life requisites (HIS+, EHSI+, HR-HIS+), 

• Simulation of potential habitat suitability changes as a consequence of different policies. 
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1.11.11.11.1 SSSSCOPE OF THE COPE OF THE COPE OF THE COPE OF THE SSSSTUDYTUDYTUDYTUDY    

The habitat time series were developed within the scope of the research project “Development 

of Methods and Tools for Monitoring Forest Biodiversity as a contribution to sustainable 

development in Europe” (DMMD) (http://www.resgeom.slu.se/stax/projekt/dmmd/) funded 

by the European Commission2. Additionally the in situ data sources for 2000 were made 

available by the research project “Scale Dependent Monitoring of Non-Timber Forest 

Resources Assessed in Various Data Sources” (http://www.forst.tu-

dresden.de/Informatik/mntfr/)3. The kNN method was applied and tested within the project 

“Kombination von terrestrischen Aufnahmen und Fernerkundungsdaten mit Hilfe der kNN-

Methode zur Kartierung von Waldökosystemen”4 funded by the German Aerospace Centre 

(DLR). All projects were established and finalised in close cooperation at the former Chair of 

Forest Biometric and Computer Sciences at the Dresden University of Technology.  

                                                 

2 Contract No 16182-2000-05 F1ED ISP SE 

3 FAIR CT98 4045  

4 Combining in situ data and remotely sensed data with the kNN method for forest ecosystem mapping (FKZ 50 

EE 0037). 
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2222 STATE OF THE ARTSTATE OF THE ARTSTATE OF THE ARTSTATE OF THE ART    

In this section an overview of the relevant fields of research for the applied approach is given. 

Biodiversity is defined and further described in chapter 3.1. Because the scale chosen for this 

study was the landscape, a review of landscape analyse methods (3.2) followed by brief 

descriptions of remote sensing techniques (3.3) are given. The habitat suitability modelling 

used GIS with the main objective of keeping the applied model open for adaptations of 

additional spatial information, additional species and additional model components. The 

potential of GIS in terms of modelling procedures is summarised in chapter 3.4. Modelling of 

habitats is one way of monitoring wildlife – modelling approaches are summarised in chapter 

3.5. The emphasis in this chapter is placed on the state of the art of habitat modelling and the 

underlying habitat concept (3.5). 

2.12.12.12.1 BBBBIODIVERSITYIODIVERSITYIODIVERSITYIODIVERSITY    

The United Nations Convention of Biological Diversity (CBD) (UNEP  1992)  gave the 

following definition of biodiversity: “The variability among living organisms from all 

sources, including terrestrial, marine and other aquatic ecosystems and the ecological 

complexes of which they are a part.” The M I LLENNIUM ECOSYSTEM ASSESSMENT (2005)  

defined biodiversity as “the diversity among living organisms in terrestrial, marine and other 

aquatic ecosystems and the ecological complexes of which they are part. It includes diversity 

within and between species and the diversity of ecosystems.” 

The literature review presents a selection of concepts in order to provide an overview of the 

topic and to introduce possible impacts for this work. Especially during the last decade a large 

number of papers have been published that give a variety of definitions of biodiversity or 

biological diversity. 
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Due to the fact that biodiversity is a complex concept and approached in several, sometimes 

diverging ways, it was necessary to establish a common understanding of the concept of 

biodiversity. Biodiversity is a central concept in quantitative ecology (R ICOTTA AND AVENA 

2000). In particular, the mechanisms underlying the relationship between species abundance 

and ecosystem functional properties, e.g. productivity, have been studied extensively for 

many decades and are still the subject of debate (T ILMAN 1994,  GRIME 1998) . 

HURLBERT (1971)  wrote an essay on the “non-concept of species diversity” as a result of 

the scarcity of unambiguous results along with a lack of an agreed-upon definition of 

biodiversity itself. In the 1970s biodiversity was seen as “species rarity within a community” 

(PATIL AND TAILLIE 1979)  while it developed to “species relative abundance” in the 

1980s.  

An informative overview about the diversity of the term biological diversity is given by 

KAENNEL (1998) . She describes the multiple developments of new terms and 

understandings under an increasing political awareness of the importance of biological 

diversity. The number of scientific references including terms “biodiversity” or “biological 

diversity” increased from around 20 at the beginning of the 1990s to over 250 in autumn 1996 

(KAENNEL 1998) . The given definitions were improved by introducing a spatial and 

temporal framework by the UNEP  (1992)  or,  B ISBY ET AL.  (1995).  R ICOTTA AND 

AVENA (2000)  proposed “the distribution of absolute biomass values among communities, 

species or even functional groups”, referring to HOOPER AND V ITOUSEK (1997) , as a more 

functional definition of biodiversity. SWINGLAND (2001)  provides a general definition of 

biodiversity and biological diversity in the Encyclopedia of Biodiversity: “Species, genetic 

and ecosystem diversity in an area, sometimes including associated abiotic components such 

as landscape features, drainage systems, and climate.” 

A distinction should be made between the terms ”biodiversity” and ”diversity” (MCM INN 

1991) . “Biodiversity” is an omnibus concept that incorporates the variety of life in all its 

forms from organic molecules, to species, to communities, landscapes, and biomes (MCM INN 

1991,  OFFICE OF TECHNOLOGY ASSESSMENT 1987) . ”Diversity”, on the other hand, is 
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a generic term referring to the condition of being different; a useful synonym for diversity is 

variety. It summarises for qualitative characteristics what the variance summarises for 

quantitative measurements (e.g., tree diameter) (P IELOU 1975). 

Among manifold of definitions of biodiversity the U.S Congress (OFFICE OF TECHNOLOGY 

ASSESSMENT 1987) , defined biodiversity as: “The variety and variability among living 

organisms, and the ecological complexes in which they live, encompassing genetic, species, 

ecosystem, and landscape levels”. This definition has become a widely accepted definition of 

biodiversity. However, there are authors that argue that a definition including ecosystems is 

not consistent with the ‘bio‘- part of biodiversity since ecosystems include the abiotic, non-

living environment (DELONG 1996,  DUNSTER AND DUNSTER 1996). The terms 

biodiversity and biological diversity are more and more used synonymously (KAENNEL 

1998). The terminological confusion developed over the years and no agreement is expected 

to be achieved in the near future. 

In a terminological survey CROW ET AL .  (1994)  identified a generic relationship involving 

three types of biodiversity: compositional-, structural- and functional biodiversity (Figure 1).  
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Figure 1 Concepts of biodiversity (Crow et al., 1994) 

PUUMALAINEN (2001)  states that forest biodiversity can be expressed both in terms of 

quality and quantity. She also argues that the forest area itself is one important criterion for 

biodiversity, but that this criterion must be used in combination with descriptions of the 

biological qualities of the same area.  

Management requires objective information with appropriate measurement, and measures of 

diversity only become possible when some quantitative value can be ascribed and these values 

relate to a common reference or standard so that they can be compared. It is thus necessary to 

try to disentangle some of the separate elements of which biodiversity is composed. 

According to the World Resources Institute (WRI), The International Union for Conservation 

of Nature (IUCN), and United Nations Environment Programme (UNEP,  1992)  

biodiversity is the totality of genes, species, and ecosystems in a region. Biodiversity can be 

divided into three hierarchical categories - genes, species, and ecosystems - that describe quite 

different aspects of living systems (UNEP,  1992) . In this concept genetic diversity, species 
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diversity, and ecosystem diversity are all relevant, but very different entities. In addition, to 

meet specific management or policy goals, it is often important to examine not only 

compositional diversity - genes, species, and ecosystems - but also diversity in ecosystem 

structure and function.  

In the EUNIS Habitat Classification glossary the following definitions are given 

(http://eunis.eea.eu.int/index.jsp):  

Genetic diversity: the variation between individuals and between populations within a species;  

Species diversity: the different types of plants, animals and other life forms within a region; 

Community or ecosystem diversity: the variety of habitats found within an area (grassland, 

marsh, and woodland for instance). 

According to MEFFE (1994)  biodiversity is the variety of living organisms considered at all 

levels from genetics to through species, to higher taxonomic levels, and including the variety 

of habitats and ecosystems. DUNSTER AND DUNSTER (1996)  defined five levels of 

biodiversity: genetic, taxonomic or organism, ecosystem, level of function or ecological 

services, and the level of abiotic matrix through time and scale. 

It is widely accepted that the different scales of biodiversity can be characterised by the 

following definitions (WHITTAKER 1972):  

Alpha (αααα) diversity 

Alpha (α) diversity is within-area diversity, measured as the number of species occurring 

within an area of a given size. It therefore measures the richness of a potentially interactive 

assemblage of species (B ISBY ET AL.  1995) , the diversity of species, and the complexity of 

community structure in a particular ecosystem. Species diversity may simply be species 

richness (number of species) or one of several indices that combine species richness with 

some measure of relative commonness or rareness (species evenness), or some other measure 

of the relative abundance of species. 
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Beta (ββββ) diversity 

Beta (β) diversity was introduced to indicate the degree of species change, along a given 

habitat or physiographic gradient. As such it is a measure of between-area diversity. It is 

normally represented in terms of the similarity index or of a species turnover rate (B I SBY ET 

AL.  1995) . It is also described as the diversity between or among more than one community 

or along an environmental gradient. 

Gamma (γγγγ) diversity 

Gamma (γ) diversity is also a measure of within-area diversity; however, it usually refers to 

overall diversity within a large region and its comprehension has direct connotations for 

dealing with biodiversity at the landscape level (B ISBY ET AL.  1995) . γ-diversity describes 

the diversity in a country or in its bio-geographical regions. The number of species is 

determined largely by changes in the populations of threatened species: it decreases when the 

last representative of such species disappear from a region and increases if species succeed in 

establishing themselves or returning to the region and when new species evolve (B ISCHOFF 

AND DRÖSCHMEIER 2000) . 
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Table 1 Diversity scales (according to Bischoff and Dröschmeier 2000)  

 αααα - diversity ββββ - diversity γγγγ - diversity 

Definition 
Diversity within a 
habitat 

Diversity within a 
mosaic of habitats, 
including borderline 
effects 

Diversity in a bio 
geographical region/ 
country 

Pressure 

-Nutrients 
-Structure 
-Access techniques 
-Management 

-Heterogeneity 
-Length of border 
-Size of areas of a  
 defined area type 

-Area shift 
-Species formation 
-Species extinction 

Major protection 
strategy 

Develop/optimise 
access techniques 

-Biotope protection 
-Compensatory areas 
-Biotope networking 

-Species protection 
-Reintegration 
-Large corridors 
-Possibly isolation 

Assumed 
development in 
the 1990s 

Reduction (except 
perhaps in woods and 
settlements) 

-Increase in lowland  
 areas 
-Decrease in  
 mountains 

-Increase in  
 Switzerland (e.g.) 

Sensitive 
species 

Common widespread 
species 

Widespread, 
uncommon species 

Rare species 

Suitable size of 
unit 

Units of a defined 
area type 

-Regions 
-Altitude bands 

Bio-geographical 
regions 

 

The use of remote sensing for the assessment of biodiversity is based on the premise that a 

relationship exists between (a) the composition and structure of the landscape and its units, 

and (b) the diversity of ecosystems, species and genotypes that may be present within it or 

them (INNES AND KOCH 1998) . Even if this relationship is not straightforward in all cases, 

potential habitats e.g. for rare bird species can be found via remote sensing and GIS data 

(JONGMAN,  2000) . The HSI model is based on remote sensing and GIS application and 

thus mainly considers the visible elements of biodiversity on this scale. According to CROW 
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ET AL.  (1994)  the approach of the HSI correlates to the structural- and the compositional 

biodiversity types (Figure 1). The HSI is a species specific analysis of landscape structure 

with focus on the ecological potential of a landscape, which can be measured indirectly, for 

example with remote sensing and GIS. Analysis on the landscape level based on remote 

sensing data like the HSI is often working with defined landscape elements. 
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2.22.22.22.2 LLLLANDSCAPE ANDSCAPE ANDSCAPE ANDSCAPE AAAANALYSISNALYSISNALYSISNALYSIS    

A landscape can be thought of as a hierarchically organised system (FORMAN AND GODRON 

1986) . In order to understand the landscape, and to be able to predict changes, three linkages 

must be known. Each landscape element is linked to the: 1) encompassing element at the next 

higher level; 2) nearby elements at the same scale; and 3) component elements at the next 

lower level. Each level in the hierarchy represents a single scale, from fine grained to coarse 

grained (FORMAN 1995) . Assessment of biodiversity needs to be undertaken at several 

different scales. TURNER (1989)  warns that the value of any such measurement is a function 

of how landscape units are classified. Within this aspect, a lot of estimation errors are 

expected. Classes that might be appropriately defined at one scale might disappear at a more 

generalised scale (TURNER 1990) . Therefore, both class definitions and scale must be 

carefully considered in analysis of landscape structure (BLACKBURN AND M ITLON 1996);  

and the assessment of biodiversity might also need to be undertaken at several different 

scales. Especially the combination of different ground measurements is essential for 

biodiversity monitoring ( INNES AND KOCH,  1998) . 

A number of investigations deal with the relation between spatial structures and ecological 

processes. According to MCGARIGAL AND MARKS (1994)  the structure of a landscape is 

defined as:”...the distribution of energy, materials and species in relation to the sizes, shapes, 

numbers, kinds and configurations of landscape elements or ecosystems”. In the wide sense, 

this is the spatial relation of ecosystems or elements in general. The two other basic 

components of landscape ecology are: 1) “function”, the interactions among the spatial 

elements, that is, the flows of energy, materials, and species among the component 

ecosystems, and 2) “change”, the alteration in the structure and function of the ecological 

mosaic over time (MCGARIGAL AND MARKS,  1994) . 

During recent years, many studies in quantitative methodologies for describing spatial 

distribution patterns, shape of areas and fragmentation of landscape elements have been done 
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(MCGARIGAL AND MARKS 1994,  O´NEILL ET AL.  1988,  WALZ 1999) . The need for 

this development was pointed out by TURNER AND GARDNER (1991):” ...landscape-level 

research requires new methods to quantify landscape patterns, compare landscapes, identify 

significant differences, and determine relationships of functional processes to landscape 

patterns....”. For monitoring and assessment of landscapes, there are three different levels or 

scales to take into account: the patch, the class and the landscape. 

Patch: 

The patch is the smallest unit of a landscape, which is mainly homogeneous with respect to 

some attribute (THEOBALD,  1998) , for example an old spruce stand. Landscape ecologists 

have used a variety of terms to refer to the basic elements or units that makes 

up a landscape, including ecotope, biotope, landscape component, landscape 

element, landscape unit, landscape cell, geotope, facies, habitat, and site 

(FORMAN AND GODRON,  1986) . Like the landscape, patches comprising 

the landscape are not self-evident; patches must be defined relative to the phenomenon under 

consideration. For example, from a timber management perspective a patch may correspond 

to a forest stand. WALZ (1999)  emphasized that ”landscape element” is the most correct and 

neutral term for the patch.  

Class: 

The next level is the class. A class includes every landscape 

element of the same type, for instance all old spruce stands of a 

landscape.  

Landscape: 

For every scale, from the species level to the bio-geographical area, 

the environment consists of a mosaic of landscape elements which is 

described as a “patch mosaic”. All the patches and the mosaic of the 

patches constitute the landscape, which is a “heterogeneous land area 

composed of a cluster of interacting ecosystems that is repeated in 

similar forms throughout” (GARDNER AND TURNER,  1991) . For forestry, this could be a 
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forest landscape with the classes ”old spruce stands”, ”young beech stands”, and ”pine 

forests”. From the wildlife perspective, landscape could be defined as an area of land 

containing a mosaic of habitat patches, often within a particular “focal” or “target” habitat 

patch which is embedded (DUNNING ET AL.  1992) . Because different organisms requiring 

different habitat patches such as lakes or single old trees at different scales, landscape size 

will differ among organisms.  

If habitat suitability should be described at landscape scale where e.g. Landsat imagery should 

be included as ancillary data, the images need to be classified according to the requirements 

of the species of interest. The resolution needs to be different depending on species. A 

reasonable approach is to define the activity range of different species as the area that should 

be considered when looking at the landscape composition from a given point. Analysis of the 

different landscape elements were very often done with the diversity indices such as 

SHANNON AND WEAVER (1949)  and were found to be of limited applicability (KÖHL AND 

OEHMICHEN 2003).  KÖHL AND Z INGG (1996)  found, that the main indices “Shannon, 

Simpson, species richness and species count” were not sufficient to describe the development 

of species abundance over time.  

Ecologists have long acknowledged the importance of ecotones, zones of transition between 

adjacent ecological systems. Such transition zones were historically viewed as areas of 

exchange or competition between adjacent ecological communities (CLEMENTS 1905) . 

They commonly contain more species and higher population densities than either community 

flanking the ecotones (ODUM 1971) . In this view, early wildlife management efforts were 

focused on maximizing edge habitat because it was believed that most species favoured 

habitat conditions created by edges and that the juxtaposition of different habitats would 

increase species diversity (LEOPOLD 1933,  DASMANN 1964) . 

Nevertheless, studies of, for example, D I  CASTRI ET AL.  (1988),  R I SSER (1995)  have 

suggested that increasing the amount of edges has resulted in the population declines of 

several species dependent upon forest interior conditions and that most of the adverse effects 

of forest fragmentation on organisms seem to be directly or indirectly related to edge effects 

(JOHNSTON AND BONDE 1989) . As a consequence, it is now widely accepted that edge 
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effects must be viewed from an organism centred perspective because edge effects influence 

organisms differently; some species have an affinity for edges, some are unaffected and others 

(mainly interior species) are adversely affected. 

Human activities have increasingly altered the extent of ecotones throughout the world, and 

may have altered the mediating role of ecotones in maintaining ecological flows between 

ecosystems. Furthermore, ecotones may be useful indicators of ecological change due to 

global warming, because ecotones occur where plant species are at the extreme limits of 

tolerance for change. 

Therefore, the total amount of edge in a landscape is important to many ecological 

phenomena. In addition, edge distribution across the landscape (i.e., local amount of edge) is 

often the most critical piece of information in the study of landscape fragmentation and for 

habitat modelling purposes to detect the most suitable/unsuitable conditions for the survival of 

a given species. 

In this sense landscape diversity metrics do not measure edge length or structure but they 

rather quantify the local information-theoretical complexity that originates from the presence 

of different land cover types within the selected geometric/adaptive window. Therefore, local 

landscape diversity maps might be helpful for differentiating the regions of interest within a 

given landscape that are more favourable for edge species, from those regions that are more 

favourable for interior species. Much of the data used for landscape analysis consist of remote 

sensing data. Diversity metrics or even habitat models can both be applied on this level in 

addition to further more detailed data or as a stand alone solution. Landscape metrics can be 

included into the HSI model as an additional model mapped attribute. The data source for the 

landscape level of the HSI is remote sensing imagery. The status of innovation and 

development in this rapidly growing field of science is given in the following chapter. 
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2.32.32.32.3 RRRREMOTE EMOTE EMOTE EMOTE SSSSENSINGENSINGENSINGENSING    

According to LANDGREBE (1978)  remote sensing is “the science of deriving information 

about an object from measurements at a distance from the object, i.e., without actually coming 

into contact with it”. AVERY (1968)  defines it as “the detection, recognition, or evaluation 

of objects by means of distant sensing or recording devices”. A similar definition can be 

found in KRAUS AND SCHNEIDER (1988) . These definitions include not only satellite based 

information acquisition but also data acquired from aeroplanes or even ordinary photographic 

images used for different purposes. FRANKLIN (2001)  emphasised that nowadays remote 

sensing is not only data collection by sensors designed to detect electromagnetic energy from 

positions on ground-based, aerial, and satellite platforms, but it includes also the methods of 

interpreting those data.  

Remote sensing from the birds-eye started 1858 by Gaspard Felix Tournachon who 

photographed the village of Petit Becetre, near Paris, from a balloon. Some decades later VON 

HUGERSHOFF (1917)  took aerial photographs of forests from balloons. The first space 

mission, which transmitted the first space photograph of the earth in August 1959 was 

Explorer 6 launched by the NASA. It took another 13 years until the first satellite provided 

data for civil purposes. New technologies have been developed over the years. One major step 

was the scanning technology as a digital recording method. Active and passive systems were 

developed. The active ones (e.g. RADAR) generate and send electromagnetic waves and 

record the information reflected by the surface of objects, while the passive systems (e.g. 

Landsat) just record the radiation (sunlight or other types of wave radiations) reflected from 

objects. The active sensors are under rapid development and may soon reach operational 

status (BALZTER ET AL .  2007) . A summary of the current satellite systems is published 

online by the ENVIRONMENTAL REMOTE SENSING CENTER (2006) . In the last years a 

number of high resolution sensors in terms of scale and time were launched for different 

purposes. Nowadays the QUICK BIRD satellite offers a maximum resolution of 1 m. Other 

systems like MODIS were launched for regional or global monitoring purposes with a lower 
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spatial resolution of 250 m, but with a temporal resolution of a few days for total global 

coverage. 

The most common remote sensing technologies applied in forestry are optical/infrared 

sensors. Among the optical/infrared sensors aerial photography has been intensively applied 

in the past. Nowadays mostly colour infrared images (CIR) are applied for forest mapping at a 

scale of 1:15.000, because of their high resolution. (FRANKLIN 2001,  ALBERTZ 1991,  

KÖHL 1990,  H ILDEBRANDT 1996) . The high costs and the small size of area coverage 

lead to the application of operational passive satellite based systems like the Landsat sensors 

(TOMPPO 1991) . In the forestry sector remote sensing has been used for different purposes. 

In this context forest damage detection is a field where remotely sensed data are very often 

applied (KENNEWEG ET AL .  1996,  MCNAMARA ET AL .  2002,  REUTHERS ET AL .  

1996) . Generally the main advantage of remote sensing is a quick and objective acquisition 

of geo referenced information over large areas with a very small effort compared to other 

information acquisition methods and the extent of the area of interest. It allows enhanced 

inventories in terms of cost efficiency and data quality e.g. in the forest sector (KÖHL 1990,  

TOMPPO 1991) . Combining remotely sensed data with ground truth information in a multi-

phase approach has been found to be much cost efficient, because the number of samples on 

the ground can be reduced considerably (KÖHL 1994,  2003;  KÖHL ET AL.  2001,  

BOWDEN ET AL.  1979) . While only a limited number of attributes, such as presence of 

forests or forest cover density can be detected with remote sensing, the combination of RS 

with field data applying regression or stratification methods have been operationally applied 

by e.g. KÖHL (1994)  AND KÖHL ET AL.  (2001)  to asses a number of other attributes 

(e.g. timber volume). For future developments a higher thematic resolution is still required to 

enable the assessment of more attributes in forests and other land use classes. The 

combination of national forest inventories with Landsat TM data has been established since 

the 1990s (TOMPPO 1991) . The kNN method was applied as one of the methods for the 

combination of the remote sensing data with ground information on a large scale. For change 

detection, remotely sensed data from two or more points in time can be used in an efficient 

way (HÄUSLER ET AL.  1999,  BODMER 1993) . The applicability of Landsat data in 
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habitat modelling has been proved by MACKINNON AND WULF (1994)  applying a time 

series of satellite images which showed the reduction and rapid fragmentation of the giant 

panda habitat in China. More than any factor it was the perspective provided by satellite 

imagery that changed the managers` views about the main threats to panda survival.  

The RS data for the HSI were satellite based information recorded by Landsat 5 (1989) and 

Landsat 7 ETM (2000) sensors. The information covered the whole area of Moritzburg, and 

was combined with local terrestrial information acquired within the MNTFR project (2000) 

and local forest inventories (1989). The combination was realised using the kNN method, 

while the major calculations of the HSI model were performed with a GIS. 
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2.42.42.42.4 GGGGEOGRAPHICAL EOGRAPHICAL EOGRAPHICAL EOGRAPHICAL IIIINFORMATION NFORMATION NFORMATION NFORMATION SSSSYSTEMSYSTEMSYSTEMSYSTEMS    

Geographical information systems (GIS) are computer based systems that are used to store 

and manipulate geographic information (ARONOFF 1989) . During the last four decades a 

rapid development of the new technologies caused an enormous change in applicability, 

services and ease of use of GIS. In general there is a two-element structure of modern GIS: a 

graphic file with geographical information can be linked to an attribute database including 

thematic information. This combination offers new analysis methods and interpretation 

possibilities, besides a good visualisation tool of the information (FRANKLIN 2001) . 

According to the ESRI  KNOWLEDGE BASE  (http://www.esri.com/index.html) a GIS is “an 

arrangement of computer hardware, software, and geographic data that people interact with to 

integrate, analyse, and visualise the data; identify relationships, patterns, and trends; and find 

solutions to problems. The system is designed to capture, store, and update, manipulate, 

analyse, and display the geographic information.” All GIS use two different types of data: 

raster (pixel) and vector data. Raster data are images divided into similar cells, which are 

arranged in rows and columns. Each of the so called pixels is saved with the relevant thematic 

information and the location coordinates. A number of pixels with the same value can contain 

information about a geographic feature, for instance the forest cover within a map. Vector 

data involve points, lines and polygons. Each point feature is represented as a single 

coordinate pair, while line and polygon features are represented as ordered lists of vertices. 

An attribute can be associated with each point, line or polygon. In case of the raster data each 

attribute is associated with each cell. Hybrid GIS include features that merge raster data with 

vector data to optimize the functionality.  

In terms of remote sensing R ICHARDS (1993)  summarises the principal tools, such as image 

classification, intersect or overlaying data sets. In general GIS have become more complex in 

terms of more additional algorithms and features, which may also cover image analysis and 

processing (FRANKLIN 2001) . The integrative aspects of the use of remotely sensed data 

and GIS applications are described in BLASCHKE (1999)  -  for instance the modelling of 
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ecological processes for environmental planning or the monitoring and modelling of complex 

habitat conditions. Environmental modelling with GIS is a frequently mentioned scientific 

discipline dealing with different natural or human influenced factors for different purposes 

(MOORE ET AL.  1993,  BURROUGH 1986,  MAIDMENT 1995) . In the context of forest 

ecosystem management DALE (1998)  mentioned that the influence of human disturbance 

can be examined within the context of the natural disturbance and succession patterns across 

watersheds rather than in small artificial management units. With GIS and modelling 

approaches it is possible to simulate empirical or natural history, and to devise experimental 

and comparative ecosystem studies (L IKENS 1998) .  

While the data merging and calculation of maps are technically done in the GIS, the input 

values have been defined before by experts depending on key species and their habitat 

requirements. 
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2.52.52.52.5 WWWWILDLIFE ILDLIFE ILDLIFE ILDLIFE MMMMONITORING AND THE ONITORING AND THE ONITORING AND THE ONITORING AND THE HHHHABITATABITATABITATABITAT    CCCCONCEPTONCEPTONCEPTONCEPT    

2.5.12.5.12.5.12.5.1 Wildlife MonitoringWildlife MonitoringWildlife MonitoringWildlife Monitoring    

Wildlife can be inventoried at one point in time and monitored over a period of time to detect 

changes. Monitoring of, for example, bird species encompass the continuous assessment of 

the bird populations with standardised methods to study changes of population size, 

distribution, birth rates, mortality rates and dispersion (FLADE 1992) . Monitoring methods 

and ideas about how to establish a monitoring system of rare bird species in Germany are 

summarised in DRÖSCHMEISTER AND BOYE (1997) . Wildlife monitoring can be divided 

into 3 different types of monitoring categories. 

 

• Monitoring of genes  

• Monitoring of species 

• Monitoring of habitats 

 

The monitoring of genetic diversity is a very young field of investigation in which rare alleles 

are of interest for population estimates (GEHLE AND HERZOG 1998) . Since the HSI 

concentrates on species related habitat analysis on landscape level, the monitoring of genetic 

diversity will not be described in more detail.  

Monitoring species can be done directly or indirectly. In the scope of total assessments direct 

monitoring has been done by counting species. Other methods like shooting entire 

populations in a specific area have been applied in a very few cases and have not been 

successful (GOSSOW 2003) . Other methods include entrapping within a specific area, while 
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others concentrate on the counting of individuals at game passes. Some species may have 

preferences for a number of different landscape elements; this presents problems for 

estimating the populations of these species. For these species special simultaneous assessment 

methods have been developed. Using video technology satellite or radio telemetry a lot of 

information about the species behaviour can be collected (JANSSEN ET AL.  2004,  N ITZE 

ET AL .  2003,  WALLISER 2004) . Other assessments are based on sampling techniques, like 

the counting along defined transects in the landscape or listening samples for bird inventories. 

Another technique is the use of video cameras that can recognise and record shapes for single 

species placed along paths used by the animals. 

The so called “Capture-Recapture” methods have a long history, and they were first applied in 

the study of fish and wildlife populations (PETERSEN 1896)  before being adapted for other 

purposes especially in health e.g. epidemiology sciences over the last century. L INCOLN 

(1930)  used the method to estimate the size of a duck population in the early twentieth 

century, and one version of the capture-recapture method has become known as the Lincoln-

Petersen method. Originally the simplest capture-recapture model uses two independent 

samples to estimate a population size. The individuals captured in the first sample are tagged 

and returned to the population. The population is then sampled again, and the proportion of 

recaptured individuals can be used to estimate the total population size. The method assumes 

that there is no change in the population during the investigation, that no tags are lost, and that 

each individual has the same chance of being caught and the two samples are independent.  

Indirect methods for monitoring species means that indication (e.g. turds, tracks, nests, etc.) 

but not the animals themselves are counted. Indirect methods are for instance the sample 

trapping of species which is very often applied by entomologists (SCHMITT 2004,  

RATSCHKER 2001,  JÄKEL AND ROTH 2004) . Another method of indirect wildlife 

monitoring is the counting of turds, developed by VON GADOW (1978)  AND SEYDACK ET 

AL.  (1998) . Estimates about the whole population in a defined area of interest are done 

based on the samples consisting of tracks or roadside counts, or even of hunting results. 

Monitoring habitats as another indirect method of wildlife monitoring focuses on the natural 

resources and conditions, that could be used as potential habitat for rare species in a particular 
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area. In most of the cases vegetation types are the focus from the nature point of view. Habitat 

Suitability Indices have been developed and improved since the early 1970s (U.S.  F ISH AND 

W ILDLIFE SERVICE 1981) . 

2.5.22.5.22.5.22.5.2 The Habitat ConceptThe Habitat ConceptThe Habitat ConceptThe Habitat Concept    

The relationship between species and environment is a basic issue in ecology. The distribution 

of plants and plant communities and their influence on animal populations basically caused by 

climate conditions was early recognised by VON HUMBOLT AND BONPLAND (1807) . 

SALISBURY (1926)  started to describe the main vegetation patterns of the world with 

climatic conditions and further environmental factors, an this has been followed by others, for 

example MCARTHUR 1972,  or ELLENBERG (1988) . This relationship represents the core 

of the habitat concept. The wide use of the habitat concept coupled with the many different 

meanings of the concept in circulation necessitates a definition. Habitat is a concept central to 

the field of conservation biology and natural resource management because it provides the 

link between organisms and their environment. The concepts of habitat and the closely related 

concept of ecological niche have changed over time. It is important that definitions of 

concepts such as habitat are operational, meaning they should be practical, measurable 

specifications of the phenomena that these terms represent (PETERS 1991) . 

A habitat is “the resources and conditions present in an area that produce occupancy - 

including survival and reproduction - by a given organism” (BLOCK AND BRENNAN 1993,  

GRINNELL 1917,  HUTCHINSON 1957,  MORRISON ET AL.  1998  AND ODUM 1971) . 

A habitat “... is wherever an organism is provided with resources that allow it to survive” 

(HALL ET AL .1997) . This is clarified by adding, that it is an organism-specific phenomenon 

which refers to the physical and biological characteristics of an area (HALL ET AL.  1997;  

MORRISON ET AL.  1998) . It is not uncommon that species with similar requirements are 

grouped together to form species groups or guilds for which a suitability measure of a 

landscape can be given. Classically, resources have referred to food, water and shelter, while 
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conditions have referred to temperature, precipitation, and presence or absence of predators 

and competitors, etc. (MORRISON ET AL .  1998) . 

According to the habitat definition used in the EU Habitat Directive “habitat of a species 

means an environment defined by specific abiotic and biotic factors, in which the species lives 

at any stage of its biological cycle” (EC  1992), but this does not contradict the widely 

accepted definition by HALL ET AL.  (1997) . The habitat concept is equally applicable to 

animals and plants, while the examples here mainly focus on animals. 

For habitat to be a useful concept, the measure of habitat quality should be explicitly linked 

with demographic features. Habitat quality ultimately relates to the rates of survival and 

reproduction of the individuals that live there (VAN HORNE 1983), to the vitality of their 

offspring, and the length of time the site remains suitable for occupancy. A measure of habitat 

quality, or habitat preference should not use only density, though there is often an assumption 

of relationship between density and relative preference. This assumption is violated if the 

ability to detect animals varies among habitats of different quality (THOMAS AND TAYLOR 

1990). The measure of habitat quality should range from low to medium to high if resources 

and conditions are sufficient for survival, reproduction and population persistence 

respectively (HALL ET AL.  1997). Quality is often presented as a relative, not absolute, 

measure which means that areas/patches within a region are compared and ranked in relation 

to other areas/patches. 

The driving factors of habitat selection and the concept itself need to be understood especially 

for natural resource management and monitoring purposes, as well as for the support of 

political decisions. No organism is randomly distributed in the landscape because the 

distribution and abundance of resources and the conditions prevailing in the landscape, that 

species depend on, varies in space and time. The proper selection and use of habitat over time 

and space by an animal enhances the probability of survival and therefore positively 

influences its fitness. In contrast, individuals that choose the poorer, marginal habitats will 

raise less offspring, and therefore negatively influences its fitness (KLOPFER 1963,  KREBS 

1978) . The dependency of animals on conditions and resources allows the application of 

indirect measurements of landscape parameters. 
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The presence of habitat is not always correlated with the presence of species associated with 

that habitat. Indirect measures of populations using habitat criteria have to include the 

behaviour of selection and the use of habitat to improve a realistic and accurate approach. The 

abundance of a given and defined habitat does not compromise all essential resources to the 

species, meaning that not all habitats can be selected and used (HALL ET AL.  1997,  

MORRISON ET AL.  1998). What an animal perceives as available and what an observer 

perceives available can be two different things. Limitations for the availability can be related 

to territoriality (ALLDREDGE AND RATTI 1992), human disturbance and inter-specific 

competition (WHITE AND GARROTT 1990), absence of another resource which is needed in 

combination with the one estimated. Accordingly, habitat availability is just partly discovered 

and can only be estimated (WHITE AND GARROTT 1990) . Even if resources are rich and all 

other conditions are perfect in an area of interest, the habitat can still be left unoccupied. 

Further, habitat use does not follow a uniform pattern, partly because not all of it is prime 

habitat. Another reason is that species will exhibit different patterns of habitat use, depending 

on what proportion of its distribution is being observed (MORRISON ET AL.  1998) . Also, 

animals do not spend equal amounts of time at each activity and at each location. There is a 

difference in time and energy spent on feeding, drinking, resting, grooming but this does not 

indicate the importance of the activity (MORRISON ET AL .  1998,  JANSSEN ET AL .  

2004) . 

The distribution, abundance, and diversity of species populations in a landscape or region are 

not only determined by habitat. Habitat can provide for the conditions necessary for a species 

to survive, but species are also affected by human disturbance, over-harvesting, parasites, 

climate, and catastrophic events. These can drive a population in another direction than 

indicated by habitat (MORRISON ET AL.  1998,  JANSSEN ET AL.  2004) . Species 

populations and their habitat must be studied and managed in conjunction since information 

about population and habitat provides complementary information. Habitat management can 

maintain and even enhance the ecological optimum for species, but at the same time, over-

harvesting or disturbance can cause different developments then would otherwise be indicated 

by the habitat (MORRISON ET AL .  1998) . Healthy and robust populations of selected rare 
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species are the objective of wildlife management in a region of interest. For monitoring 

purposes, it must be recognised that wildlife–habitat relationships are scale-dependent, 

reflecting the different scales at which animals live (HALL ET AL.  1997) . Habitat and 

habitat selection includes a continuum of spatial scales, from regional to local level. 

JOHNSON (1980)  presented a hierarchical process of habitat selection, which shows that the 

selection and foraging preferences are coherent activities, just undertaken at different scales. 

These are: First-order selection which is the selection of geographical range or region; within 

that range Second-order selection determines the home range of an individual or group of 

animals; Third-order selection is the differentiated use of the home range which determines 

the feeding site; and Fourth-order selection is the final choice of food items at the feeding site 

(HUTTO 1985) . 

2.5.2.1 The habitat approach to assess biodiversity 

The complex and manifold content of what includes biodiversity does not allow a direct 

assessment. The significance of biodiversity as a human heritage is undisputable among the 

international community (UNEP  1992).  Biodiversity encompasses so much diversity in 

itself, starting with its own definition (KAENNEL 1998) and ending with the great number of 

knowledge gaps in the different scientific disciplines, that the only option is the indirect 

measurement of the components or indicators at different scales (NOSS 1990,  HANSSON 

1997). The habitat concept is one method for the indirect assessment of biodiversity. “It is a 

concept that rests on solid scientific grounds as a measurable property of an area to provide 

for species which has, so far, been the main focus in biodiversity studies.” (HALL ET AL .  

1997).  Habitat has already been accepted and adopted as a term by biologists, animal 

ecologists, landscape ecologists, foresters and politicians alike and could very well be the 

unifying paradigm when working with and managing for species conservation. Habitat 

modelling includes potential for the support of political decisions in terms of prediction. It 

allows hot spots to be identified as areas of habitat loss and gain under special simulated 

condition as consequences of new political decisions. Habitat modelling can also be used as 

an early warning system. A quick and effective view on potential developments is possible to 
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realise with an open and indicator based model. Within an open model additional attributes 

such as maps indicating high proportions of dead wood in forests should be quickly 

implement able as a further indicator which can be essential for a species of interest. In 

general, indicators represent key attributes that are monitored under the assumption that they 

are related to the condition and trend of ecological properties that can not be monitored 

directly (NOSS 1990) . Habitat is used as an indicator of conditions perceived to be essential 

for species, the carriers of the smallest biodiversity units, the genes.  

The habitat approach helps in clarifying what components, structures and functions should 

receive most attention when monitoring biodiversity. Habitat is the link that ties important 

landscape features, substrates, species, stand structures and the like, to particular species. A 

wider habitat approach includes the selection of umbrella species with different requirements 

perceived to cover the requirements of a large number of other species ( INNES AND KOCH 

1998,  NOSS 1990,  1999) . 

2.5.2.2 Habitat models 

There are various ways of differentiating between habitat models – e.g. depending on how 

they are constructed based on their intended use (GRAY ET AL.  1996) . During the last 

decades descriptive, predictive and decision making models have been developed and applied.  

Predictive models attempt to simulate future vegetation pattern developments by applying 

various statistical methods, like multiple regressions, neural networks or locally weighted 

approaches (e.g. GAM). Most of the predictive models, summarised by GUISAN AND 

Z IMMERMANN (2000),  are based on statistical analyses, expert judgment, case studies, or a 

combination thereof. Some of the models describe potential natural conditions for rare species 

while others seek a further improvement for prediction purposes to formulate advices for 

decision making processes.  

Species–habitat relationship models, including habitat suitability index (HSI) models, reflect 

the inherent ability of land to produce habitat, and the current ability of land to support 

particular species (STELFOX 1988) . These HSI models are the most extensively used – 
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mainly in North America – models for species–habitat relationships. They can be applied for 

single species or species groups (umbrellas species) indicating potential habitat suitability or 

predicting potential habitat developments (GRAY ET AL .1996;  MORRISON ET AL.1998) . 

The HSI score is determined by using attributes known or perceived to be of importance to 

the species. It is a straight forward technique employing indices, whereby each attribute is 

ranked according to its relevance to the key species, and linked to other attributes by 

functional relationships. First, the individual habitat attributes are ranked on a scale of zero to 

one. The attributes are then grouped according to the life requisites (e.g. feeding or nesting, 

etc.) that they are relevant for. Then a composite HSI score is calculated, which is also 

standardised on a scale of zero to one (US  F ISH AND W ILDLIFE SERVICE 1981,  TAMIS 

AND ZELFDE 1998) . The HSI score for a species at a location indicates relative habitat 

quality rather than actual population levels (KLISKEY ET AL.  1999) . HSI models are based 

on the assumption that a species will select and use areas that are most suitable to satisfy its 

life requisites, and thus greater use will occur in higher quality habitat (SCHAMBERGER AND 

O´NEIL 1986) . 

The HSI score for a species at a location indicates relative habitat quality rather than actual 

population levels (KLISKEY ET AL.  1999) . HSI models are based on the assumption that a 

species will select and use areas that are most suitable to satisfy its life requisites, and thus 

greater use will occur in higher quality habitat (SCHAMBERGER AND O´NEIL 1986) . 

The species-neutral model framework (Figure 2) was applied for the HSI according to the 

Habitat Evaluation Procedures (HEPs) adopted by the US Fish and Wildlife Service. The HEP 

is set up as an expert system using attributes and weights of attributes according to ‘best 

knowledge’ available through expert opinion. However, the incorporation of statistical 

analyses provides an improvement of the habitat attributes selection. In addition, a priori 

statistical analyses of potentially habitat attributes can minimize time and cost, and 

significantly reduce subjectivity in the selection of attributes (GRAY ET AL .  1996) .  

The occupation of environmental elements by organisms should be reflected by the species-

neutral framework to explain the significance of key species subsistence in the landscape. 

Bearing this in mind, the focus should not only be on the presence of resources, but also on 
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the spatial distribution of resources. In a study of the winter distribution of woodland birds 

PETIT (1989)  showed that only the foraging patches close to roosting sites are usable.  

A model approach with habitats grouped according to life requisites offers transparency in 

terms of the artificially defined requirement units for a key species. This allows overview over 

a group of essential attributes in one step. Especially in the case of environments where 

changes are caused by multiple factors, the life requisites can be re-appraised in a 

straightforward manner, and can be manipulated and even enhanced in an adaptive model 

procedure. Life requisites as an assemblage of attributes can bed adapted as units of 

observation, for verification purposes, and even for changing management practices. This 

approach allows effective scenario testing regarding life requisites as responsive elements to 

changing landscape compositions (LÖFSTRAND ET AL .  2003) . 
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Model Scope Season Behavior Life Requisite Model Variable HSI-score

Weight of Weight of Variable 

Life Requisite in HSI in Life Requisite

Fouraging Food Tree species A
AND (*) OR (+)

Water Tree species B
Sleeping/ AND (*) OR (+)
resting/ Rest cover Stand height

Spring/ preening AND (*) OR (+)
summer Security Berry covering

Safety/ cover
watching AND (*)

Lek

Courtship AND (*) Spatial constraints HSI
Test Site Rearing on variables

Rearing of site
young

Fall/ Fouraging Food
winter

Sleeping/ Water
resting/

preening Rest cover

Safety/ Security
watching cover

Thermo- Thermal
regulation cover

 

Figure 2 The model framework used for constructing the species-specific models  

The model framework is based on a sequence of steps that will result in a species-specific 

habitat model (TAMIS AND ZELFDE 1998,  GRAY ET AL.1996,  KLISKEY ET AL.1999 , 

LÖFSTRAND ET AL .  2003) . 

The procedure for formulating the habitat requirements and for adapting them into the 

framework is summarised in the following:  

1) Decision on model scope – about the area that the model should be applicable for – 

possibly implementing a time span as well. 
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2) Definition of the species ecological profile, according to, for example, the following 

aspects of habitat requirement: 

• Habitat type – e.g. annual/seasonal, feeding/breeding habitat; 

• Stationary or migratory behaviour of species; 

• Essential perceived behaviours of species; 

• Reflection of each behaviour – e.g. food, safety cover through life requisites; 

• Connection of life requisites in terms of weights, usually in the range 0-1, based on the 

species preferences; 

• Spatial requirements – e.g. size of home range, minimum patch size, maximum 

distance between patches, proximity of different resources, etc.; 

• Species sensitivity to disturbance – e.g. proximity to human settlements and 

roads/railroads. 

 

3) Relate life requisites to model attributes: 

• Best description of life requisites with model attribute(s); 

• Connection of model attributes based on the species preferences in terms of weights, 

usually in the range 0-1. 

4) Combine the weighted model attributes into a HSI score, which is also usually in the range 

0-1. The model attributes are usually combined in a multiplicative fashion.  

Through the above described process, it is essential to set up and maintain a meta-database 

over the model components included, specifying their weights and the references used. 

The ecological profiles may vary between species depending on how detailed the knowledge 

is about the species. An important attribute should vary over the full range, 0-1, while a less 

important attribute may vary within a restricted range, e.g. 0.8-1. Irrelevant attributes are 
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excluded, or all classes receive the value 1. The level of spatial resolution may also differ 

depending on the selected model scope, ranging from the home range of one individual to the 

distribution of the species. There is also a choice to model the critical habitat of a species – 

e.g. habitat used during breeding season or winter feeding habitat. The ecological profile can 

be based on empirical data from field experiments, literature study, expert judgment and 

statistical analyses. It should reflect the best available knowledge, which can and probably 

will change over time.  

2.5.2.3 Temporal aspects of the HSI  

The most important feature of habitat models from a monitoring perspective is the possibility 

to compare models at different times. The construction and comparison of bi-temporal models 

is possible, if both field data and image data from both time points are available. To avoid 

identification of false changes due to noise on pixel level estimations, the multi-temporal 

comparison of such models should preferably be presented as averages, which for example 

could be calculated with a moving-window technique. Here a value is calculated in a defined 

area around a pixel of interest. If the value is calculated the neighbouring pixel is calculated 

for the same defined area. The entire algorithm looks like a procedure which is moving across 

the area of interest. One suitable area for the averaging could be the home range for the 

species. 

It is likely that increased ecological knowledge will motivate improved habitat models in 

future multi-temporal comparisons. Fortunately, it is possible to remake in the future, both the 

present day basic forest estimates, and the habitat models. The only prerequisite for this is that 

the present day field data, the image data, and the ancillary GIS data, is collected, archived 

and documented.  

In case there is a lack of field data from the initial time point, there is still the possibility of 

using multi-temporal image-to-image comparison. For example, this could be in the form of 

difference images for detecting areas with major changes – e.g. due to clear-felling, or land 

use change. Such change detection images might also be useful as one of the image data 

layers for producing basic forest parameters for the habitat models. Change detection images 

could, for example, indicate the approximate age of clear felled areas, which may have some 
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importance as forage for wild animals. When time series of images are available, there is also 

a possibility to determine the rate of growth, especially in young stands. Thus, in the ideal 

case, satellite data would be collected annually or at least once every two years. It is also 

important that the images are collected from comparable seasons of the year. For multi-

temporal studies of the Scandinavian forests for example, this means that the images 

preferably should be collected in the period between mid-June and the end of August.  

Finally, one powerful feature of HSI models is that they can be used for scenario modelling of 

future landscape qualities. In this context, the variation of the parameters in the landscape 

scenarios is relatively effortless, as well as making subsequent analysis of the influence of the 

single parameters in the HSI models. The growth of the tree layer in the forest landscape is 

predictable, using well established statistical functions from forest yield research. Many other 

features of the ecosystem are tied to the development of the tree layer. Thus, scenario analysis 

of the forest ecosystem, including habitat suitability modelling, are likely to be effective and 

practical approaches, which can contribute to present-day land use decisions. 
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3333 DATADATADATADATA    

3.13.13.13.1 GGGGROUND ROUND ROUND ROUND DDDDATAATAATAATA    

3.1.13.1.13.1.13.1.1 Training Area: MoritzburgTraining Area: MoritzburgTraining Area: MoritzburgTraining Area: Moritzburg    

The training area is located in the Moritzburger Wald, a highly heterogeneous and diverse 

district near Dresden, the capital of the federal state of Saxony in Germany. 

The Moritzburger Wald is an area which is characterised by a moderate dry climate, with 

danger of late frosts in depressions. The average temperature is about 8,2°C and the average 

precipitation is 660 mm/m²/year. 

The forest stands on a plain with a slope from the south-east to the north-west. The altitude 

ranges between 120 m and 200 m above sea level. The area is also characterised by deep 

narrow valleys with a slope to the River Elbe. It is dominated by the Meißener Syenit-Granit-

Massiv, the genesis of which is difficult to specify as there are many different rock types of 

different ages. The main part of the geological ground consists of sediments of the Pleistocene 

epoch. 

The Moritzburger Wald is owned and managed by the federal state of Saxony. Its size is about 

4000 ha. The forest was used as a hunting area for the kings of Saxony. The forest structure 

was influenced by the high population of red deer, roe deer and wild boar. Some 1600 ha of 

the forest was fenced over a whole century. Since the 15th century a number of fishing ponds 

were established in depressions. Nowadays 30 ponds cover about 400 ha of the area. At the 

beginning of the 19th century the forest growing stock was low and there were large gaps and 

a lot of old oak trees left for the forage of wild animals. In the early 20th century, spruce and 
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pine made up about 80% of the forest. After 1920 the management changed and no clear-

cutting was carried out. 

The test site is about 15 km far away from Dresden (Figure 3). It is highly frequented for 

recreation because of the castle in the middle of the area, the ponds, and the game enclosure in 

the forest.  

The test site was chosen because of its heterogeneous landscape patterns with a mixture of 

lakes, forests and other landscape elements, its tree species composition and the history of 

human impact in the area.  

 

Figure 3 Location of the Moritzburg test site 

The tree species composition of the forested area within the test site is presented in Figure 4.  
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Pinus sylvestris 36%

Quercus robur 14%
Fagus sylvatica 10%

Larix decidua 9%

Betula pendula 8%

Alnus glutinosa 6%

Picea abies 4%

Carpinus betulus 4%other 9%

 

Figure 4 Tree species composition of the forest of Moritzburg in [%] according to the MNTFR field 

campaign 2000  

For the monitoring purposes of the HSI, the EHSI and the HR-HSI two sets of ground truth 

data, one for 1989 and the other for 2000 were necessary. While field assessments took place 

in 2000 as a sample plot based inventory with geo-reference information, the data for 1989 

were extracted from the Datenspeicher Wald, which includes stand-wise forest assessments 

without geo-reference. 

3.1.23.1.23.1.23.1.2 Datenspeicher Wald (1989)Datenspeicher Wald (1989)Datenspeicher Wald (1989)Datenspeicher Wald (1989)    

The Datenspeicher Wald is a database which contains information on forest inventories at the 

company level. The inventory is a stand-wise assessment with six randomly selected sample 

points per stand for the estimation of basal area, tree species composition and tree height 

(B ITTERLICH 1948,  SCHÖPFER 1969) . The major inventory objective was to assess the 

productive function of the forests. Age dependent tree growth models were used to calculate 

the growing potential and to plan the management for the stand. Some additional attributes 

such as proportion of natural regeneration, different vertical layers and game damage were 

also assessed in some of the different inventories. 
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3.1.33.1.33.1.33.1.3 MNTFR Field Data (2000)MNTFR Field Data (2000)MNTFR Field Data (2000)MNTFR Field Data (2000)    

Within the MNTFR project1 (“Scale Dependent Monitoring of Non-Timber Forest Resources 

Based on Indicators Assessed in Various Scales”), attributes describing Non Woods Goods 

and Services (NWGS) of forests are mainly assessed using ground and remotely sensed data 

for five different test sites in Europe. Moritzburg was on of the test sites where a field 

campaign was organised in summer 2000. Beside the assessment of NWGS, the traditional 

forest inventory information like timber volume, or tree height was also collected. 

The detailed sampling design in the test site near Dresden is illustrated in Figure 5. The 

design consists of a sparse cluster with five field plots connected with assessment lines and a 

dense cluster of nine field plots. The distance between the field plots of a sparse cluster is 

100 m. The distance between the field plots of a dense cluster is 25 m. The cluster system is 

orientated according to the 1 km net of the topographical map 1:25.000, where every first plot 

of the sparse cluster is located.  

 

                                                 

1 FAIR-CT98-4045, http://www.forst.tu-dresden.de/Informatik/mntfr) 
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200 m

50 m

50 m

25 m

200 m

= sparse cluster plot = dense cluster plot
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10 m

7 m
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100 m

1km net of the topographical  map
1:25000 dbh ≥ 25 cm

dbh 10-25 cm

dbh >10 cm

single cluster measurement
(for both cluster types)

dense cluster measurementsparse cluster measurement

 

Figure 5 Sampling design in the test site Moritzburg (MNTFR project) 

The systematic plot design from the MNTFR project covers an area of 30 km² around 

Moritzburg. The plots were localised by measurements of a GPS system and topographical 

maps (1:25000). The location of the clusters used in the study is shown in Figure 6. 
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Figure 6 Cluster location in the Moritzburg test area  

Ground truth data of the non-forested parts like meadows, lakes or agricultural land were not 

used within this study. During summer 2000 the following clusters in total were measured: 

Table 2 Sample plots measured in 2000 in the Moritzburg MNTFR test area 

Test site: Moritzburg  

Dense clusters: 12 

Sparse clusters: 21 

Total clusters: 33 

Total lines: 141 

Dense cluster plots: 108 

Sparse cluster plots: 90 

Total plots: 198 

 

All relevant information of the 198 dense and sparse cluster plots was used for the habitat 

modelling in this study.  

The data of the MNTFR field campaign 2000 were collected by data loggers and input into a 

database (MS Access). 
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3.23.23.23.2 RRRREMOEMOEMOEMOTTTTE E E E SSSSENSING ENSING ENSING ENSING DDDDATAATAATAATA    

For the HSI model, satellite imagery of the years 2000 and 1989 were applied. For 1989, a 

Landsat 5 TM scene was utilised, while a Landsat 7 ETM+ scene was available for the year 

2000.  

The main characteristics of the Landsat program are described on the websites of the USGS 

(http://edcwww.cr.usgs.gov/guides/landsat_tm.html) and the NASA 

(http://geo.arc.nasa.gov/sge/landsat/l7.html). 

For the habitat suitability estimation in Moritzburg, the following Landsat scenes were 

applied: 

Table 3 Landsat scenes for Moritzburg 

Satellite Path/Row Acquisition date Coverage Sensor 
No. 

bands 
Resolution 

Landsat 7 192/24 24.09.2000 5,5 km * 5,5 km ETM+ 8 30 m 

Landsat 5 193/24 07.07.1989 5,5 km * 5,5 km TM 7 27 m 

 

The Landsat 7 data were acquired by the Eurimage company located in Rome Italy 

(http://www.eurimage.com/), while the Landsat 5 data were made available by the German 

Aerospace Centre “DLR” (http://www.dlr.de/dlr). The area of interest, where the HSI model 

was applied extends to 2,5 km around the village Moritzburg. The extent of the whole area is 

about 30 km². 
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3.33.33.33.3 TTTTHE HE HE HE HHHHABITAT ABITAT ABITAT ABITAT RRRREQUIREMENTSEQUIREMENTSEQUIREMENTSEQUIREMENTS FOR THE  FOR THE  FOR THE  FOR THE SSSSELECTED ELECTED ELECTED ELECTED KKKKEY EY EY EY SSSSPECIESPECIESPECIESPECIES    

In this section the habitat requirements of the two selected key species - the Red Kite (Milvus 

milvus) and the Black Stork (Ciconia nigra) - are described. They were selected for the HSI 

because of their different relations to structural diversity. The main focus concentrates on the 

requirements of the species which are mainly reflected by the arrangement of different 

landscape elements. They are relevant for this study because remote sensing imagery is one of 

the main data sources. 

Two different levels of biodiversity can be differentiated for its maintenance. The first level 

deals with the landscape, where typical biodiversity sources can be found in e.g. patch 

structure, the variety and extension of sites or biotopes. Remotely sensed data have been 

successfully applied for the assessment of these attributes (HUNSAKER ET AL.  1994,  

MCCORMICK AND FOLVING 1998,  MCGARIGAL AND MARGS 1994,  R ITTERS ET AL.  

1995,  TURNER 1990) . On the second level the interest is concentrated on the preference 

of the described structural diversity by “key species”. The abundance of the species and the 

structural diversity can be related in three different cases: (1) the population is positively 

correlated with structural diversity; (2) the population is negatively correlated with structural 

diversity; and (3) there is no relationship between the population and structural diversity.  

On the second level of biodiversity maintenance two potential key species, for which the 

ecological background and habitat requirements are well known, have to be identified. There 

is a large body of knowledge of the ecological requirements for the species chosen for this 

study. A proposal of possible key species is given by the Bird Directive (EC  1972)  which is 

included in the Fauna, Flora and Habitats (FFH) Directive (EC  1992)  on the European level. 

In the Bird Protection Directive the bird species listed in the Annex include a number of 

species that are closely related to wooded land (like the two key species selected for this 

study).  
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The following three steps were undertaken to select two key species (LÖFSTRAND ET AL.  

2003):  

First step: Derive well fitting key species 

• Natural distribution within the observed area 

• High ecological value in terms of representing qualities of wooded land 

• Habitat size larger than 100 ha 

• Key factors of habitat assessable with remotely sensed data 

Second step: Derive potential habitats in the observed region by identification of 

assessable habitat features 

• Identification of habitat and visible key factors (FFH species) 

• Identification of assessable habitat features 

• Transformation of the features into attributes developed in the MNTFR project 

• Adaptation of the MNTFR attributes to the Datenspeicher Wald  

The two key species had to fulfil the following criteria: 

Table 4 Main selection criteria for the key species 

species main habitat common patch size visible key factors of 

the habitat 

depending on the 
FFH Annex 

according to CORINE 
system 

according to current 
state of knowledge 

depending on field 
studies 

 

After the procedure the Black Stork and the Red Kite were found to be suitable key species 

for the HSI in Moritzburg. They are both mentioned in the FFH Directive, their habitat can be 

found according to the CORINE land cover definitions, their patch size fits with the area of 
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interest in Moritzburg and the visible key factors could be well defined with the current 

knowledge of experts. 

Third step: Habitat analysis of two key species with different correlation to diversity 

metrics 

The two key species are mentioned in the Bird Directive and were expected to be differently 

related to structural diversity. It was expected that the Black Stork is negatively correlated 

with structural diversity, and that the Red Kite is positively correlated with structural 

diversity. 

3.3.13.3.13.3.13.3.1 The The The The Red Red Red Red KiteKiteKiteKite ( ( ( (Milvus milvus))))    

In this section the main habitat requirements of the Red Kite are described. On one hand a 

number of publications (ORTLIEB 1989,  SCHREIBER ET AL .  2000,  STUBBE ET AL.  

1995,  CRAMP 1977,  VON BLOTZHEIM ET AL.  1966)  offer the main characteristics of 

the required habitat conditions, on the other hand the requirements according to the Habitat 

Directive are summarised. It was not the objective to reflect all described details in the HSI, 

but to concentrate on the main landscape elements which could be easily detected by remote 

sensing technology. For the HSI model it was essential just to start with a rough landscape 

monitoring to test the applicability of the main model features. Later on more detailed 

information like maps of e.g. water quality or recreation activities can be added to the HSI 

model. 

The total European breeding population of the Red Kite is between 18,000 to 28,000 pairs. In 

Germany the population is about 9000 to 19,000, while in Russia the population is around 1 to 

50 breeding pairs (B IRDGUIDES 1999A ,  S IEVERT 2000) . The population is covering 

Europe from the Northern parts of Scandinavia as summer breeding areas down to the 

Northern parts of Africa for winter breeding. K IEFER (1998)  described the breeding 

behaviour of Black Kites and Red Kites in Luxembourg. Besides his results about successful 

breeding and the population density of the area of interest, he found that 45% of the nests 

were close to the forest border. Some 40% of the other nests were close to forest glades and 
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roads. In Table 5 open forest and distance to forest borders was defined as an attribute for the 

life requisite “food”. The change from forest to other landscape elements seems to be very 

important for the Red Kite for the selection of its nesting sites. The Red Kite often prefers old 

trees for breeding, and prefers agricultural land as close as possible to its breeding trees for 

feeding (S IEVERT 2000,  LOTZING 2000) . In Table 5 these attribute are listed for the 

considered life requisites “nesting” and “food”. Old trees are also considered as important 

“watching” possibilities. The main food of the Red Kite consists of hamsters, moles, field 

mice and other small invertebrates. In the Hakel, an area in the South of the Harz Mountains 

in Germany, the population of the hamsters has decreased considerably because of the 

changing plantation activities of the local farmers after the reunification of Germany. This 

caused the decrease of the Red Kite population in the area (S IEVERT 2000,  LOTZING 

2000) . In contrast to this, the Red Kite population has increased in some areas of Wales 

(WELSH K ITE TRUST 2004) . In the Hakel area the Red Kite settles close to the border of 

forest to agricultural land. Very often the nests can be found close to water bodies. Thus the 

Red Kite prefers heterogeneous landscapes consisting of old forests, agricultural land, and 

water bodies (compare with Table 5).  

The attributes for the Red Kite habitat definition for the Moritzburg area are shown in Table 

5. They were chosen from the attributes as listed in the FFH Directive. 
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Table 5 Red Kite – list of the attributes and their definitions for the HSI in Moritzburg 

life requisite attribute definition MNTFR definition 

    
food water bodies small lakes and ponds  

 forest border distance max. 
0,5 kilometre 

 

 open sites  class 2 (other wooded 
land) or class 3 
(agricultural land) 

1
 

    
nesting open forest  areas with a canopy 

cover of 15% 

 timber volume minimum 300 m³/ha  

    
safety/watching tree species 

composition 
minimum 80% 
broadleaved trees 

 

 tree height minimum 25 m  

1 Class 2 is defined as “other wooded land”: Land either with a tree crown cover (or equivalent stocking level) of 5-10% of trees able to reach 
a height of 5 m at maturity in situ; or a crown cover (or equivalent stocking level) of more than 10% of trees not able to reach a height of 5 m 
at maturity on situ and shrub or bush cover with a minimum area of 0,5 ha and a width of 20 m.  
Class 3 is defined “agricultural land”: areas used for seasonal and permanent crops; two categories: tree crops and other crops (According to 
the MNTFR field manual) 

 

3.3.23.3.23.3.23.3.2 The Black StorkThe Black StorkThe Black StorkThe Black Stork ( ( ( (Ciconia nigra))))    

Experts like JANSSEN ET AL .  2004,  CRAMP 1977,  VON BLOTZHEIM ET AL.  1966,  

B IRD GUIDES 1999B  offer the main characteristics of the needed habitat conditions and on 

the other hand the requirements according to the Habitat Directive are summarised. Similar to 

the Red Kite, it was not the objective to fulfil all the described details in the HSI, but to 
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concentrate on the main landscape elements which could be easily detected by remote sensing 

technology. 

According to CRAMP (1977)  and VON BLOTZHEIM ET AL.  (1966)  the following 

characterisation of the Black Stork can be given. Black Storks are far less numerous than 

White Storks. The total number Black Storks in Europe amounts to 2600 to 3000 pairs. Most 

of them live in the eastern part of Europe, while 40-50 pairs live in Germany. At the 

beginning of the last century the Black Stork began to settle again in the western countries 

like Germany, France, the Benelux countries and Scandinavia for reproduction. In opposite to 

that a decline of the population is monitored in parts of Estonia (ROSENVALD ET AL.  

2003) . During winter the bird mitigates to Western Africa to countries like Senegal or Mali. 

The Black Stork is well known as a big bird which hardly prefers old homogenous stands of 

mainly broadleaved trees. They settle in old quiet forests where the nest is placed on a big 

tree, often near an open space (slopes, clear forests), which allows them an easy access. Their 

hunting field consists of streams and small rivers, of marshy ponds, of meadows with low 

vegetation DEPARTMENT OF THE PRESERVATION OF NATURE OF THE M INISTRY OF THE 

WALLOON REGION 1995,  JANSSEN ET AL.  2004) . Another very important aspect for the 

Black Stork is its shyness and his vulnerability towards any disturbances especially during the 

breeding period (JANS ET AL.  2000,  JANSSEN ET AL.  2004,  VON BLOTZHEIM ET AL.  

1966) . Wet meadows and miry banks in small rivers or ponds are its favoured feeding areas, 

where it can find small fishes or amphibians. The attributes for the Black Stork habitat 

definition for the Moritzburg area are shown in Table 6.  
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Table 6 Black Stork - list of the attributes and their definitions for the HSI in Moritzburg 

life requisite attribute definition MNTFR definition 
    

food stand structure several layers  

 forest border distance max. 1,0 
kilometre 

 

 broadleaved trees minimum 80% 
broadleaved trees 

 

    

nesting tree height minimum 25 m  

 timber volume minimum 300 m³/ha  

    

safety/watching infrastructure 
distance 

minimum 3 kilometre  

 resident population maximum 100 in 
habitants /km² 
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3.43.43.43.4 AAAAPPLIED PPLIED PPLIED PPLIED SSSSOFTWARE AND OFTWARE AND OFTWARE AND OFTWARE AND TTTTOOLSOOLSOOLSOOLS    

The described data were aggregated and merged in multiple ways for the HSI and its 

modifications. All algorithms and methods mentioned were applied using GIS and image 

analysis software. The kNN method (chapter 4.1.3) was applied by utilising software 

developed by STÜMER (2004),  (KÖHL ET AL.  2001) . ArcView by ESRI  INC.  was used 

for the GIS application in the procedures for the HSI, the EHSI and the HR-HSI. For Image 

analysis algorithms ERDAS  software was applied. Additionally Microsoft Office products 

were used for writing and calculating single basic algorithms. 
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4444 THE THE THE THE HABITAT HABITAT HABITAT HABITAT SUITSUITSUITSUITABILITYABILITYABILITYABILITY INDEX (HSI) INDEX (HSI) INDEX (HSI) INDEX (HSI)    

4.14.14.14.1 HSIHSIHSIHSI    AAAANALYSIS NALYSIS NALYSIS NALYSIS MMMMETHODSETHODSETHODSETHODS    

The following figure shows the data flows and aggregation for the basic HSI in detail. 

Variations of the illustrated HSI were applied for approaches like the enhanced habitat 

suitability index (EHSI) applying fuzzy sets in chapter 5, and the habitat suitability with home 

range aspects (HR-HSI) in chapter 6. 
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Figure 7 Overview of the HSI data flow and aggregation 
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4.1.14.1.14.1.14.1.1 Ground DGround DGround DGround Dataataataata    

4.1.1.1 Datenspeicher Wald (1989) 

The Saxonian forestry administration provided a data set extracted from the database 

“Datenspeicher Wald” for the year 1989. As the data set was not geo-referenced a 

topographical map of Moritzburg (1:25.000) and former stand maps were utilized for geo-

referencing the stand-wise information. 

In order to enable a time series approach the ground data of the field campaign carried out in 

the year 2000 had to be aggregated for different attributes utilized as input attributes to the 

HSI models. For the calculation of the individual attributes over the entire area of interest, the 

data from both points in time (the field campaign 2000 and the Datenspeicher Wald 1989) had 

to be aggregated. Table 9 gives an overview of the attributes and the approach applied to 

calculate appropriate attribute values. 

Buffers were created by using the GIS functionality of ArcView. The shape file created by 

ArcView was exported into a raster format (ERDAS) including binary colour coding (black 

and white), so that every single attribute could be provided as a binary map. The binary maps 

are presented on a per pixel basis for the abundance (white) or absence (black) for each 

attribute (Table 9). 

4.1.1.2 Field Data (2000) 

The relevant field data had to be aggregated out of the MNTFR project database. The plot 

coordinates were extracted for the GIS applications and the kNN algorithm.  
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4.1.24.1.24.1.24.1.2 Remote Sensing DataRemote Sensing DataRemote Sensing DataRemote Sensing Data    

The satellite scenes were geo-referenced in order to overlay scenes from different points in 

time, and to match individual pixels with ground data as a preparation for the application of 

the kNN method. In a following step a slope-aspect correction was performed for the geo-

referenced satellite scenes. This was realised by applying the Non-Lambertian Correction 

normalisation algorithm (ERDAS  1997) . The following equation is, according to COLBY 

(1991)  and SMITH AND RANSON (1980),  used to normalize the brightness values in the 

image. 

 

 )cos/(cos)cos( eieBVBV
kk

observednormal λλ =  

[1]  

where: 

 
λnormalBV  = normalized brightness values 

 
λobservedBV  = observed brightness value 

cos I  = cosine of the incidence angle 

cos e  = cosine of the existence angle, or slope angle 

k  = the empirically derived Minnaert constant 

 

The Minnaert (M INNAERT AND SZEICZ,  1961)  constant (k) may be found by the 

regression of a set of observed brightness values from the remotely sensed imagery on known 
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slope and aspect values, provided that all the observations in this set are the same type of land 

cover. The k value is the slope of the regression line (HODGSON AND SHELLY 1993): 

 

 )coslog(coslog)coslog( eikBVeBV normalobserved += λλ  

[2]  

The algorithm was applied in the ERDAS IMAGINE software. 

4.1.34.1.34.1.34.1.3 Data Combination with the kNN Data Combination with the kNN Data Combination with the kNN Data Combination with the kNN MethodMethodMethodMethod    

For habitat modelling the satellite data have to be combined with data from the ground 

surveys. The combination was realised using the “k nearest neighbour (kNN) method”. The 

kNN method is an automatic technique which optimises the behaviour of a system (N IEMANN 

1983) . The optimised behaviour is described with a function, which is approximated by a 

given number of samples (N IEMANN 1983) . For classification purposes the kNN method is 

applied with the objective of finding the location value with the help of its similarity to an 

already known location value. The process can be described in the following way. For the 

entire set of pixels without associated ground assessments, the k nearest neighbours in the 

spectral image space are determined among those pixels which coincide with the location of 

field samples. A search algorithm identifies the nearest neighbours of the pixels in the spectral 

image space, while k is the potentially derived number of neighbouring pixels for one spectral 

image class. The entire image is classified according to its spectral image space and distance 

to pixels which coincide with field sample locations. They are the already known location 

values (N IEMANN 1983) . The estimates are plotted to produce maps that show the spatial 

distribution of attributes assessed on the ground in the resolution of the remote sensing data.  

In the kNN method, attribute values (v) for a specific pixel is calculated as the weighted 

average of the k field plots that are closest to the pixel in the space distance (d) (equation [3]). 

In this study, the feature space distance is measured as the Euclidean distance in the spectral 

space defined by the bands in the EO data (Landsat). The weights (w) given to the bands are 
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proportional to the inverse squared distance (equation [3]). This is essentially an inverse 

distance weighted averaging method, as commonly used for spatial interpolation (ISAAKS 

AND SRIVASTAVA ,  1989) . 
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dj,p = feature space distance from pixel p to plot j, and 

vj,p = attributes for the plot with distance dj,p . 

 

In the context of forest resource assessments the kNN method was firstly described by K ILKKI  

AND PÄIVINEN (1987)  and later enhanced by TOMPPO (1991,  1993,  1997A ,  

1997B) . In Finland the kNN method was applied to obtain results for Forest Board Districts 

(TOMPPO 1993) . The multi-temporal analysis of habitat suitability for Black Stork or Red 

Kite does not only concentrate on forested landscape elements, but also on elements such as 

lakes, agricultural fields and other land cover classes. For non-wooded areas, a number of 

fictional points in the images had to be created in order to receive any input into the kNN e.g. 

for the lakes or the agricultural land around Moritzburg. 
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The programming for the applied kNN algorithm was done in Visual Basic (STÜMER,  

2004;  KÖHL ET AL.  2001) . The software utilised has a user interface for different 

settings. For providing kNN estimates an analysis program was used in which all relevant 

kNN functions and estimation approaches were implemented. Not only nominal data, but also 

ordinal data could be analysed by the kNN method. The different bands of on satellite scene 

or image data can be activated for the calculation.  

4.1.44.1.44.1.44.1.4 The Habitat Suitability The Habitat Suitability The Habitat Suitability The Habitat Suitability Index Index Index Index ModelModelModelModel (HSI) (HSI) (HSI) (HSI)    

The applied HSI model approach was chosen because of its potential to detect hotspots on the 

landscape level in a simple and effective way. The objective was not to develop a method for 

supporting management decisions on the local level, but to create an early warning system 

with habitat quality as an indicator for potential consequences of land use changes. The other 

essential issue was to create a HSI model for the implementation of different information on 

spatial and temporal scales. Thus the HSI or the two key species offers the possibility to 

predict potential habitat changes in future. 

The defined habitat descriptions of the FFH Directive have been analysed and compared 

according to the available data for the time series application. Because some of the defined 

life requisites could be reflected together in one of the indicators of this landscape level 

approach, the list of describing features for each species will be a subset of the list of the FFH 

Directive within these HSI models. 

Red Kite (Milvus milvus) represents a species that is listed as a major protection priority in the 

Council Directive 79/409/EEC on the Conservation of Wild Birds (EC  1972),  whereas the 

Black Stork (Ciconia nigra) is declared as a key species in the Council Directive 92/43/EEC 

on the conservation of natural habitats and of wild fauna and flora (EC  1992) .  
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Table 7 Red Kite: life requisites, model attributes and their weights in the HSI 

life requisite life 

requisite 

weight 

in HSI 

model-attribute/thresholds abbreviation attribute 

weight 

in life 

requisite 

Food 6 Water bodies: distance max. 1 km Distwater 0,4 

  Forest border: distance max. 0,5 km Distforest 0,4 

  Open sites: class 2 or 3 1 Sitesopen 0,2 

Nesting 6 Open forest: minimum 30 ha Forestopen 0,7 

  Timber volume: minimum 300 m³/ha Vol 0,3 

Safety 3 Tree species composition : minimum 80% 

broadleaved trees 

Comptree 0,5 

  Tree height: minimum 25 m Heighttree 0,5 

1 Class 2 is defined as “other wooded land”: Land either with a tree crown cover (or equivalent stocking level) of 5-10% of trees able to reach 
a height of 5 m at maturity in situ; or a crown cover (or equivalent stocking level) of more than 10% of trees not able to reach a height of 5 m 
at maturity on situ and shrub or bush cover with a minimum area of 0,5 ha and a width of 20 m.  
Class 3 is defined “agricultural land”: areas used for seasonal and permanent crops; two categories: tree crops and other crops (According to 
the MNTFR field manual) 

 

The HSI model contains no territorial constraints and the HSI has been calculated strictly on a 

per pixel basis. 

 

HSIRed Kite = 6*(0.4*Diswater+0.4*Distforest+0.2*Sitesopen)*6* 

 (0.7* Forestopen+0.3*Vol)*3*(0.5*Comptree+0.5*Heighttree) 

[4]  

HSIRed Kite = 6*(Food)* 6*(Nest sites)* 3*(Safety) 

[5]  
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Table 8 Black Stork: life requisites, attributes and their weights in the HSI 

life requisite life 

requisite 

weight 

in HSI 

model-attribute /thresholds 

 

abbreviation attribute 

weight 

in life 

requisite 

Food 5 Stand structure: several layers Strucstand 0,3 

  Forest border: distance max. 1 km Distforest 0,4 

  Tree species composition: minimum 

80% broadleaved trees 

Comptree 0,3 

Nesting 10 Tree height: minimum 25 m Heighttree 0,7 

  Timber volume: minimum 300 m³/ha Vol 0,3 

 

As for Red Kite no territorial constraints are considered for Black Stork and the HSI has been 

calculated strictly on a per pixel basis. 

 

HSIBlack Stork = 5*(0.3*Strucstand+0.4*Distforest+0.3* Comptree)*10* 

 (0.7* Heighttree+0.3*Vol) 

[6]  

 

In order to enable a time series approach the ground data of the field campaign carried out in 

2000 had to be aggregated for the different attributes utilised as input attributes to the HSI 

models. For the calculation of the individual attributes over the entire area of interest, the data 

from both points in time (the field campaign 2000 and the Datenspeicher Wald 1989) had to 

be aggregated. Table 9 gives an overview of the attributes and the approach applied to 

calculate appropriate attribute values. 
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Table 9 List of habitat attributes and their calculations using the kNN and GIS functionality 

Key species Attribute kNN output Arc View output 
Water bodies: distance max. 
1 km 

- buffer creation (1km) around 
every lake in the scene; buffer 
outside the lake 

Forest border: distance 
max. 0,5 km 

- buffer creation (0,5 km) in both 
directions; border between the 
forest area and the large fields 

Open sites: class 2 (other 
wooded land) or 3 
(agricultural land) (MNTFR 
nomenclature) 

Map with 1 for every pixel with 
class 2 or 3; 0 for everything else 

- 

Open forest (basal area 
under 15 m²/ha) minimum 
30 ha 

Map with 1 for open forests; 0 for 
everything else 

- 

Timber volume: min. 
300m³/ha 

Map with 1 for pixel with 300m³/ha 
or more; 0 for less than 300m³/ha 

- 

Tree species composition: 
min. 80% broadleaved trees 

Map with 1 for pixels with 80% 
broadleaved trees or more; 0 for 
less than 80% broadleaved trees 

- 

 

Red Kite 

Tree height: min. 25 m Map with 1 for every pixel with 
trees of 25 m height or higher; 0 for 
pixels with smaller trees 

- 

Stand structure: Map with 1 for pixels with several 
vertical layers; 0 for pixel without 
any vertical structure in the forests 

- 

Forest border: distance 
max. 1 km 

- buffer creation (1 km) in both 
directions; border between the 
forest area and the large fields 

Tree species composition: 
min. 80% broadleaved trees 
/ha 

Map with 1 for pixels with 80% 
broadleaved trees or more; 0 for 
less than 80% broadleaved trees 

- 

Tree height: min. 30 m Map with 1 for every pixel with 
trees of 30m height or higher; 0 for 
pixels with smaller trees 

- 

Timber volume: min. 
300m³/ha 

Map with 1 for pixel with 300m³/ha 
or more; 0 for less than 300m³ 

-- 

Infrastructure distance: min. 
3 km 

- buffer creation (3 km) in both 
directions; on every road 

Recreation facilities: no - identify recreation facilities on the 
map 

 

Black 

Stork 

Resident population: max. 
100 habitants 

Map with 1 for habitants numbers 
below 100; 0 for pixels with higher 
population 

- 

 

The ground truth assessments of both occasions are the geo-referenced basis for the attributes 

defined during the habitat definition process. Image elements which coincide with the sample 

plots were taken as starting points for the kNN application, identifying the k nearest 

neighbours in the spectral image space to be classified for an attribute of interest (e.g. timber 

volume). The potential result is a binary map including the value 1 for the respective elements 

of e.g. minimum timber volume of 300 m³/ha according to their spectral information and 0 for 

those pixels which do reflect lower timber volume. 
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Attributes like “water bodies” were digitised on topographical maps and used for GIS buffer 

applications. The areas within the defined zones are related to a positive spatial attribute reply 

(1) on the binary result maps, while districts lying outside were defined as 0.  

 

i

0, for area outside the defined zone
x

1, for area inside the defined zone


= 


 

[7]  

where ix is the attribute reply value for the attribute of interest. 

Both procedures were applied for each appropriate habitat attribute resulting in individual 

binary maps as input for the final habitat modelling. The approach described here is a Boolean 

approach using overlaying procedures, while each model unit has a distinct binary character 

(BOOLE 1854) .  

 

4.1.54.1.54.1.54.1.5 Retrospective Change ARetrospective Change ARetrospective Change ARetrospective Change Analysis of the HSInalysis of the HSInalysis of the HSInalysis of the HSI    

The main interest of the study was to analyse the development and change of potential 

habitats for rare species with various HSI models. The changes of the potential habitats were 

analysed by using the data of the Datenspeicher Wald as retrospective data source for 1989, 

and the field campaign 2000 respectively. Earth observation images were available for the 

same points in time to obtain objective information over the entire area of interest in an 

effective way. For forest related habitats this has been successfully done by MACKINNON 

AND WULF  (1994). For the change analysis of the HSI the difference image methodology 

was applied for: (i) the remotely sensed imagery, (ii) the entire HSI, (iii) the life requisites  

and (iv) the individual attribute maps. 
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4.1.64.1.64.1.64.1.6 The The The The DDDDifference Imageifference Imageifference Imageifference Image    

In the multi-temporal analysis, emphasis was put on the potential differences between the two 

habitat suitability maps of 1989 and 2000. The focus was to identify whether the differences 

could be identified with the applied methods like kNN on a scale of maximum 30 m 

resolution. The habitat suitability maps are 8 bit images presenting 256 different grey pixel 

values in one image, where light components represent high habitat suitability and dark 

components represent low habitat suitability. Every shade grey is the result of the merged 

binary information of the weighted individual attribute map by the addition to life requisites. 

The life requisites were weighted a second time, and then finally multiplied in HSI maps with 

8 bit character. The image values for 1989 were subtracted from image values for 2000, thus 

producing a difference image. The same procedure was used in comparing the maps for a 

single attribute (e.g. timber volume) derived using the kNN procedure. 

 

ERDAS Modeler (ERDAS 1997)  was used to calculate the difference images by applying a 

methodology developed by IGBOKWE (1994): 

 

)2()1( kkk ppp −=∆  

[8]  

∆ pk = changed pixel over time 

pk (1) = grey values of the imagery of 1989 

pk (2) = grey values of the imagery of 2000 

k = the single channel (only one available for the HSI) 

 

The procedure results in positive values for some areas and negative values for others that 

represent changes over time. For further investigations on the results the images were 
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reconverted into the normal 8 bit character. Beside the HSI maps the two Landsat images of 

Moritzburg were also subtracted to receive the spectral image changes within the Moritzburg 

scene. 

4.1.74.1.74.1.74.1.7 Evaluation of the HSI Evaluation of the HSI Evaluation of the HSI Evaluation of the HSI ––––    AAAA Sensi Sensi Sensi Sensitivtivtivtivity Analysisity Analysisity Analysisity Analysis    

The HSI for the Red Kite was evaluated, as all selected attributes were present around 

Moritzburg. For the understanding of the HSI results, a sensitivity analysis was applied. The 

aim was to elucidate the influence of a single attribute in the entire model. Multiplying all 

attributes indicating life requisites of the Red Kite (4.1.4) leads to a very small effect of the 

applied weights of the model output. For instance the life requisite “nesting” consists of the 

two attributes “open forest” and “timber volume”. Pixels indicating the “open forests” with a 

canopy cover of less than 15% cannot coincide with pixels indicating a minimum timber 

volume of 300 m³/ha. Due to this attribute definition the location of pixels have to be 

different. Thus the attributes are auto-correlated (ANDERSON AND WALKER 1964) . The 

roles of the life requisite and the individual attribute for the entire HSI are limited. Areas 

which are not covered by a single attribute of a life requisite obtain the value zero in the entire 

model, because of the multiplication. The HSI more or less describes the areas providing the 

optimum habitat (i.e. those providing all life requisites) around Moritzburg. Transfer habitat 

suitability probabilities are of interest for the quantification of different suitability classes, 

besides the optimum. The original pixel-wise approach of the HSI was chosen because the 

area of interest lies inside the home range of the Red Kite. Thus the individual species does 

not have to have all life requisites including all attributes in one location, because the mobility 

to reach a missing requirement is given in all positions of the test site. On the one hand this 

allows summing up the weighted attribute maps in a modified habitat suitability model 

(HSI+) to quantify different classes beside the optimum of habitat suitability with transfer 

habitat suitability probabilities (see equations [12], [15]). On the other hand the role of the 

single attribute for the total area of interest can be examined with a sensitivity analysis 

applying a seven digit image (Figure 8 and equation [16]). The original habitat model is 

described by the equations [9] and [10]. 
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HSIRed Kite = 6*(0.4*Diswater+0.4*Distforest+0.2*Sitesopen)*6* 

 (0.7* Forestopen+0.3*Vol)*3*(0.5*Comptree+0.5*Heighttree) 

[9]  

Summarised in terms of life requisites the HSI can be reformulated into: 

 

HSIRed Kite = (6*[FOOD]) * 6*[NESTING] * 3*[SAFE]  

= 6*6*3* [FOOD] *[NESTING] *[SAFE] 

= a* [FOOD] *[NESTING] *[SAFE] 

[10]  

a = factor, no weighting 

While the weights are defined within the life requisites, the multiplication of the requisites in 

the second step leads to an abrogation of the weights in the model output. Modifying the HSI 

by summing the life requisites gives: 

 

HSI modified Red Kite = 6*[FOOD] + 6*[NESTING] + 3*[SAFE] 

[11]  

or 

HSI modified Red Kite = (6*(0.4*Diswater+0.4*Distforest+0.2*Sitesopen)) 

+ (6*(0.7* Forestopen+0.3*Vol)) + (3*(0.5*Comptree+0.5*Heighttree)) 

[12]  
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In other terms the HSI model can be expressed as the sum of all attribute weights (
ip ), 

defined as 1 in all attribute maps, multiplied with the presence of the attribute ( if ) of a single 

location in the area of interest. 

∑
=

=
n

i

ii yxfpyxHSI
1

),(*),(  

[13]  

i = 1 to n for habitat attributes 

ip = weight of attribute with 1
1

=∑
=

n

i

ip  

if = presence of attribute (1 or 0) at position (x,y) 

yx, = position of attribute 

 

i

0, for attibute absence at position x, y
f

1, for attribute presence at position x, y


= 


 

[14]  

The maximum habitat value of 1 can be achieved by converting the attributes according to the 

weight of the attribute and by the weight of the requisite. This results in the equation: 

HSI modified Red Kite = 0.16*Diswater+0.16*Distforest+0.08*Sitesopen+0.28* Forestopen 

+0.12*Vol+ 0.10*Comptree+0.10*Heighttree 

[15]  

Another reason for modifying the HSI is to calculate the influence of the natural 

circumstances in terms of spatial patch arrangement in Moritzburg. 

If the sum of all weighted attributes should sum to 1, the single attribute weight would 

relatively change into a value smaller than 1 according to the weight of the life requisite itself 
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and according to the weight of the individual attribute within the life requisite. The conversion 

is presented in the following table: 

Table 10 Conversion of attribute weights into a Red Kite HSI with the maximum value one 

Life requisite 

(LR) 

attribute 
LR 

weight 

converted LR 

weight 

attribute 

weight 

converted 

attribute weight 

Food 1) Water bodies  6 0,4 0,4 0,16 

 
2) Forest border 

 
0,4 0,16 

 3) Open sites 

 

 0,2 0,08 

Nest site 
4) Open forest 6 0,4 0,7 0,28 

 
5) Timber volume 

  
0,3 0,12 

Safety/watching 

site 

6) Broadleaved 

trees 
3 0,2 

0,5 0,10 

 7) Tree height 
  

0,5 0,10 

total  15 1 3 1 

 

The table includes the already shown HSI weights and the attribute weights of the individual 

attributes, when their values are summed to 1. According to the converted HSI model, it is 

obvious that “open forest” has the most relevance followed by “water bodies” and “forest 

border”. 

The modified HSI is upgraded by merging the attributes maps with an image analysis 

algorithm. The procedure is illustrated in Figure 8. 
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* 1.000.000 * 100.000 * 10.000 * 1.000 * 100 * 10 * 1* 1.000.000 * 100.000 * 10.000 * 1.000 * 100 * 10 * 1

 

 

Figure 8 Seven digit image creation for the sensitivity analysis 
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The calculation can be described by the following equation: 

HSI = (1.000.000*Diswater) + (100.000*Distforest) + (10.000*Sitesopen) + (1.000*Forestopen) + 

(100*Vol) + (10*Comptree) + (1*Heighttree) 

[16]  

 

Each attribute pixel value (1 or 0) is multiplied with a value from 1 to 1.000.000 according to 

numerical position of the result map pixel value, so that every suitable attribute pixel is 

reflected in the output image. The output is a 7 digit image map, including the information 

about which attribute contributes to the final HSI value. A further calculation algorithm 

considers the weights for the single pixel values in each of the 7 digit result pixels. With the 

frequencies of the different 7 digit combinations of the image, where one digit reflects the 

presence or absence of a defined attribute, the influence of an individual attribute for the 

entire HSI model can be identified. The procedure considers each attribute independently 

from its position in the life requisite or the entire HSI model. The presence and absence of an 

individual attribute as well as its weight within the entire HSI model was utilised. The results 

of the HSI with summed life requisites and the results of the sensitivity analysis are shown in 

chapter 4.2.7. 
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4.24.24.24.2 RRRRESULTS OF THE ESULTS OF THE ESULTS OF THE ESULTS OF THE HSIHSIHSIHSI    

4.2.14.2.14.2.14.2.1 Remote Sensing DataRemote Sensing DataRemote Sensing DataRemote Sensing Data    

The differences between the two digital signatures of the Landsat images of 2000 and 1989 

were analysed. The grey values of the image of 2000 were subtracted form the values of the 

image of 1989. The result is a difference image, which is limited to the difference of the 

digital image information. Table 9 presents the result of the procedure. The top of the images 

represents north. 



Results of the HSI 

 

 

70 

 

 

 

1989 2000 

difference image 

 

Figure 9 Difference image of the Moritzburg satellite images 

In the difference image dark and bright areas indicate changes in the digital information of the 

two images. The grey areas indicate small or even no changes of the digital information. The 

red ellipse shows an area with a considerable change when comparing the two images 

visually, which was not shown clearly in the difference image. The dark area in the north-

eastern part indicates conspicuous changes, which encompass the area of a drained lake in 

1989. Additionally some more dark areas can be found in the north-western as well as in the 

southern parts of the difference image. A conspicuous light area indicating changes can be 

found in the north-eastern part.  
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4.2.24.2.24.2.24.2.2 HSIHSIHSIHSI Attribute Attribute Attribute Attributessss    

For the HSI models, the kNN method was used to combine the ground survey data with the 

satellite images. This was done for each attribute in terms of one HSI attribute map for each 

of the years 1989 and 2000. For example the attribute “broadleaved trees” (80% broadleaved 

trees per ha) was essential for both key species. The resulting maps are shown in Figure 10. 

  

Tree species composition of broadleaved 
trees (minimum 80% per ha) in 1989 

Tree species composition of broadleaved 
trees (minimum 80% per ha) in 2000 

 

 
white: “broadleaved trees” detected 
black: no “broadleaved trees” detected 

 

 

 

red: loss of “broadleaved trees” 
green: increase of “broadleaved trees” 
blue: no change of “broadleaved trees” 
black: no “broadleaved trees” detected 

Change of the attribute “broadleaved trees” 
from 1989 to 2000  

Figure 10 kNN result maps of the attribute “broadleaved trees” for 1989 and 2000 and its changes 
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In the centre of the map of 1989 an accumulation of pixels with 80% broadleaved trees per ha 

is visible. In the map of 2000 this accumulation could not be found in such a pronounced 

intensity. A similar development could be visually detected with the attribute “timber 

volume” (timber volume minimum 300 m³/ ha) which should represent old stands in the area 

around Moritzburg. This attribute was also essential for both key species. 

  

Timber volume of minimum 300m³/ha for 1989 Timber volume of minimum 300m³/ha for 
2000 

 

 
white: “timber volume” detected 
black: no “timber volume” detected 
 
 
 
 
 
 
 
 
 
 
red: loss of “timber volume” 
green: increase of “timber volume” 
blue: no change of “timber volume” 
black: no “timber volume” detected 

Change of the attribute “timber volume” from 
1989 to 2000 

 

Figure 11 kNN result maps of the attribute “timber volume” for 1989 and 2000 and its changes 
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Within the HSI the different attribute layers were calculated with kNN or GIS. For the kNN 

layers the input maps for each attribute were: 

• timber volume Vol 

• open sites Sitesopen 

• open forest Forestopen 

• broadleaved trees Comptree 

• tree height Heighttree 

 

The development of the single attributes over the considered time period were calculated and 

analysed. Examples for the spatial distribution of the development can be seen in the 

illustrations of Figure 10 and Figure 11. The rest of the spatial illustrations are presented in 

the Annex (p.185). The numerical description of the changes is presented as follows. 

Table 11 Development of “timber volume” from 1989 to 2000 [% of the test site area] 

Vol 

1989  

2000 timber volume  

≥ 300 m³/ha 

timber volume  

< 300 m³/ha 

 

timber volume 

≥ 300 m³/ha 1,12% 9,60% Σ 10,72% 

timber volume  

< 300 m³/ha 6,23% 83,04%  

 Σ 7,35%   

relative change of suitable area: + 3,37% 
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Table 12 Development of “open sites” from 1989 to 2000 [% of the test site area] 

Sitesopen 

1989  

2000 open sites non open sites 
 

open sites 26,46% 3,17% Σ 29,64% 

non open sites 7,14% 63,22%  

 Σ 33,60%   

relative change of suitable area: - 3,97% 

 

Table 13 Development of “open forest” from 1989 to 2000 [% of the test site area] 

Forestopen 

1989  

2000 open forest non open forest 
 

open forest 2,36% 8,57% Σ 10,93% 

non open forest 8,52% 80,55%  

 Σ 10,88%   

relative change of suitable area: + 0,05% 
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Table 14 Development of “broadleaved trees” from 1989 to 2000 [% of the test site area] 

Comptree 

1989  

2000 broadleaved trees  

≥ 80%/ha 

broadleaved trees  

< 80%/ha 

 

broadleaved trees 

≥ 80%/ha 5,43% 15,50% Σ 20,93% 

broadleaved trees  

< 80%/ha 2,30% 76,77% 
 

 Σ 7,73% 
  

relative change of suitable area: + 13,21% 

 

Table 15 Development of “tree height” from 1989 to 2000 [% of the test site area] 

Heighttree 

1989  

2000 tree height  

> 25 m 

tree height  

< 25 m 

 

tree height  

> 25 m 0,94% 7,75% Σ 8,69% 

tree height  

< 25 m 5,33% 85,97%  

 Σ 6,27%   

relative change of suitable area: + 2,42% 
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“Open sites” (Sitesopen) is the only attribute which showed a small decrease of relative 

suitability in the test site from 1989 to 2000 (compare Annex figure 1, p. 185). The location of 

“open forest” (Forestopen) suitability has changed, while the relative suitable are of “open 

forest” has remained fairly stable (+0,05%). The suitable area in 1989 (lower left cell of Table 

13) is more than 8%. The value describes the decrease of suitability of “open forest”. A 

similar value can be found in the upper right cell of Table 13. Here the suitable area of “open 

forest” is about 8% in 2000. The value describes the increase of suitability. A bit more than 

2% of the test site area is suitable in both occasions (upper left cell of Table 13). The values 

of the cells on the left side of the table can be added together to give the total suitability of 

1989, and the values of the upper cells of the table can added together to give the total 

suitability of 2000. Thus the relative change of suitable area can be calculated by subtracting 

the total suitability value of 1989 from the value of 2000. In the case of “open forest” the 

relative change of suitable area is +0,05%. The highest relative suitability increase of over 

13% of the test site area could be found for “broadleaved trees” (Comptree) in Table 14 and 

Figure 12. 

An overview of all changed attributes for the habitat suitability model is shown in the 

following figure. Here the proportions of the attribute increases or deceases become visible. 
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76,77%
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80,55%
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Figure 12 Overview over all HSI attribute developments from 1989 to 2000 [% of the test site area] 

As the single kNN attribute maps show changes, the results of the GIS layers are calculated 

attributes mostly depending on constant natural conditions in the areas. They do not change in 

a time period of 11 years as the German Forest law does not allow to change forest land into 

other land use. The shapes of the lakes have not been changed over the years as well, even if 

some of them are sometimes drained because of fishing activities. The following attributes 

were created within the GIS: 

• water bodies distance Distwater 

• forest border distance Distforest 

• infrastructure distance not detected 

• recreation facilities not detected 
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The mapping of the 0.5 km distance to “forest borders” and the mapping of the 1 km distance 

to “water bodies” is illustrated in Figure 13. The maps are also in a binary character for the 

calculation of the HSI. The black areas showing those areas where there is no water body 

within 0,5 km or no forest border within 1 km distance. 

 

 

 

 

 

Water bodies in 1 km distance Forest border in 0,5 km distance 

white: attribute detected; black: no attribute detected 

Figure 13 Map of buffers around the water bodies (1 km distance) and around the forest border 

(0.5 km distance) in the test area  

4.2.34.2.34.2.34.2.3 HSIHSIHSIHSI Life Requisite Life Requisite Life Requisite Life Requisitessss    

According to the calculation of the HSI for Red Kite in Table 7 the single attributes were 

weighted and summed for three different life requisites “food” “nesting” and “safety”. The 

maps for the life requisites are illustrated in the following section. 

The life requisite “food” consists of “water bodies” (Diswater), “forest border” (Distforest) and 

“open sites” (Sitesopen). They are merged according to the equation [4]. 
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HSI life requisite “food” for Red Kite 
1989 

HSI life requisite “food” for Red Kite 2000 

 

bright areas: high suitability for “food” 
dark areas: less suitability for “food" 
 
 
 
 
 
 
 
 
red: loss of “food” 
green: increase of “food” 
blue: no change of “food” 
black: no “food” detected 

Change of the HSI life requisite “food” 
for Red Kite from 1989 to 200 

 

Figure 14 HSI result maps of the life requisite “food” for 1989 and 2000 and its changes 

In Figure 14 the unchanged area of the “food” requisite (the blue coloured parts of the map) is 

mainly caused by the unchanged “water bodies” (including the 1 km buffer zone around the 

lakes) and the “forest borders” (including the 0.5 km buffer zone around forests for Red Kite). 

The loss is a result of changes in the “open sites” attribute.  
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HSI life requisite “nesting” for Red Kite 
1989 

HSI life requisite “nesting” for Red Kite 
2000 

 

bright areas: high suitability for “nesting” 
dark areas: less suitability for “nesting" 
 
 
 
 
 
 
 
 
red: loss of “nesting” 
green: increase of “nesting” 
blue: no change of “nesting” 
black: no “nesting” detected 

Change of the HSI life requisite “nesting” 
for Red Kite from 1989 to 200 

 

Figure 15 HSI result maps of the life requisite “nesting” for 1989 and 2000 and its changes 

“Nesting” consists of the attributes “open forest” (Forestopen) (Annex figure 2, p.186) and 

“timber volume” (Vol) (Figure 11). The relative change of suitability of “nesting” is 

calculated with 2,72%. Compared with the life requisite “food” the attributes for “nesting” 

cover smaller areas of the test site, while e.g. “water bodies” covers nearly the entire test site 

(Annex figure 4, p.188).  
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HSI life requisite “safety” for Red Kite 
1989 

HSI life requisite “safety” for Red Kite 
2000 

 

bright areas: high safety suitability for “” 
dark areas: less suitability for “safety" 
 
 
 
 
 
 
 
 
red: loss of “safety” 
green: increase of “safety” 
blue: no change of “safety” 
black: no “safety” detected 

Change of the life requisite “safety” for 
Red Kite from 1989 to 2000 

 

Figure 16 HSI result maps of the life requisite “safety” for 1989 and 2000 and its changes 

The life requisite “safety” includes the attributes “broadleaved trees” (Comptree) (Figure 10) 

and “tree height” (Heighttree) (Annex figure 3, p.187). The increase of the life requisite covers 

large parts of the test site area, while only a very small proportion did not change (blue parts). 

The relative change of suitability was calculated with more than 16%. 

4.2.44.2.44.2.44.2.4 Habitat Suitability Model (HSI)Habitat Suitability Model (HSI)Habitat Suitability Model (HSI)Habitat Suitability Model (HSI)    

In the following section the results of the HSI models for Red Kite and Black Stork are 

illustrated. The life requisites were multiplied to the final HSI model (Table 7 and Table 8) 
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according to equations [4] and [5] for the Red Kite and according to equation [6] for the Black 

Stork. The results are illustrated and described for the Red Kite and the Black Stork 

separately. 

4.2.4.1 HSI of the Red Kite 

The HSI for the potential habitat of Red Kite 1989 and 2000 is illustrated and quantified in 

Figure 17.  
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2000 

Figure 17 HSI result maps and distribution of HSI values for Red Kite 

Figure 17 shows only a very small part of the area as potential habitat suitability in 1989 and 

2000 for Red Kite. Only 5.8% of the entire area of interest is a suitable area for a potential 

habitat in 1989, while in 2000 the suitable habitat is about 8% of the test site area. 
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4.2.4.2 HSI of the Black Stork 

The Black Stork habitat suitability is more concentrated in the forested area of Moritzburg. 

Compared with the Red Kite a higher suitability of 12,5% of the test site area is available. 
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Figure 18 HSI result maps and distribution of HSI values for Black Stork 

After the application of the habitat attributes for the Black Stork, the lack of two essential 

attributes “infrastructure distance” and “recreation facilities” for the life requisite “safety” 

lead to the result that there is no suitable habitat condition found in Moritzburg as far as the 

results of the HSI are taken as a basis for this. If the distance from the recreation facilities and 

the road system to the potential position of the bird is too small and if there is too much 

resident population around the Moritzburg area, the complete safety requisite for the Black 
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Stork habitat is not met. According to a bird database created by local ornithologists, no Black 

Stork has been detected in the area around Moritzburg (LUDWIG 2003) . If one ignores the 

safety aspect for the Black Stork, the results given in Figure 18 can be calculated. In 1989 

12.5% of the test site area is a suitable habitat for the Black Stork, without any safety 

requisites. From the visual point of view the rest of the HSI of the Black Stork shows a 

similar picture to the HSI of the Red Kite. In 2000 the potential habitat suitability is about 

17% of the test site area. 

4.2.54.2.54.2.54.2.5 Retrospective ChangesRetrospective ChangesRetrospective ChangesRetrospective Changes of the HSI of the HSI of the HSI of the HSI    

4.2.5.1 Change of the Red Kite HSI 

The time series of the Red Kite habitat shows the following changes within the suitable area 

in the test site by analysing the differences between the digital signatures of the Landsat 

images of 2000 and 1989. 
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1989 2000 

difference image 

 

Figure 19 Red Kite habitat suitability index maps of 1989 and 2000 and the difference image 

The visualisation of the data shows the spatial distribution of pixels indicating suitable 

habitats in the test site area. In the difference image light values indicate positive habitat 

change, while dark values indicate a negative habitat development. The increase of habitat 

took place in the north-western and the south-eastern part of the test site (white pixels). The 

area indicating a habitat decrease (dark pixels) is concentrated in the central part of the map 

and coincides with the change of the attributes “timber volume” and “broadleaved trees”. The 

area changes of the class “broadleaved trees” between 1989 and 2000 were compared with the 

areas of the entire Red Kite habitat for both occasions. It was found that more than 50% of the 

pixels assigned to the class “broadleaved trees“ indicated a decrease of suitability at the same 

location as the pixels indicating a decrease of the habitat suitability for Red Kite. 
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red: loss of habitat suitability 
green: increase of habitat suitability 
blue: no changes of habitat suitability 
black: no habitat suitability detected 
 

Figure 20 Change of the Red Kite habitat suitability index from 1989-2000 

After exporting the raster images of both occasions to polygons, the area of habitat increase, 

or decrease and the area of no-change habitat conditions could be defined in size and shape 

(Figure 20).  

Table 16 Development of the HSI for the Red Kite  from 1989 to 2000 [% of the test site area] 

HSI 

1989  

2000 suitable habitat no suitable habitat 
 

suitable habitat 0,11% 7,83% Σ 7,94% 

no suitable habitat 4,52% 87,54%  

 Σ 4,63%   

relative change of suitable area: + 3,3% 
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The Red Kite suitability indicated by the HSI model changed as well as the suitability of 

individual attributes such as “timber volume”. The results show that the HSI model in this 

multi-temporal analysis reacts to changing ground conditions. A field trip was conducted in 

order to identify the causes of the changes indicated by the HSI model. The main changes 

were observed in an area that was originally stocked by an old beech stand, where a shelter 

wood cut was done in the second part of the 1990s. In the following years serious storm 

damages considerably reduced the standing timber volume in the stands. 

 

 

Figure 21 Storm damage after a shelter wood cut in the centre of the Moritzburg test site 

Figure 21 illustrates the reason for the reaction of the HSI and especially of the two attribute 

maps “timber volume” and “broadleaved trees”. As the same attributes were also relevant for 

Black Stork, the reaction of the HSI is obviously based on the same effect (chapter 4.2.5.2). 

While the HSI includes a multiplicative combination of life requisites the HSI+ applies the 

additive recombination of life requisites. The results are described in the following chapter. 
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4.2.5.2 Changes of the Black Stork HSI  

The estimated habitat suitability for both key species increased in the period studied. The 

Black Stork model did not indicate any of the attributes within the life requisite “safety” 

reflected by the attributes “infrastructure distance of minimum 3 km” and “no recreation 

facilities”. A “resident population of less than 100 inhabitants per km²”, could not be found in 

the test area as well. Leaving out the “safety” aspects, the modelled Black Stork HSI 

increased particularly in the north-western and the south-eastern part of the Moritzburg forest 

indicated by the bright areas (Figure 22). 

 

difference image 

1989 2000 

 

Figure 22 Black Stork habitat suitability maps of 1989 and 2000 and the difference image 
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The Black Stork HSI model without the “safety” life requisite shows a similar habitat 

development compared with the Red Kite HSI model results. The dark areas indicate a loss of 

suitability while the grey values indicate no changes of suitability. The change in the centre of 

the image could be detected, because of the similar attributes used for the rest of the Black 

Stork habitat analysis. Due to the missing essential “safety” life requisite for the Black Stork, 

the following analysis on sensitivity and the modifications of the HSI, such as the additive 

recombination of life requisites (HSI+), the application of fuzzy sets (EHSI, EHSI+) and 

home range approaches (HR-HSI, HR-HSI+) are applied for the attributes of the example 

habitat for Red Kite. 
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4.2.64.2.64.2.64.2.6 Retrospective Changes of theRetrospective Changes of theRetrospective Changes of theRetrospective Changes of the    HSI+HSI+HSI+HSI+    

The results of a modified HSI model for Red Kite with additive recombination of life 

requisites (HSI+) according to the equations [12] and [15]) is shown in the Figure 23. The 

HSI+ was applied for the example habitat of Red Kite, as all attributes required for model 

input are detectable in the area of Moritzburg. 

  

Habitat Suitability Index 1989 indicated by 
additive recombination of life requisites  

Habitat Suitability Index 2000 indicated by 
additive recombination of life requisites 

 

bright areas: high habitat suitability  
dark areas: less habitat suitability 
 
 
 
 
 
 
 
 
reddish colours: loss of habitat suitability 
greenish colours: increase of habitat 
suitability 
blue: no changes of habitat suitability 
black: no habitat suitability detected 

Change of the habitat suitability index 
indicated by the HSI with additive 
recombination of life requisites 

 

Figure 23 HSI+ with additive recombination of life requisites for 1989 and 2000 and its changes 
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Figure 23 shows an additional area of habitat decease in the north-eastern part of the test site, 

which was not detected by the original HSI for the Red Kite. A quantitative overview of the 

development of the HSI+ is given in the Table 17. 

Table 17 Development of the HS+I with additive recombination of life requisites from 1989 to 2000 

[% of the test site area] 

HSI+ 

1989  

2000 suitable habitat no suitable habitat 
 

suitable habitat 57,79% 25,83% Σ 83,61% 

no suitable habitat 16,01% 0,38%  

 Σ 73,79%   

relative change of suitable area: + 9,82% 

 

The suitability of the test site around Moritzburg as potential habitat of Red Kite is much 

higher according to the results of the HSI+, than for a model with multiplicative combination 

of the life requisites (HSI). Thus the HSI difference image between the two occasions shows 

pronounced differences, as the entire set of attributes was incorporated in the maps of the 

HSI+ model. In the original satellite images the differences in reflectance of the lake in the 

north-eastern part of the region has caused a habitat decrease, as the classification changed 

from “open sites” to non “open sites” patches when applying the kNN algorithm.  

4.2.74.2.74.2.74.2.7 HSI Evaluation HSI Evaluation HSI Evaluation HSI Evaluation –––– Results of Results of Results of Results of the Sensitivity Analysis the Sensitivity Analysis the Sensitivity Analysis the Sensitivity Analysis    

In this section a seven digit image map according to the equation [16] underlay the sensitivity 

analysis of the HSI (4.1.7). In the seven digit image each attribute is reflected per assigned 

digit. All applied HSI models include one final result value in one digit of the habitat map. In 
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the seven digit image each of the seven attributes is represented by one digit (water bodies=1, 

open forest=2, etc.), what also is illustrated in Figure 8. Thus the map allows the analysis of 

the influence of the individual attributes in the theoretical HSI model and in the results of the 

applied HSI model according to the natural condition of the test site. The results are shown in 

Table 18. 

Table 18 Overview of the attributes and their influence on the HSI for Moritzburg [% of the test site 

area] 

% food nesting safety 
 Distwater Distforest Sitesopen Forestopen Vol Comptree Heighttree 

proportion of 

entire test site 
96% 61% 34% 11% 7% 8% 6% 

proportion in 

HSI results 
6% 7% 0% 5% 68% 66% 16% 

HSI model 

weights 16% 16% 8% 28% 12% 10% 10% 

 

The first line includes the proportion of the area in which the attribute was found in 

Moritzburg; the second line shows the proportional attribute area within the original HSI 

results; the last line illustrates the HSI model weights of each attribute. The habitat relevant 

“water bodies” (Distwater) has been found in 96% of the test site area, while only 6% are 

reflected in the results of the HSI. The pure model weight was originally chosen with 16%. 

The attribute “open sites” (Sitesopen) is not at all reflected by the HSI, although the model 

weight is 8%. The model weights for “timber volume” (Vol) (12%) and “broadleaved trees” 

(Comptree) (10%) are much lower than their proportion in the HSI of roughly 70%. Thus it 

becomes obvious, that these two attributes are the driving factors in the HSI.  

For the understanding of the constellation of the patches in Moritzburg the individual life 

requisites are considered. “food” consists of the three attributes “water bodies” (Distwater), 

“forest border” Sitesopen and “open sites” (Sitesopen). 
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Table 19 Attribute suitability within the life requisite “food” in Moritzburg [% of the test site area] 

Sitesopen 

Distwater Distforest open sites non open sites 

in the distance to 

water bodies of 1 km 

in the distance to 

forest borders of 

0,5 km 
22,9% 9,6% 

in the distance to 

water bodies of 1 km 

outside the distance 

to forest borders of 

0,5 km 
28,2% 34,9% 

outside the distance 

to water bodies of 

1 km 

in the distance to 

forest borders of 

0,5 km 1,1% 2,3% 

outside the distance 

to water bodies of 

1 km 

outside the distance 

to forest borders of 

0,5 km 
0,0% 1,0% 

 

Table 19 illustrates that nearly a quarter of the area around Moritzburg is covered by all three 

attributes. The distance to “water bodies” (Distwater) relevant for habitat suitability can be 

found in almost the entire area, while the distance to “forest border” (Distforest) together with 

“open sites” (Sitesopen) can only be found in roughly 1% of Moritzburg. Additionally “open 

sites” cannot be found without being associated with the distance of “water bodies” or “forest 

borders” at the same time. The life requisite “nesting” consists of the attributes “open forest” 

(Forestopen) and “timber volume” (Vol). The locations of these two attributes do not coincide 

in the Moritzburg test area (Table 20). 
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Table 20 Attribute suitability within the life requisite “nesting” in Moritzburg [% of the test site area] 

Forestopen 

Vol open forest non open forest 

timber volume  

< 300 m³/ha 0% 11% 

timber volume  

≥ 300 m³/ha 7% 82% 

 

About 20% of the test site is covered by both attributes without being associated. Thus the 

entire life requisite “nesting” is a limiting element of the HSI and the weight of the requisite 

within the HSI model of at least 40% could never be reached (Table 20). A similar situation 

could be found for the requisite “safety” with “broadleaved trees” (Comptree) and “tree 

height” (Heighttree). Here in 1% of the area both attributes coincide, while 12% are covered 

by one of both (Table 21). 

Table 21 Attribute suitability within the life requisite “safety” in Moritzburg [% of the test site area] 

 

Comptree 

Heighttree 
broadleaved trees  

> 80%/ha 

broadleaved trees  

< 80%/ha 

tree height 

> 25 m 1% 5% 

tree height  

< 25 m 7% 87% 
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The contribution of the requisite “safety” is 1% in the entire HSI. Limitations become clear 

analysing the multiplicative HSI. In these terms only 18% of the life requisite “nesting” and 

13% of the life requisite “safety” could potentially be visible in the HSI+ if the life requisite 

“food” is not set to zero at the same location. As more than half of the area covered by the life 

requisite “food” equals zero, only about 5% of the Moritzburg test site could be considered as 

suitable habitat. 
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Figure 24 Influence of different attributes for the increases of habitat suitability in the test site 

Figure 24 shows the influence of individual attributes on habitat suitability for the single steps 

of suitability increase and the decrease of area percentage in the test site. It illustrates the 

influence of the natural circumstances in terms of spatial attribute patch arrangements in the 

test site on the modelled habitat suitability. A suitability of more than 50% can only be found 

in roughly 10% of the Moritzburg test site. As shown in Figure 24 the attribute “water bodies” 

(Distwater) is one of the driving factors followed by the attributes “forest border” (Distforest) 

and “open forest” (Forestopen) for the suitability increase. The rest of the suitability increase is 

caused by the influence of the attributes “broadleaved trees” (Comptree) and “open sites” 

(Sitesopen).  
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4.34.34.34.3 DDDDISCUSSION OF THE ISCUSSION OF THE ISCUSSION OF THE ISCUSSION OF THE HSIHSIHSIHSI    

4.3.14.3.14.3.14.3.1 Attribute Map CreationAttribute Map CreationAttribute Map CreationAttribute Map Creation    

Attributes analysed for the HSI approach are obtained from two different in situ data 

Attributes analysed for the HSI approach are obtained from two different in situ data sources. 

The MNTFR field campaign had the objective of non-timber forest resources assessments 

while the Datenspeicher Wald preferably includes the traditional forest management planning 

information with the main focus on timber production. Because of the different motivation of 

the inventories, the information shown in the pixels after the kNN transformation can be 

interpreted differently. For the time-series approach of the HSI, the Datenspeicher Wald 

provides information that had to be geo-referenced to the MNTFR plots. The procedures 

applied for geo-referencing are subject to errors. The stand-wise information of the 

Datenspeicher Wald may vary within large stands due to differing stand structures, tree 

species composition or potential gaps in the canopy. Depending on the stand size and the 

pixel size in the ancillary data, classification errors with the kNN method are possible. 

Uncertainties can be expected due to the GPS accuracy, which varied by about 20 m during 

the MNTFR field campaign. Check assessments on the systematic grid were applied to 

improve the accuracy of the inventory, while the assessments for the Datenspeicher is based 

on randomly selected sampling locations only. A sample plot design like the MNTFR cluster 

system with geo-referenced plots at both occasions would most probably offer more 

heterogeneous and comparable data for the following estimations. Also, if only the plots are 

assessed in the field, the costs for the inventory would decrease and the calculation over the 

entire region would be more reliable. The use of sampling in the field combined with remote 

sensing data might improve accuracy and cost efficiency (KÖHL 2003,  1990) . The use of 

permanent sample surveys was evaluated by KÖHL ET AL (1995)  as an appropriate method 

for reliable monitoring purposes. Additionally sub sampling with permanent field plots can 

improve cost efficiency of subsequent inventories. 
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A further impact on the results was probably caused by the different ground data availability. 

Even if several maps have been used for the location of the old forest stands to find the 

corresponding data in the Datenspeicher Wald, wrong interpretation of the maps is possible. 

This could result in the kNN classification being less reliable. The exact position of edges 

between different forest stands were especially difficult to locate, if a plot cluster covers such 

edges. Due to the different motivations of the two inventories, the Datenspeicher Wald turned 

out to include insufficient information, while the MNTFR inventory offered more information 

than required for the applied HSI approach. This becomes obvious when comparing the kNN 

maps for the attribute “structure”, as shown in Figure 25. 

 

 

1989 2000 

 

Figure 25 kNN result maps of the attribute “structure” in 1989 (Datenspeicher Wald) and 2000 

(MNTFR data).  

While attributes like “berry cover” and “other woody plants over 10 cm height” and the 

“different layers of the forests” describe the attribute “structure” in the MNTFR field 

campaign 2000, only “tree layers” and “shrubs” were available as attributes for “structure” in 

the Datenspeicher Wald. Therefore a lot more information for “structure” could be found on 

the MNTFR plots, and this caused the large areas of suitability for “structure” in the kNN 

result map for 2000 (Figure 25).  

During the analysis of the HSI the different resolutions of the two Landsat images (30 m for 

the Landsat 7, and 27 m for the Landsat 5) caused errors. For the HSI model the Landsat 
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scenes provided the ancillary data source to expand local information over the entire area of 

interest with the kNN method. The kNN method was the method for combining in situ with 

ancillary data. It has been operationally applied since the early 1990s (TOMPPO 1991) . 

Depending on the natural condition in an ecoregion of Europe the kNN method performs well 

as long as the number of attributes is very limited. In most of the cases the “timber volume” 

can be assessed with the highest accuracy (TOMPPO 1991  1997,  STÜMER 2004,  KÖHL 

ET AL .  2001) . Compared with “timber volume” the other classified attribute maps for the 

HSI have to be considered as less reliable. Since the kNN method is an automatically running 

program which classifies satellite images according to their spectral pixel information and 

specified rules, the results for attributes such as “tree height” cannot be considered as reliable. 

According to the kNN result maps, forest stands with broadleaved trees and those with high 

timber volumes coincide frequently. Most of the older broadleaved stands have accumulated 

high timber volumes unlike coniferous stands. In Moritzburg the oak or beech stands are old 

stands with high timber volumes; this explains the correlation of the attributes “timber 

volume” and “broadleaved trees”. Additionally it has been shown, that the kNN method reacts 

sensitively for attributes like “timber volume” (STÜMER 2004,  TOMPPO 1997A) .  

Comparing the differences of the digital image information of the two Landsat images of 

1989 and 2000 some changes can be found in the difference image of Figure 9. These 

observed changes are different to those of the habitat model (Figure 20). The reason for that 

are the application of the kNN method as an image classification tool and the application of 

the different weights of the attributes. The change reflectance of the lake in the north-eastern 

part of Moritzburg in the difference image of the two Landsat images can also be found in the 

habitat model modifications with additive recombination of life requisites (Figure 23). In 

opposite to that the changes of the wind throw can not be visualised with the difference image 

of the Landsat images. Therefore the application of a difference image can help to identify 

areas of changes, but it is not sufficient to analyse all relevant information for a potential 

habitat. 

However, the utilised data sources were fitting the objective to achieve spatial attribute 

information for the habitat modelling approach within these limitations. The application of 

kNN for mapping attribute information fitted the purpose of investigating the attribute’s 

significance within the HSI model and their development over time. Depending on the key 
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species of interest or the scale of modelling approaches in future, other data sources – for 

instance information about water quality, or maps including information of climatic details in 

digital format – might be included in HSI models. At first the information of the data sources 

were utilised to achieve spatial attribute information for a demonstration of the habitat 

modelling and the development of the model results over time.  

4.3.24.3.24.3.24.3.2 The HSIThe HSIThe HSIThe HSI Model Model Model Model    

The applied HSI models with multiplicative combination of life requisites, and the HSI+ with 

additive recombination of life requisites show the changes of the habitat suitability over a 

time period of 11 years in the test site. Only habitat suitability for Red Kite could be estimated 

completely with all defined attributes. Black Stork prefers more homogeneous landscapes 

with old forests spread over wide areas without, or with minor interruption by small water 

bodies or streams and little disturbance of the preferred landscape elements. The region of 

Moritzburg is characterized by heterogeneous structures of landscape elements such as lakes, 

agricultural land and forested patches. Therefore the area around Moritzburg is not suitable 

for the Black Stork if the FFH derived attributes are considered with respect to the size of the 

different elements. Furthermore the Black Stork is a very sensitive and remotely living 

species. Non of the attributes describing the life requisite “safety” was met in Moritzburg. 

There is a high density of roads and hiking paths in the Moritzburg area, and therefore the 

safety requirements (reflected by the attributes “infrastructure distance of minimum 3 km” 

and “no recreation facilities”) were not met. The area is also too densely populated, and a 

“resident population of less than 100 inhabitants per km²”, could not be found in the test area. 

For Red Kite, all attributes taken from FFH were met in some locations around Moritzburg. 

This indicates that in accordance with the hypothesis given above not all landscapes with a 

high rate of structural diversity necessarily have suitable habitats for all kinds of rare or 

umbrella species. Therefore the qualitative approach followed by the development and 

application of the species specific HSI models proved to be appropriate, even if individual 

attributes, which describe the contrary living requirements of Red Kite and Black Stork in 

more detail, could not be compared directly.  

The shelter wood cut followed by wind throw in the old beech stand near the village of 

Moritzburg (Figure 21) caused differences in different spectral values in the Landsat image 
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for the year 2000. This change seemed to influence the classification (kNN), so that for this 

region a different class was assigned as a result of the kNN method. As the kNN algorithm is 

operationally applied for attributes such as “timber volume” and “broadleaved trees”, the 

shelter wood cut and the wind throw seem to be highly relevant for the observed changes 

between the two occasions. As the two attributes are essential for modelling the habitats of 

both species, the differences in the two HSI can easily be explained. Even if the attributes 

“infrastructure distance”, “no recreation facilities” and “resident population” were ignored in 

the HSI model for Black Stork, the HSI models seem to react to changing ground conditions. 

Because of the different spatial resolutions of the satellite images used in this study; the 

calculation of the areas of habitat change was subject to errors and could result in the 

observed shift of suitable habitat locations. 

The presence of old trees is essential for the habitat of the Red Kite (K IEFER 1998)  because 

they are used as breeding trees. The loss of those due to felling or storm damage is essential 

for the existence of the species, given the results of K IEFER (1998)  being relevant for the 

conditions in Moritzburg. In this view the HSI reflects these properties, by including kNN 

maps on attributes like “timber volume” and “broadleaved trees”.  

The applied HSI model offers a useful methodology to monitor the development of habitat 

suitability at the landscape level, what is shown in chapter 4.2.4. The HSI approach with 

habitat divided into life requisites offers transparency in terms of the artificially defined 

requirement units. This allows the critical overview of a group of essential attributes in one 

step. The attributes, following the FFH Directive are added with different weights to one life 

requisite, which are multiplied with different weights to the entire HSI model result. 

Multiplying the life requisites indicates that habitat suitability can only be achieved in areas 

with presence of all life requisites. If one requisite is missing, no suitable habitat can be 

defined with the HSI. The HSI model implies that a species needs every attribute defined in 

life requisites concentrated in one location of the test site to find a suitable habitat. This aspect 

reflecting a strong binary character of the HSI seems to be restrictive especially when the key 

species are birds, which are able to reach all locations in the test site in a reasonable time. 

Suitable life requisites or single attributes in the neighbourhood, or the distances between 

them are not considered in the original HSI.  
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Aside from the possible improvement of attribute combination for the chosen species and the 

possibility to introduce additional seasonal life requisites, the applied HSI model proved to be 

operational. It seems to be able to detect changes including potential threats for rare species in 

the chosen test site. In the following chapter the influence of the individual attribute in the 

theoretical HSI model and according to the test site conditions is discussed to evaluate the 

model results. 

4.3.34.3.34.3.34.3.3 The SThe SThe SThe Sensitivity Analysisensitivity Analysisensitivity Analysisensitivity Analysis    

The sensitivity analysis showed the weights of the attributes in the theoretical HSI model. The 

influence of the individual attribute is described by their distribution around Moritzburg after 

the application of the HSI model in the test site. The sensitivity could be described with the 

applied sensitivity study (Table 18). The original HSI applying a multiplicative combination 

of life requisites reduces the influence of the individual attribute [5]. As far as a life requisite 

does not coincide with all the others in a defined location, the attribute is distinct in the HSI 

model result. The HSI+ with an additive recombination of life requisites reflects the 

development of all attributes [12]. As attributes like “water bodies” and “forest border” cover 

large areas of the test site they are responsible for most of the detected habitat suitability 

(Figure 24) whereas the rare attributes such as “broadleaved trees” or “timber volume” have a 

relatively minor influence on the detection of habitat suitability around Moritzburg. 

Additionally the diverging distribution of the rarely detected attributes in the test site might be 

another effect on the role of those attributes, especially while the life requisites are multiplied. 

Therefore it is not only the weight of the individual attribute which might affect the HSI 

model results, but also the presence and distribution of the attribute in an area.  

The constant influence of the life requisite “food” is caused by the high presence of the 

constant attributes “water bodies” and “forest border” (Figure 13). In this context the third 

attribute “open sites” has a relatively small influence in the HSI model with multiplicative 

combination of life requisites. A view on the development and the changes of “open sites” 

within the sensitivity analysis indicates that one lake in the northern part of the test site has 

been detected as a loss of suitability from 1989 to 2000. It is the only attribute with a decrease 

of suitability (Table 12). In terms of the “open sites” in Moritzburg the lake was classified as 

an open site in 1989. Obviously the lake was drained during the time of the Landsat data 
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acquisition. During the second data acquisition in 2000 the lake was full again and therefore 

not classified as an “open site” by kNN. Even in the difference image the shape of the lake 

can be identified. In Moritzburg all lakes have been artificially built in former times and some 

of them are still used for fishing. Once a year the lakes are drained after the fishing season and 

this affected the changes of “open sites” in the HSI model. This effect proved the sensitivity 

of the HSI+ with additive recombination of life requisites towards changing ground 

conditions. The HSI model applying a multiplication of life requisites did not detect on the 

effect of dry lakes in the retrospective analysis. 

However a multiplicative approach can be suggested when two symbiotic attributes are of 

relevance within a specific habitat modelling. Two mutually dependent attributes – for 

instance an attribute map of water bodies and one with water quality information – might be 

multiplied to achieve only the water bodies with a defined water quality. The combination of 

the two essential requirements can be merged to one attribute for a species of interest. 

Therefore the described approach can be operationally applied in the HSI model.  

The sensitivity analysis explained the influence of the individual attributes in the HSI model 

itself, and the effect of the multiplied life requisites within the original HSI. Additionally the 

influence due to the test site Moritzburg and the advantages of the additive life requisite 

approach could be analysed. Since the attributes may be weighted differently for a species 

specific view on habitat potential within an area of interest, the sensitivity of the HSI model 

with different combination of life requisites towards changes could be described. 

However the estimates can be enhanced by introducing territorial constraints, where index 

calculation is based on an average or sum of suitable information of a larger area, producing 

more variation in the index. There is also the possibility of introducing fuzzy sets, where the 

values of membership attributes vary continuously between 0 and 1. The latter one is applied 

and presented in the following chapter.  
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5555 THE ENHANCED HABITATTHE ENHANCED HABITATTHE ENHANCED HABITATTHE ENHANCED HABITAT SUITABILITY MODEL SUITABILITY MODEL SUITABILITY MODEL SUITABILITY MODEL (EHSI) (EHSI) (EHSI) (EHSI)    

––––    FUZZY SETSFUZZY SETSFUZZY SETSFUZZY SETS    

5.15.15.15.1 EHSIEHSIEHSIEHSI    AAAANALYSIS NALYSIS NALYSIS NALYSIS MMMMETHODSETHODSETHODSETHODS    

ZADEH (1965)  introduced the idea of fuzzy sets for working with inexact concepts in a 

definable way. Since then operational tools have been developed by KANDEL (1986) , 

KAUFFMAN (1975)  and ROBINSON (1988) . BURROUGH AND MCDONNELL (1998)  

described the field of application for fuzzy sets in the following way: “It is appropriate to use 

fuzzy sets whenever we have to deal with ambiguity, vagueness and ambivalence in 

mathematical or conceptual models of empirical phenomena. If one accepts that spatial 

processes interact over a wide range of spatial scales in ways that cannot be completely 

predicted, then one can appreciate the need for ‘fuzzy’ concepts in geographical information.” 

This situation can be found for the habitat suitability attributes. The Boolean habitat model 

structure (BOOLE 1854)  of the original HSI defines the area each attribute covers in the test 

site. The habitat function changes abruptly from zero to one, at the attribute threshold, what is 

converse to a fuzzy set function. This opposite of a fuzzy set is called a crisp (Boolean) set. In 

a crisp set the attributes may have a value of either 0 or 1. In a fuzzy set the attributes may 

have a value of 0 or 1 or anything in between. The HSI is crisp when: 

i

1, for true habitat attibute
x

0, for false habitat attribute


=


 

[17]  
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The fuzzy set approach allows a more realistic reflection of natural circumstances for selected 

key species. On the selected scale of the HSI the implementation a fuzzy set seems to be 

appropriate, because the natural imprecision of a habitat element is defined through a fuzzy 

set. Additionally it is essential to include these considerations into estimates on minimum 

habitat patch sizes on the scale of interest. According to BURROUGH AND MCDONNELL 

(1998)  the degree to which an individual observation z is a member of the set (e.g. 

Heighttree areas in Moritzburg) is expressed by the Membership function BMF , which can 

take the value 0 or 1 for crisp (Boolean) sets.  

 

1 2B

1 2

1 for b z b
MF (z)

0 for z b or z b

≤ ≤
= 

> <
 

[18]  

z  attribute value for e.g. found Heighttree pixels 

21,bb  thresholds of a set of e.g. Heighttree areas/pixels in the test site 

 

The upper functions express the HSI and each of its attributes in its basic method and can be 

enhanced with the extension of a fuzzy set. A fuzzy set is defined in the equation [19] where z 

can take the value 0 or 1 or anything in between:  

 

))(,( zMFzA F

A=  for all Zz ε  

[19]  

If Z denotes a space of objects, then the fuzzy set A  in Z is the set of ordered pairs. The 

membership function )(zMF F

A  is known as the “grade of membership of z  in A ” and 

Zz ε means that z  belongs to Z ”. For the HSI the )(zMF F

A  is a number in the range of 0 

and 1, with 1 representing membership of the set. )(zMF F

A  of z  in A  specifies the extent to 
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which z  can be regarded as belonging to A . It offers the impression of what degree the 

observation z  is a member of the class A . Fuzzy sets theory uses concepts of admitted 

possibility which is described in terms of the fuzzy membership function (BURROUGH AND 

MCDONNELL 1998)  and can also be efficiently applied for each habitat attribute map.  

The fuzzy transition zone is the zone in which z  can be defined as a member until it reaches a 

defined maximum distance to the selected suitable patches of an attribute. In terms of the HSI 

the transition zone ends at a fixed distance from the suitable patch borderline. Within the 

study a linear function has been chosen to illustrate the effects of a HSI extension with fuzzy 

sets. In Figure 26 the red line shows the binary function chosen, while non-linear functions 

(Poisson, hyperbolic, etc.) could also be applied. 
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Figure 26 Membership function for the Enhanced Habitat Suitability Index (EHSI) for the Red Kite 

(red) 

The value of the membership is 1 at the patch borderline, where the transition zone starts and 

it decreases linear and takes the value 0 at a fixed distance (150 m in this case). As there are 
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different approaches of probability distributions, it is possible to apply different kinds of 

fuzzy membership functions (Figure 26) – e.g. for other key species with different 

requirements concerning their habitat attributes. The chosen approach is called the semantic 

import approach which relies on expert knowledge concerning precision associated with the 

standard Boolean model (BURROUGH AND MCDONNELL 1998,  ROBINSON 1988) . For 

this approach it was not of major interest to define the most realistic habitat description 

function for Red Kite. The focus was to replace the binary character of the HSI with an 

improved model reflecting more continuous decreases of attributes along their edges. It is 

assumed, that the probability of suitable attributes can abruptly change from zero to one. 

Another important objective was to identify changes of the HSI after the implementation of 

the fuzzy set, and to study the continuity of both models. 
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Figure 27 Schematic fuzzy set implementation in the HSI 

Patches of suitable habitat with respect to a particular attribute are given a value of 1. The 

values for the area surrounding the patch of suitable habitat decrease linearly from 1 (at the 

edge of the suitable habitat) to 0 (at a defined distance of 150 m). Figure 27 shows the 

membership function of this study applied on attribute level.  
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5.25.25.25.2 RRRRESULTESULTESULTESULTSSSS OF THE  OF THE  OF THE  OF THE EHSIEHSIEHSIEHSI    

5.2.15.2.15.2.15.2.1 EHSI Fuzzy EHSI Fuzzy EHSI Fuzzy EHSI Fuzzy SSSSet Attributeet Attributeet Attributeet Attributessss    

The EHSI was calculated for Red Kite only, because all attributes for this HSI could be 

calculated. The individual attribute maps were enhanced with the described probability 

function [19].  

  

Enhanced attribute map of “timber volume” 
1989 indicated by the EHSI 

Enhanced attribute map of “timber volume” 
2000 indicated by the EHSI 

 

bright areas: high “timber volume” suitability  
dark areas: less “timber volume” suitability 
 
 
 
 
 
 
 
 
reddish colours: loss of “timber volume” 
greenish colours: increase of “timber volume” 
blue: no change of “timber volume” 
black: no “timber volume” detected 

Change of enhanced attribute map “timber 
volume” indicated by the EHSI 

 

Figure 28 EHSI result maps of the attribute “timber volume” for 1989 and 2000 and its changes 



Results of the EHSI 

 

 

108 

The suitability of the individual attributes increased, because of the application of the 

membership function along the attribute edges. This can be seen in the result maps of the HSI 

attribute “timber volume” in Figure 11 compared with the images of the EHSI attribute maps 

in Figure 28. The difference image of the EHSI attribute map for “timber volume” in Figure 

28 shows a decrease of suitable pixels in the middle of the map. This is also similar to the 

results of the HSI attribute “timber volume” in Figure 11 and to the results of the entire HSI 

(Figure 19). 

  

Enhanced attribute map of “open sites” in 
1989 indicated by the EHSI 

Enhanced attribute map of “open sites” in 
2000 indicated by the EHSI 

 

 
bright areas: high “open sites” suitability  
dark areas: less “open sites” suitability 
 
 
 
 
 
 
 
 
 
reddish colours: decrease of “open sites” 
greenish colours: increase of “open sites” 
blue: no changes of “open sites” 
black: no “open sites” detected 
 

Change of the attribute “open sites” form 
1989 to 2000 indicated by the EHSI 

 

Figure 29 EHSI result maps of the attribute “open sites” for 1989 and 2000 and its changes 
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The constant attribute areas are located in the forested areas around Moritzburg. The loss of 

“broadleaved trees” can be found in the centre of the map. They are similarly located to the 

results of the original HSI. The developments of all single attributes can be found in the 

following section. As fuzzy sets have been applied, the developments of the different 

attributes diverge from the original HSI. 

Table 22 Development of “timber volume” from 1989 to 2000 utilising fuzzy sets [% of the test site 

area] 

Vol 

1989  

2000 
timber volume 

≥ 300 m³/ha 

timber volume  

< 300 m³/ha 

 

timber volume 

≥ 300 m³/ha 7,10% 48,20% Σ 55,30% 

timber volume  

< 300 m³/ha 23,12% 21,58% 
 

 Σ 30,23%  
 

relative change of suitable area: + 25,07% 

Table 23 Development of “open sites” from 1989 to 2000 utilising fuzzy sets [% of the test site area] 

Sitesopen 

1989  

2000 open sites non open sites 
 

open sites 26,41% 13,22% Σ 39,68% 

non open sites 36,39% 23,98%  

 Σ 62,80%   

relative change of suitable area: -23,18% 
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Table 24 Development of “open forest” from 1989 to 2000 utilising fuzzy sets [% of the test site 

area] 

Forestopen 

1989 
 

2000 open forest non open forest 
 

open forest 2,36% 49,19% Σ 51,56% 

non open forest 44,09% 4,35%  

 Σ 46,46%   

relative change of suitable area: + 5,10% 

 

Table 25 Development of “broadleaved trees” from 1989 to 2000 utilising fuzzy sets [% of the test 

site area] 

Comptree 

1989  

2000 
broadleaved trees  

≥ 80%/ha 

broadleaved trees  

< 80%/ha 

 

broadleaved trees  

≥ 80%/ha 
4,11% 61,55% Σ 65,66% 

broadleaved trees  

< 80%/ha 
15,81% 18,53%  

 
Σ 19,92%   

relative change of suitable area: + 45,74% 
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Table 26 Development of “tree height” from 1989 to 2000 utilising fuzzy sets [% of the test site area] 

Heighttree 

1989  

2000 
tree height  

≥ 25 m 

tree height  

< 25 m 

 

tree height  

≥ 25 m 
0,90% 43,61% Σ 44,51% 

tree height  

< 25 m 
36,18% 19,31%  

 
Σ 37,08%   

relative change of suitable area: + 7,43% 

 

The only attribute with a relative decrease of suitable area in Moritzburg from 1989 to 2000 is 

“open sites” (Sitesopen). The attribute decreased by more than 23% over the time period. The 

location of the suitability for “open forests” (Forestopen) has changed, while the relative 

change of suitable area has remained fairly stable. Although the suitable pixels for “open 

forests” cover more than 40% of the test site area at each point of time, the relative change of 

suitable area is slightly more than +5%, due to the change in the locations of suitable pixels 

over time. The highest absolute increase of over 45% attribute availability was calculated for 

“broadleaved trees” (Comptrees) followed by “timber volume” (Vol) with more than 25% 

increase. An overview of the development of the attributes after the application of fuzzy sets 

is given in Figure 30. 
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Figure 30 Overview of all EHSI attribute developments from 1989 to 2000 [% of the test site area] 

Figure 30 shows that intensive changes of all attributes took place over the time period 

according to the application of the fuzzy sets in the EHSI. The suitability of the individual 

attributes, such as “broadleaved trees”, “tree height” or “timber volume” increased. The 

proportion of decreasing suitability is greater than the proportion of increasing suitability for 

the attribute “open sites”. The attribute has also the highest proportion of constant attribute 

suitability in the test site (Figure 29). 

5.2.25.2.25.2.25.2.2 EHSI EHSI EHSI EHSI for for for for Life ReLife ReLife ReLife Requisitesquisitesquisitesquisites    

According to the calculation of the HSI for the Red Kite in Table 7 the single EHSI attributes 

were recalculated into three different life requisites “food” “nesting” and “safety”. For the 

final model algorithm the different attribute layers were weighted and added to life requisites 
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for “food”, “nesting” and “safety” according to equation [4]. The maps for the EHSI life 

requisites are illustrated in the following section. 

The EHSI life requisite “food” consists of the attributes “water bodies” (Diswater), “forest 

border” (Distforest) and “open sites” (Sitesopen). The attributes are merged to the life requisite 

“food” according to original HSI calculations [5] and [4]. 

  

EHSI life requisite “food” 1989 EHSI life requisite “food” 2000 

 

 
bright areas: high “food” suitability  
dark areas: less “food” suitability 
 
 
 
 
 
 
 
reddish colours: loss of “food” 
greenish colours: increase of “food” 
blue: no change of “food” 
black: no “food” detected 
 

Change of the EHSI life requisite “food” 
from 1989 to 2000 

 

Figure 31 EHSI result maps of the life requisite “food” of both occasions 1989 and 2000 and its 

changes 
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The unchanged area of the life requisite “food” is mainly caused by the unchanged “forest 

border” (Distforest) attribute. The loss is caused by the decrease of the “open sites” (Sitesopen) 

attribute (Figure 29). The relative change of suitable area for “food” is minus 23,26%.  

 

  

EHSI life requisite “nesting” 1989 EHSI life requisite “nesting” 2000 

 

bright areas: high “nesting” suitability  
dark areas: less “nesting” suitability 
 
 
 
 
 
 
reddish colours: loss of “nesting” 
greenish colours: increase of “nesting” 
blue: no change of “nesting” 
black: no “nesting” detected 

Change of the EHSI life requisite “nesting” 
from 1989 to 2000 

 

Figure 32 EHSI result maps of the life requisite “nesting” for 1989 and 2000 and its changes 

“Nesting” consists of the attributes “open forest” (Forestopen) and “volume” (Vol). Like the 

results of the HSI the loss of the potential life requisite can be found in the centre and the 

north-eastern parts of the test site. Since the relevant attributes are mostly distributed as single 

pixels across the test site area, the enhancement with the fuzzy set approach caused an 

increase of suitable life requisite area and of its changes. Thus the relative change of 

suitability is an increase of 24,52%.  
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EHSI life requisite “safety” 1989 EHSI life requisite “safety” 2000 

 

bright areas: high suitability of “safety”  
dark areas: less suitability of  “safety”  
 
 
 
 
 
 
reddish colours: loss of “safety” 
greenish colours: increase of “safety” 
blue: no change of “safety” 
black: no “safety” detected 

Change of the EHSI life requisite “safety” 
from 1989 to 2000  

Figure 33 EHSI result maps of the life requisite “safety” for 1989 and 2000 and its changes 

The life requisite “safety” includes the attributes “broadleaved trees” (Comptree) and “tree 

height” (Heighttree). The effects of the loss of the attributes in the middle of the test site can 

be detected with the EHSI as well. According to the EHSI the relative change of suitable area 

of “safety” is an increase of 35,79%, what is more than the double of the HSI increase. 

 



Results of the EHSI 

 

 

116 

5.2.35.2.35.2.35.2.3 Retrospective Changes of the EHSIRetrospective Changes of the EHSIRetrospective Changes of the EHSIRetrospective Changes of the EHSI    

After the application of the membership function for each attribute map and the calculation of 

the entire EHSI with the same weights like in the HSI (equation [4]) the maps in Figure 34 

were derived.  

 
 

Enhanced Habitat Suitability Index 1989 
indicated by multiplied life requisites 

Enhanced Habitat Suitability Index 2000 
indicated by multiplied life requisites 

 

bright areas: high habitat suitability  
dark areas: less habitat suitability  
 
 
 
 
 
 
 
 
 
reddish colours: loss of habitat suitability 
greenish colours: increase of habitat suitability 
black: no habitat suitability detected 

Change of the Enhanced Habitat Suitability 
Index indicated by multiplied life requisites 

 

Figure 34 EHSI result maps with multiplied combination of life requisites for 1989 and 2000 and its 

changes 

If the pixel values of the EHSI map of 1989 are subtracted from the map values of 2000, the 

areas with habitat increase and decrease can be visualised in Figure 34. Beside new areas with 
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increased habitat suitability the detected decrease in the centre of the test site becomes 

obvious again (Figure 19). The high habitat potentials along the border lines from forested 

areas to agricultural land or meadows become obvious in the EHSI of 2000.  

A quantitative overview of the development of the EHSI with multiplicative combination of 

life requisites is given in the following table. 

Table 27 Development of the EHSI with multiplicative combination of life requisites from 1989 to 

2000 [% of the test site area] 

EHSI  

1989  

2000 suitability  no suitability 
 

suitability 0,00% 52,69% Σ 52,69% 

no suitability 31,86% 15,44%  

 Σ 31,86%   

relative change of suitable area: + 20,83% 

 

No constant habitat suitability was found on both occasions. This explains the lack of blue 

coloured areas in the map of Figure 34. Applying the EHSI with multiplicative combination 

of life requisites an increase of the habitat suitability of more than 20% can be detected. In the 

following figure the results of the EHSI with additive recombination of life requisites (see 

equations [11] and [12]) are illustrated. 
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5.2.45.2.45.2.45.2.4 Retrospective Changes of the EHSI+Retrospective Changes of the EHSI+Retrospective Changes of the EHSI+Retrospective Changes of the EHSI+    

In the following figure the results of the EHSI+ with additive recombination of life requisites 

(see equations [11] and [12]) are illustrated. 

 

Enhanced Habitat Suitability Index 1989 
indicated by additive recombination of life 
requisites 

Enhanced Habitat Suitability Index 2000 
indicated by additive recombination of life 
requisites 

 

bright areas: high habitat suitability  
dark areas: less habitat suitability  
 
 
 
 
 
 
 
 
 
reddish colours: loss of habitat suitability 
greenish colours: increase of habitat 
suitability 
blue: no change of habitat suitability 

Change of the Enhanced Habitat 
Suitability Index indicated by additive 
recombination of life requisites  

 

Figure 35 EHSI+  result maps with additive recombination of life requisites for 1989 and 2000 and 

its changes  
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The effect of the drained lake in the north-east becomes visible after the life requisites are 

additively recombined within the EHSI+ model of Figure 35 (compare with Figure 29 and 

Figure 31). Compared with the multiplied combination of life requisites in the EHSI, most of 

the areas with habitat loss are different in location, intensity and extension. In Table 28 the 

development of the additive EHSI is quantified. 

Table 28 Development of the EHSI with additive recombination of life requisites from 1989 to 2000 

[% of the test site area] 

EHSI + 

1989  

2000 suitability no suitability 
 

suitability 2,69% 44,45% Σ 47,14% 

no suitability 52,86% 0,00%  

 Σ 55,55%   

relative change of suitable area: - 8,41% 

Table 28 illustrates the effect of the lake in the north-eastern part of the test site, after the 

additive recombination of life requisites. A decrease of the total habitat suitability of more 

than 8% can be detected applying fuzzy sets with additive recombination of life requisites.  

5.2.55.2.55.2.55.2.5 Simulation of Simulation of Simulation of Simulation of a changed habitat applying EHSIa changed habitat applying EHSIa changed habitat applying EHSIa changed habitat applying EHSI++++    

The objective in the following section is the simulation of a potential change of habitat 

suitability due to different political conditions. According to Article 3.4 of the Kyoto Protocol 

(KP) it is possible for Annex I countries to account for anthropogenic greenhouse gas 

emissions by sources and removals by sinks resulting from any or all of the human-induced 

activities. One explicitly mentioned activity as a sink under the KP is forest management 

(UN-FCCC,  2002) . Germany has elected to report forest management as an activity 
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according to Article 3.4 KP. Therefore this has some consequence for forest management and 

thus e.g. the timber volume. This may result in land being managed in such a way that there is 

less open forest and more timber volume is accumulated in forests. For the applied HSI model 

this can cause the reduction, or even the disappearance of the attribute “open forests”, while 

the timber volume might increase in the forested parts of the test site. If the effects are 

introduced in the EHSI+ for the Red Kite, the potential habitat will change. In this case all 

“open forest” patches within the forest have been turned into patches with high timber 

volume, while the “timer volume” attribute itself has been increased for the forests around 

Moritzburg. Figure 36 shows the effects within the life requisite “nesting”, which consists of 

70% “open forests” and 30% “timber volume”. 

  
Enhanced Habitat Suitability Index 2000 for 
life requisite “nesting” 

Simulated Enhanced Habitat Suitability 
Index 2000 for life requisite “nesting” 

 

bright areas: high suitability of “nesting”  
dark areas: less suitability of  “nesting”  
 
 
 
 
 
 
 
 
 
reddish colours: loss of “nesting” 
greenish colours: increase of “nesting” 
blue: no change of “nesting” 
black: no “nesting” detected 

Changes of the EHSI life requisite “nesting” 
indicated by the simulated EHSI+ life requisite 
and the original EHSI+ life requisite “nesting” 

 

Figure 36 EHSI+ result maps of the life requisite “nesting” for the Red Kite, the simulated EHSI life 

requisite “nesting”, and its changes  
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The development of the life requisite “nesting” would be dominated by the loss of “open 

forest”. The red areas reflect the losses, while the few green areas reflect an increase of the 

“nesting” requisite due to the increased “timber volume”. The habitat suitability in total would 

be influenced as well, and this is shown in Figure 37. 

 

  

Enhanced Habitat Suitability Index 2000  Simulated Enhanced Habitat Suitability 
Index 2000 

 

bright areas: high habitat suitability  
dark areas: less habitat suitability  
 
 
 
 
 
 
 
 
reddish colours: loss of habitat suitability 
greenish colours: increase of habitat 
suitability 
blue: no change of habitat suitability 

Changes of the EHSI indicated by the 
simulated EHSI+ and the original EHSI+ 

 

Figure 37 EHSI+ result maps of 2000, the simulated EHSI+, and the changes of the potential habitat 

suitability 

The loss of “open forests” would cause a loss of the habitat suitability in more than 71% of 

the area around Moritzburg. Slightly more than 15% of the area is covered by an increase of 



Results of the EHSI 

 

 

122 

the habitat suitability because of the increasing “timber volume”. Due to the important role of 

“open forests” as part of the “nesting” life requisite for the Red Kite an important part of its 

habitat would be lost if increasing the carbon stock in forests would become an economic 

objective for forest owners.  

Table 29 Development of the simulated EHSI with additive recombination of life requisites from 1989 

to 2000 [% of the test site area] 

Simulated EHSI+ 

1989  

2000 suitability no suitability 
 

suitability 13,57% 15,35% Σ 28,92% 

no suitability 71,08% 0,00%  

 Σ 84,65%   

relative change of suitable area: - 55,72% 

 

Table 29 quantifies the development of the simulated EHSI. The total habitat suitability 

would decrease by more than 55% of the test area.  
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5.35.35.35.3 DDDDISCUSSION OF THE ISCUSSION OF THE ISCUSSION OF THE ISCUSSION OF THE EHSIEHSIEHSIEHSI    

In comparison to the results indicated by the original HSI, the application of fuzzy sets in the 

EHSI model lead to an increase of suitability on the level of attribute, life requisite, and 

habitat model. The effect of the fuzzy implementation is especially noticeable along the edges 

of different class assignments between neighbouring pixels (Table 22 to Table 26). Habitat 

suitability indicated by the application of fuzzy sets increases depending on the relation of 

patch size to length of the edges. Attributes which are mostly distributed as single pixels 

across the test site area show an increase of suitable area after the application of fuzzy sets, 

because of the relation of relatively small patch sizes to the edges along patches. In the case of 

the EHSI attribute “tree height”, the suitability with more than 37% of the test site area in 

1989 is nearly 6 times greater than the suitable area of “tree height” according to the HSI 

(Table 15 and Table 26). In contrast, the suitable area of attributes which cover large areas of 

the test site does not increase that much after the application of the EHSI due to the short edge 

length in relation to the attribute patch size. This is the case for the attribute “water bodies” 

(compare with Figure 48). 

Basically the effect of the fuzzy implementation is a larger area of habitat suitability and 

habitat changes in the EHSI results. Compared with the HSI model in Figure 19 there is a 

larger area of habitat suitability according to the EHSI model (Figure 34). The cause is the 

additional suitable area due to the fuzzy set application in the EHSI. If the results of the HSI+ 

and the EHSI+ results are compared, the EHSI+ results in more areas with habitat decrease 

and results in a relative change of suitable area of -8,41% (Table 28). In contrast to that the 

HSI+ results in a relative change of suitable area of +9,82%. Thus the application of fuzzy 

sets yields to a decrease of potential habitat, because of the facts that more suitable area is 

considered in the retrospective change analysis of the EHSI model.  

An effect could be detected by comparing the EHSI including a multiplicative combination of 

life requisites with the EHSI+ applying an additive recombination of life requisites. While the 

EHSI with multiplied life requisites results in an relative increase of suitable area of the test 

site of more than 20%, the suitability decreases by more than 8% after the application of the 
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EHSI+ with additive recombination of life requisites (Table 27 and Table 28). The EHSI+ 

seems to be more sensitive to changing ground conditions and is able to detect even more 

areas of habitat suitability decrease. 

For simulation purposes introducing new or simulated maps with binary data, the 

implementation of fuzzy sets offers the opportunity to realise graduated transitions along 

different class assignments of an attribute. As rigid transitions are lost, the spatial distribution 

of suitable areas becomes more realistic. In chapter 5.2.5 the application of fuzzy sets for the 

simulation of potential future developments in the test site is described. A potential habitat 

change assuming higher timber volumes in forests as a consequence of the desire to increase 

the carbon stock under Article 3.4 of the Kyoto Protocol is simulated. The simulation results 

in a reduction of the life requisite “nesting” and a decrease of the habitat suitability in more 

than 55% of the test site area. The results are based on the consideration of two attributes 

“open forest” and “timber volume”. “Timber volume” was expected to increase, while the 

“open forest” attribute was expected to decrease for most of the forested areas around 

Moritzburg. The loss of the life requisite in more than 55% of the test site area is caused by 

the weight of “open forest” (0,7) compared to the weight of timber volume (0,3) within the 

“nesting” life requisite. Only in some relatively small areas, where the attributes do not 

coincide with the increase of timber volume, there is an increase in suitability of the life 

requisite and the simulated habitat (Figure 36, Figure 37). The simulation study was realised 

for the most essential attributes and the most affected life requisite for such a scenario as a 

potential consequence of forest management aiming at an increase of carbon storage in 

forests. If future developments resulted in changes to forest management regimes, there would 

be other attributes than those considered in this study that would change for the test site. 

However the effect of even two considered attributes and their influence on the entire habitat 

suitability of the area around Moritzburg could be demonstrated. The possible negative effects 

on potential habitats for Red Kite became obvious. As the habitat approach is species specific 

the same development can affect living conditions for different species in positive and 

negative directions, and result in changes of species abundance and community composition. 

However the area with suitable pixel increased after the application of the EHSI. The main 

effects of changing ground conditions in terms of major habitat loss and gain were detectable. 

Some of the EHSI models results were similar to those of the HSI models. Similar areas of 

habitat suitability decrease could be detected in the centre of the test site. Therefore the 
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application of fuzzy sets proved to be an effective tool to work with binary attribute maps as 

an additional input for the HSI model, especially for simulation purposes. 
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6666 HSI HSI HSI HSI WITHWITHWITHWITH    HOME RHOME RHOME RHOME RANGE AANGE AANGE AANGE ASPECT (HRSPECT (HRSPECT (HRSPECT (HR----HSI)HSI)HSI)HSI)    

In the following section the application of a home range approach with a defined range from 

each location of the Moritzburg test site is described and the results are presented and 

discussed for the attribute and life requisite levels. The first approach multiplies life requisites 

while the second applies an additive recombination of life requisites in the individual attribute 

as input for the home range habitat suitability model (HR-HSI). 

6.16.16.16.1 HRHRHRHR----HSIHSIHSIHSI    AAAANALYSIS NALYSIS NALYSIS NALYSIS MMMMETHODSETHODSETHODSETHODS    

The HSI was originally applied for the Moritzburg area using a purely pixel based binary 

approach. In most of the ornithological reports home rage aspects have been considered as 

significant factors for the evaluation of a potential habitat of a rare species (OKIA 1976,  

TERBORGH ET AL .  1990,  BAILLON ET AL.  1992,  FREEMARK ET AL.  1995) . Even 

during different seasons, various activity ranges of birds in the tropical zone have been 

reported by H ILTY (1994) . Facing spatial considerations in terms of home range activities 

within the HSI modification have been taken into account by assuming a wider scale for the 

application in Moritzburg.  

For the application of an activity home range with the same distance in every direction for 

each central pixel of interest a circle approach was chosen. The reason for implementing the 

approach is the widely accepted behaviour of Red Kite to occupy every suitable landscape 

patch within the range. In relation to the test site size an activity radius of 200 m was assumed 

for each individual pixel of an attribute map or a life requisite map. All suitable pixels within 

the defined range were combined by summation and assigned to the central pixel of the circle. 

Applying a moving window approach, the circle was calculated for each individual pixel of 

the test area (Figure 38). This was realised on the attribute and on the life requisite level 
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including the related maps and weights (compare Table 7). An edge effect of the home range 

approach has to be considered. According to the radius of the home range circle of 200 m a 

200 m buffer was assigned to the test site borders and left our for considerations on the 

suitability of the affected pixel.  

 

Figure 38 Calculation of home range activity maps with 200 m radius circle 

On the life requisite level the different attribute maps were merged to binary outputs for each 

life requisite. In the following procedure the home range approach was applied on the binary 

life requisite information. The results of the home range maps were merged to new home 

range habitat suitability index maps (HR-HSI) with different minimum requirement 

thresholds for each requisite. For the applied modification the life requisite “food” was 

expected to be available for 80% of the current location in the activity range of 200 m, while 

“nesting” and “safety” facilities should be available in 50% of the current location. On the 

attribute level each individual map was recalculated with the home range approach (Figure 

38) and weighted according to the original HSI. In the final step the life requisite information 

were merged to the final HR-HSI. This is described in the following chapter. 
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6.26.26.26.2 RRRRESULTSESULTSESULTSESULTS OF THE  OF THE  OF THE  OF THE HRHRHRHR----HSIHSIHSIHSI    

The considered home range activities of Red Kite are reflected through the spatial analysis of 

the life requisite maps and the individual attribute maps what leads to different results 

compared to the original HSI model. Now the binary character of the individual attribute 

maps has changed into areas of different suitability insensitivities for a considered area of 

200 m around each individual pixel. The discrete transition probabilities from suitable pixels 

to unsuitable pixels have changed into continuous transition probabilities (CTP). This allowed 

for choosing different intensities for life requisites or attributes to simulate the effects of 

decreasing attributes or life requisites of the potential habitat. 
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6.2.16.2.16.2.16.2.1 Transition Probabilities for AttributesTransition Probabilities for AttributesTransition Probabilities for AttributesTransition Probabilities for Attributes    

The results of the home range recalculation of the single attributes maps are presented in the 

following section. 

  

Continuous transition probabilities of the 
attribute “timber volume” 1989 indicated by 
home range recalculation 

Continuous transition probabilities of the 
attribute “timber volume” 2000 indicated by 
home range recalculation 

 

bright areas: high “timber volume” suitability  
dark areas: less “timber volume” suitability 
 
 
 
 
 
 
 
 
reddish colours: loss of “timber volume” 
greenish colours: increase of “timber volume” 
blue: no change of “timber volume” 
black: no “timber volume” detected 

Change of the attribute “timber volume” 
indicated by home range recalculation 

 

Figure 39 HR-HSI result maps of the attribute “timber volume” for 1989 and 2000 and its changes 

The home range approach for the attribute “timber volume” (Figure 39) produces similar 

results than the HSI in Figure 11. The same decrease of timber volume in the middle of the 
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test site could be detected. Now the pixels inside a range of 200 m around the centre are 

reflected in each pixel value of the entire attribute map.  

  

Continuous transition probabilities of the 
attribute “open sites” in 1989 indicated by 
home range recalculation 

Continuous transition probabilities of the 
attribute “open sites” in 2000 indicated by 
home range recalculation 

 

bright areas: high “open sites” suitability  
dark areas: less “open sites” suitability 
 
 
 
 
 
 
 
 
 
reddish colours: decrease of “open sites” 
greenish colours: increase of “open sites” 
blue: no changes of “open sites” 
black: no “open sites” detected 

Change of the attribute “open sites” indicated 
by home range recalculation 

 

Figure 40 HR-HSI result maps of the attribute “open sites” for 1989 and 2000 and its changes 

The attribute “open sites” was recalculated with the home range approach. The results are 

similar to the results of the EHSI attribute maps in Figure 29. In this case the result pixel 

value represents the sum of all pixels in a distance of 200 m. Therefore the individual activity 
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range is included in the calculations. The decrease of suitability in the north-eastern part of 

the test site is visible.  

Table 30 Development of “timber volume” from 1989 to 2000 utilising the home range approach [% 

of the test site area] 

Vol 

1989  

2000 
timber volume  

≥ 300 m³/ha 

timber volume  

< 300 m³/ha 

 

timber volume  

≥ 300 m³/ha 1,70% 59,05% Σ 60,75% 

timber volume  

< 300 m³/ha 24,00% 15,25% 
 

 Σ 25,70%  
 

relative change of suitable area: + 35,05% 

 

Table 31 Development of “open sites” from 1989 to 2000 utilising the home range approach [% of 

the test site area] 

Sitesopen 

1989  

2000 open sites non open sites 
 

open sites 5,92% 26,15% Σ 32,07% 

non open sites 49,21% 18,73%  

 Σ 55,13%   

relative change of suitable area -23,06% 
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Table 32 Development of “open forest” from 1989 to 2000 utilising the home range approach [% of 

the test site area] 

Forestopen 

1989  

2000 open forest non open forest 
 

open forest 2,02% 46,83% Σ 48,85% 

non open forest 50,18% 0,96%  

 Σ 52,20% 
  

relative change of suitable area - 3,35% 

 

Table 33 Development of “broadleaved trees” from 1989 to 2000 utilising the home range approach 

[% of the test site area] 

Comptree 

1989  

2000 
broadleaved trees  

≥ 80%/ha 

broadleaved trees  

< 80%/ha 

 

broadleaved trees  

≥ 80%/ha 0,93% 78,99% Σ 79,92% 

broadleaved trees  

< 80%/ha 7,26% 12,82% 
 

 Σ 8,19% 
  

relative change of suitable area + 71,73% 
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Table 34 Development of “tree height” from 1989 to 2000 utilising the home range approach [% of 

the test site area] 

Heighttree 

1989  

2000 
tree height  

≥ 25 m 

tree height  

< 25 m 

 

tree height  

≥ 25 m 2,67% 50,23% Σ 52,90% 

tree height  

< 25 m 29,47% 17,63% 
 

 Σ 32,14% 
  

relative change of suitable area + 20,76% 

Tables 30-34 indicate the development of the single attributes recalculated with the home 

range approach. All attributes except “open sites” (Sitesopen) and “open forest” (Sitesopen) 

show suitability increase over the time period of 11 years. The area of suitable “open forest” 

patches decreased by more than 3%, while the area of suitable “open sites” decreased by more 

than 23% of the test site area.  

An overview of the development of the attributes after the recalculation with the home range 

approach is given in the following figure. 
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Figure 41 Overview of all HR-HSI attribute developments from 1989 to 2000 [% of the test site area]  

Figure 41 illustrates that intensive changes of all attributes took place over the time period 

according to the application of the home range approach. The suitability of the individual 

attributes, such as “broadleaved trees”, “tree height” or “timber volume” increased. The 

proportion of decreasing suitability is higher than the proportion for increasing suitability for 

the two attributes “open forest” and “open sites”. “Open sites” has also the highest proportion 

of constant attribute suitability in the test site. 

6.2.26.2.26.2.26.2.2 Transition Transition Transition Transition PPPProbabilities for robabilities for robabilities for robabilities for LLLLife ife ife ife RequisiteRequisiteRequisiteRequisitessss    

In the following section the home range habitat suitability maps are shown under 

consideration of life requisites as the main object of observation in habitat evaluations 

(LÖFSTRAND ET AL .  2003) . 
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The life requisite “food” was recalculated with the home range aspect after the attribute have 

been merged according equation [4] (Figure 42).  

  

Continuous transition probabilities of the life 
requisite “food” 1989 indicated by home 
range recalculation 

Continuous transition probabilities of the life 
requisite “food” 2000 indicated by home 
range recalculation 

 

bright areas: high “food” suitability  
dark areas: less “food” suitability 
 
 
 
 
 
 
 
reddish colours: loss of “food” 
greenish colours: increase of “food” 
blue: no change of “food” 
black: no “food” detected 

Change of the potential life requisite “food” 
indicated by home range recalculation 

 

Figure 42 HR-HSI result maps of the life requisite “food” for 1989 and 2000 and its changes 

“Food” consists of the attributes “water bodies” (Diswater), “forest border” (Distforest) and 

“open sites” (Sitesopen). In 1989 there was a dry lake in the north-east of the area. In 2000 the 

lake was full, and therefore there was a decrease of the attribute “open sites” (Sitesopen) 

(compare with Figure 29 and Figure 40). The effect for the entire life requisite can be 

recognised in the red area in the north-east of the map. Because the rest of the attributes did 

not change, the effects in Figure 42 are only caused by “open sites”. The increase in the 
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middle of the image is detected due to the windthrow. This caused a reduction in the attributes 

“timber volume” (Vol) and “broadleaved trees” (Comptree), and an increase in the attribute 

“open site” (Sitesopen). The relative change of suitable area of “food” was calculated with a 

decrease of -25,92% (Annex table 6, p.198). In the following figure the changes of the life 

requisite “nesting” are illustrated. 

  

Continuous transition probabilities of the life 
requisite “nesting” 1989 indicated by home 
range recalculation 

Continuous transition probabilities of the life 
requisite “nesting” 2000 indicated by home 
range recalculation 

 

bright areas: high “nesting” suitability  
dark areas: less “nesting” suitability 
 
 
 
 
 
 
 
 
reddish colours: loss of “nesting” 
greenish colours: increase of “nesting” 
blue: no change of “nesting” 
black: no “nesting” detected 

Change of the life requisite “nesting” 
indicated by home range recalculation 

 

Figure 43 HR-HSI result maps of the life requisite “nesting” for 1989 and 2000 and its changes 

The suitability of “nesting” has decreased in the centre and in various other locations of the 

test site. Some decreases can be found in the north-eastern part of the image. “Nesting” 

consists of “open forest” (Forestopen) and “timber volume” (Vol). The effect of the drained 

lake in the north-eastern part of the test site could also be found to some extent in the results 
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of “nesting” according to the HSI (Figure 15) and in the results of “nesting” according to the 

EHSI (Figure 32). The attribute “open forest” offers a similar result in the retrospective 

analysis (Annex figure 10, p.194), as the reason for the changes of the life requisite “nesting”. 

In total the relative change of the suitability for “nesting” is an increase of 13,58% (Annex 

table 9, p.200). The life requisite “safety” was recalculated with the home range approach 

after merging of the relevant attributes. The results are illustrated in Figure 44. 

  

Continuous transition probabilities of the life 
requisite “safety” 1989 indicated by home 
range recalculation 

Continuous transition probabilities of the life 
requisite “safety” 2000 indicated by home 
range recalculation 

 

bright areas: high suitability of “safety”  
dark areas: less suitability of  “safety”  
 
 
 
 
 
 
 
 
reddish colours: loss of “safety” 
greenish colours: increase of “safety” 
blue: no change of “safety” 
black: no “safety” detected 

Change of the potential life requisite “safety” 
indicated by home range recalculation 

 

Figure 44 HR-HSI result maps of the life requisite “safety” for 1989 and 2000 and its changes 

The life requisite “safety” includes the attributes “broadleaved trees” (Comptree) and “tree 

height” (Heighttree). The HR-HSI model reacts in a similar way to the original HSI with a 
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decrease in the centre of the test site as a consequence of the storm damage. In total the 

relative change of suitable area of “safety” is an increase of 45,15%, what is nearly the double 

increase compared with the results of “safety” according to the HSI (Annex table 12, p. 202). 

6.2.36.2.36.2.36.2.3 Retrospective ChangesRetrospective ChangesRetrospective ChangesRetrospective Changes of the HR of the HR of the HR of the HR----HSIHSIHSIHSI    

Figure 45 shows the results when the individual attribute maps are recalculated with the home 

range distance and the original HSI algorithm is applied according to the equations [4] and 

[5]. 

  

Continuous transition probabilities of the 
home range habitat suitability index 1989 
indicated by multiplicative combination of 
life requisites 

Continuous transition probabilities of the 
home range habitat suitability index 2000 
indicated by multiplicative combination of life 
requisites 

 

bright areas: high habitat suitability  
dark areas: less habitat suitability  
 
 
 
 
 
 
reddish colours: loss of habitat suitability 
greenish colours: increase of habitat 
suitability 
black: no habitat suitability detected 
 

Change of the home range habitat 
suitability index indicated by multiplicative 
combination of life requisites 

 

Figure 45 HR-HSI result maps with multiplied combination of life requisites for 1989 and 2000 and 

its changes 
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Within this image the weights of the single attribute are lost because of the multiplication and 

have been turned into a factor for the life requisites (see chapter 4.1.7). 

Table 35 Development of the HR-HSI with multiplicative combination of life requisites from 1989 to 

2000 [% of the test site area] 

HR-HSI 

1989  

2000 suitability no suitability 
 

suitability 0,00% 74,35% Σ 74,35% 

no suitability 12,92% 12,73%  

 Σ 12,92%   

relative change of suitable area: + 61,42% 

 

No constant habitat suitability was indicated retrospectively by the HR-HSI as well as by the 

EHSI+. This is also indicated in the change map of Figure 45 where no blue coloured areas 

can be found. The results of the HR-HSI with multiplicative combination of life requisites 

indicate an increase of the habitat suitability of more than 60%. In the following chapter 

different results can be described if life requisites are additively recombined in the HR-HIS+. 

6.2.46.2.46.2.46.2.4 Retrospective Changes of the HRRetrospective Changes of the HRRetrospective Changes of the HRRetrospective Changes of the HR----HIS+HIS+HIS+HIS+    

As applied for the HSI+ and the EHSI+ the additive recombination of life requisites reflects 

the weights of each habitat attribute in the entire HR-HSI model and allows further detailed 

investigation towards additional areas of habitat loss and gain for Red Kite in Moritzburg. 

The following illustration gives an overview of the modified HSI into a home range suitability 

index according to the equations [11]and [12].  
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Continuous transition probabilities of the 
home range habitat suitability index 1989 
indicated by additive recombination of life 
requisites  

Continuous transition probabilities of the 
home range habitat suitability index 2000 
indicated by additive recombination of life 
requisites 

 

bright areas: high habitat suitability  
dark areas: less habitat suitability  
 
 
 
 
 
 
 
 
 
reddish colours: loss of habitat suitability 
greenish colours: increase of habitat 
suitability 

Change of the home range habitat suitability 
index indicated by additive recombination of 
life requisites 

 

Figure 46 HR-HSI+ with additive recombination of life requisites for 1989 and 2000 and its changes  

In the results of the HR-HSI+ model the effect of the drained lake in the north-eastern part of 

the test site is dominating the difference image as a serious decrease of habitat suitability. 

Similar results can be found in the HSI+ (Figure 23) and the EHSI+ model (Figure 35). The 

suitable locations in both HR-HSI+ result maps of 1989 and 2000 are in different locations 

compared to the HR-HSI with multiplied life requisites in Figure 45. Additionally the effect 

of the storm damage in the centre of the test site is less visible in Figure 46. Compared to the 
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HR-HSI applying the multiplicative approach, the habitat suitability is higher with the 

approach (HR-HSI+) applying an additive recombination of life requisites in 2000 (Table 35). 

Table 36 quantifies the development of the HR-HSI+. 

Table 36 Development of the HR-HSI with additive recombination of life requisites from 1989 to 

2000 [% of the test site area] 

HR-HSI+ 

1989  

2000 yes no 
 

yes 0,00% 66,38% Σ 61,46% 

no 32,52% 0,00%  

 Σ 38,54%   

relative change of suitable area: + 22,92% 

 

The results of the HR-HSI+ are remarkable because of the amount of relative habitat 

suitability increase compared with the HR-HSI applying multiplicative life requisite 

combination. The habitat suitability increase of the HR-HSI+ is close to one third of the 

habitat increase of the HR-HSI.  

Utilising the different transition probabilities within an approach of dynamic weighting of life 

requisites, the home range habitat suitability illustrated in Figure 47 shows the most suitable 

areas for the assumption that the Red Kite would prefer 80% availability for ”food”, 50% for 

“nesting” and 50% for “safety” purposes in a home range of 200 m around its current 

position. 
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Habitat Suitability Index 1989 indicated by 
the HR-HSI+ with redefined life requisites 

Habitat Suitability Index 2000 indicated by the 
HR-HSI+ with redefined life requisites 

 

greenish colours: detected habitat suitability 
consisting of 80% suitability for the life requisite 
”food”, 50% for the life requisite “nesting” and 
50% for the life requisite “safety” 
 
 
 
 
 
 
reddish colours: loss of habitat suitability 
greenish colours: increase of habitat suitability 
blue: no change of habitat suitability 

Change of the potential habitat indicated by 
the HR-HSI+ with redefined life requisites 

 

Figure 47 HR-HSI+ with redefined life requisite weights of both occasions,1989 and 2000 and its 

changes  

Figure 47 shows the suitable habitat area in 1989 and 2000 and its changes, when life 

requisites are redefined with minimum 80% suitability for ”food”, 50% suitability for 

“nesting” and 50% suitability for “safety”. The transition probabilities of the home range 

approach allow the application of different life requisite weights within one model to estimate 

areas with intensive habitat loss and gain. The green parts show the highest suitability for the 

defined criteria in the centre of the test site for 1989. At the second occasion suitable areas 

can be found in the eastern part of the area, but the highly suitable area in 1989 is lost. This 

can also be seen in the difference image. During all modifications of the original HSI, the 

habitat loss in the centre of the Moritzburg area could be reflected by the calculations. In 
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general the area with the highest habitat suitability for the Red Kite has changed over the time 

from 1989 to 2000. According to the chosen intensities of life requisites the location size of 

habitat change is about 25 hectares. 
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6.36.36.36.3 DDDDISCUSSION OF THE ISCUSSION OF THE ISCUSSION OF THE ISCUSSION OF THE HRHRHRHR----HSIHSIHSIHSI    

In comparison to the results indicated by the original HSI and EHSI, the application of home 

range approach in the HR-HSI model lead to different of suitability on the level of attribute, 

life requisite, and HR-HSI model. Still major changes could roughly be found similar to the 

results of the original HSI and the EHSI. The effect could mainly be induced by the different 

locations depending on the distribution of the suitable neighbourhood pixels.  

The HR-HSI with multiplicative combination of life requisites resulted in an area of habitat 

suitability which is almost three times bigger compared with the results of the HR-HSI + with 

additive recombination of life requisites. According to the summation of suitable pixels in a 

circle of 200 m radius to the central pixel the information base within the HR-HSI is wider. 

Areas with suitable patches are larger, and areas with suitability loss and gain are also larger 

in the retrospective change analysis. The additive recombination of life requisite in the HR-

HSI+ model seems to be more sensible towards changing ground conditions in terms of 

habitat losses, because larger areas of both, suitability loss and gain are subtracted in the 

difference image.  

The effect of the drained lake in the north-eastern part of the test site is visible similar to the 

results of the HSI+ (Figure 23) und the EHSI+ (Figure 35). On the other hand the habitat 

suitability decrease in the centre of the test site as an effect of the storm damage is less visible 

in the HR-HSI+ result map. The reason for this is the applied home range circle of 200 m 

around each central pixel of interest (Figure 38) in which all suitable pixels are summed to the 

central pixel. Therefore patches indicating habitat suitability have a wider information base, 

what might compensate the relative small effect of the habitat suitability decrease due to 

storm damages in the centre of the test site.  

The advantage of the approach is the implementation of the aspect of home range for a single 

species of interest. Using this approach the information utilised is not constrained to 

individual pixels, but the existence of a relevant habitat feature in a defined distance of 200 m 

to a current location is reflected in each pixel of the output maps. Thus the home range 

approach considers the relation of neighbouring suitable pixels to the considered location of 
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interest. Therefore the additive recombination of the neighbouring pixel values reflects the 

sum of the suitability in a defined distance around the considered location.  

The home range approach offers a graduation of habitat potentials. As the life requisites can 

be considered separately and the influence can change, new thresholds for an individual life 

requisite map can be applied (Figure 47). The graduation of the habitat values and the 

definition of thresholds can also support decisions of landscape management and policies, 

beside a simulation of changing individual attributes.  
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7777 DISCUSSIONDISCUSSIONDISCUSSIONDISCUSSION    

The six analysed HSI models share the same basic data and calculation algorithms. Each of 

these HSI models includes two levels of consideration: the attribute level and the life requisite 

level. In all six HSI models a number of weighted attributes are identically added to each of 

three life requisites for each model. Within the final habitat modelling procedure the 

recombination of life requisites was realised with two different approaches (multiplicative or 

summation) for each HSI model: 

Multiplicative recombination of life requisites resulted in the HSI models: 

1. Habitat Suitability Index (HSI) with binary attribute maps; 

2. Enhanced Habitat Suitability Index (EHSI) applying binary attribute maps 

enhanced with fuzzy sets; 

3. Habitat Suitability Index with Home Rage Aspect (HR-HSI) applying recalculated 

attribute maps with an activity radius of 200 m for each pixel. 

The summation approach with additive recombination of life requisites resulted in the HSI 

models  

4. HSI+ with binary attribute maps; 

5. EHSI+ applying binary attribute maps enhanced with fuzzy sets; 

6. HR-HSI+ applying recalculated attribute maps with an activity radius of 200 m for 

each pixel. 

The in situ data, RS data and the kNN combination method have been applied for the original 

HSI and for the modifications EHSI, and HR-HSI. The in situ data for 1989 consist of the 

Datenspeicher Wald, while the data for 2000 were taken from the MNTFR field campaign. 
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Landsat 5 TM data with a spatial resolution of 27 m were available for 1989 and Landsat 7 

ETM+ data with a spatial resolution of 30 m were available for 2000. The combination of the 

remotely sensed data sources with the in situ data was realised with the kNN algorithm, which 

classified the Landsat data according to their spectral information. Although errors might 

occur by different data sources, georeferencing or by classification, changing ground 

conditions could be detected by all six the HSI models. Within the sensitivity analysis the 

influence of the individual attributes in the theoretical HSI model as well as the effects of the 

conditions in the test site were investigated.  

The effects of the different models such as the HSI, EHSI and the HR-on the results of the 

attributes, the life requisites are discussed and illustrated in the following sections (chapter 

7.1and 7.2). The effects of the different combination of life requisites on the entire habitat 

suitabilities and their changes are discussed in chapter 7.3. Finally the potentials of the HSI 

model approaches for future operational services are discussed in chapter 7.4. 

7.17.17.17.1 EEEEFFECTSFFECTSFFECTSFFECTS OF THE OF THE OF THE OF THE    HSIHSIHSIHSI,,,,    EHSIEHSIEHSIEHSI AND THE  AND THE  AND THE  AND THE HRHRHRHR----HSIHSIHSIHSI    MMMMODEL ODEL ODEL ODEL ON ON ON ON 

AAAATTRIBUTE TTRIBUTE TTRIBUTE TTRIBUTE SSSSUITABILITYUITABILITYUITABILITYUITABILITY    

In this section the attribute results of the different HSI model modifications, such as the 

original HSI with binary attribute maps, the EHSI applying binary attribute maps enhanced 

with fuzzy sets and the HR-HSI applying recalculated attribute maps with an activity radius of 

200 m for each pixel, are compared. The effects on the attribute results of the different 

modifications are shown in Figure 48.  
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Figure 48 Effects of the HSI models (HSI, EHSI, HR-HSI) on attribute suitability in 1989 [% of the test 

site area] 

The figure shows the effects of the application of the different HSI model variations on the 

different habitat attributes for Red Kite. For instance suitable “timber volume” pixels were 

expanded by the application of fuzzy sets within the EHSI and with the home range approach 

utilized in the HR-HSI. Conspicuous effects can be found in attributes which are mostly 

distributed as single pixels across the test site, because of small suitable areas and the high 

proportion of edges along these patches. The most intensive effect shows the application of 

the EHSI model on the attribute “tree height”. The suitability according to the EHSI is close 

to 6 times higher than the suitability according to the HSI model. On the other hand the 

suitability increase of attributes covering wide areas of the test site such as “water bodies” is 

close to 3% after the fuzzy sets are applied. Among the attribute which are mostly distributed 

as single pixels across the test site, only “open forest” shows an increase of suitable area to 

52,2% after the application of the home range approach (Figure 48). All the other pixel-wise 

distributed attributes show a decrease compared to the EHSI results. A reason for this can be 
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the pixel-wise distribution. The distance between the suitable pixels seems to be too far to be 

added to high values in the home range circle with a radius of 200 m. 

The results of the different HSI models on the attribute “broadleaved trees” are presented in 

Figure 49. 
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Figure 49 Effects of the HSI models on attribute suitability of “broadleaved trees” [% of the test site 

area] 

Attribute suitability for “broadleaved trees” changed remarkably after the application of the 

EHSI and the HR-HSI models. More than 80% of the test site is suitable after the application 

of fuzzy sets within the EHSI, and close to 90% is suitable after the HR-HSI adaptation. 

While the highest increase of about 80% of the area could be found in the HR-HSI 

application, the most notable suitability decrease can be found in the EHSI approach with 

more than 15% of the test site. The differences are the results of the different model 



Discussion 

 

 

150 

methodologies. While the EHSI expands suitability onto the edges of the suitable attribute 

patches, the HR-HSI considers the relation to suitable neighbouring pixels for one location of 

interest. The results are dependent on the individual procedure and the area selected for 

recalculation of the attribute maps. Figure 50 illustrates the effects for the attribute “timber 

volume”. 
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Figure 50 Effects of the HSI models on attribute suitability of “timber volume” [% of the test site 

area] 

Similar to “broadleaved trees” the attribute “timber volume” changed in increasing suitability 

after the application of the HSI modifications. The proportion of constant attribute within the 

fuzzy set applications of the EHSI is more than 7%. The proportion of suitability decrease 
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with fuzzy sets is equivalent to the decrease after the application of the home range approach. 

A similar effect is found for the attribute “tree height” in Figure 51. 
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Figure 51 Effects of the HSI models on attribute suitability of “trees height” [% of the test site area] 

The suitability for trees with a minimum height of 30 m changed remarkably after the 

application of the EHSI and HR-HSI models. The area of suitability loss for “tree height” is 

smaller for the HR-HSI than the EHSI (red portions of the graph), while the area of increasing 

suitability is greater for HR-HSI than the EHSI results (green portions of the graph). 

Attributes such as “broadleaved trees”, “timber volume” or “tree height” are subject to a high 

spatial variability. Other attributes such as “open forest” or “open sites” show a different 

spatial distribution. The effects of the EHSI and the HR-HSI application on their suitability 

results are illustrated in Figure 52 and 53, respectively. 
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Figure 52 Effects of the HSI models on attribute suitability of “open forest” [% of the test site area] 

The small suitable areas in the HSI results are caused by the binary character of the HSI 

model and the multiplication of the life requisites. Compared to the HSI, the application of the 

EHSI and the HR-HSI resulted in an increase of attribute suitability by about 40%. While the 

areas of decreasing patches in the EHSI results are slightly smaller (column in the middle) the 

relative change of suitable area for “open forest” is a bit more than 5%. The application of the 

fuzzy sets in the EHSI caused larger areas of suitability. Large patches with pixel values 

indicating no habitat suitability in 2000 were subtracted by large patches with pixel values 

indicating habitat suitability in 1989. After the application of the HR-HSI the patches with 

pixel values indicating no habitat suitability in 2000 became larger and therefore the relative 
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change of suitable area for “open forest” became -3,35%. This is a result of moving from a 

pixel-based approach to an approach taking into account the proximity of pixels.  
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Figure 53 Effects of the HSI models on attribute suitability of “open sites” [% of the test site area] 

The green portions of the graph indicate an increase of suitability for “open sites”, while the 

red portions of the graph indicate a decrease of suitability for “open sites”. Both become 

larger if the three columns in Figure 53 are compared from the left to the right. In opposite to 

that the blue portions of the graph indicating a constant suitability for “open sites” become 

smaller if the EHSI and the HR-HSI approach are applied. “Open sites” is the only attribute 

with a conspicuous decrease of relative suitable area in all HSI models. The relative change in 

the HSI is -3,97%, while in the EHSI the relative change is -23,18%. The reason for this is the 
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application of the fuzzy sets in the EHSI, which leads to the subtraction of large areas with 

unsuitable “open sites” patches of 2000 from large areas with suitable patches of 1989. 

Comparable to the EHSI results the relative change of suitable area decreased by -23,06% 

after the application of the HR-HSI. Therefore the home range approach does not have a 

remarkable influence on the relative change of the suitable area of “open sites”. The main 

reason for this is the distribution of the attribute over mainly larger areas of the test site 

(compare with Annex figure 1, p.185). Similar effects can be found when applying the EHSI 

and the HR-HSI on the attributes “water bodies” and “forest border” (compare Figure 48).  

The main reason for the conspicuous decrease of relative suitable area of the attribute “open 

sites” is the dry lake in the north-eastern part of the test site. Since the lake was empty during 

the Landsat data acquisition in 1989, it was assigned to a different land cover class.  

7.27.27.27.2 EEEEFFECTS OF THE FFECTS OF THE FFECTS OF THE FFECTS OF THE HSIHSIHSIHSI,,,,    EHSIEHSIEHSIEHSI AND THE  AND THE  AND THE  AND THE HRHRHRHR----HSIHSIHSIHSI MODEL  MODEL  MODEL  MODEL ON ON ON ON LLLLIFE IFE IFE IFE 

RRRREQUISITE EQUISITE EQUISITE EQUISITE SSSSUITABILITYUITABILITYUITABILITYUITABILITY    

In this section the results of the individual attributes are combined to the life requisites 

“food”, “nesting” and “safety”. The effects of the HSI, EHSI and the HR-HSI on life requisite 

level are described. 
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Figure 54 Effects of the HSI models on the suitability of the life requisite “food” [% of the test site 

area] 

The EHSI life requisite “food” consists of “water bodies” (Diswater), “forest border” (Distforest) 

and “open sites” (Sitesopen). Due to the fact that the first two attributes did not change, the 

proportion of no changes for “food” in the area is high. Where there are changes these are 

caused by changes in the attribute “open sites”. Comparing the different HSI modifications 

from HSI to HR-HSI, the area of constant suitability decreased, while areas for increasing 

suitability and suitability loss increased.  

In total the relative suitability of “food” is a decrease of more than 4% according to the HSI, 

23% (EHSI) and close to 26% according to the HR-HSI model results (Annex table 4 and 



Discussion 

 

 

156 

Annex table 5, p.197). Thus the effect of the “open site” attribute classification caused more 

suitability losses, as the EHSI and the HR-HSI include additional spatial information in their 

algorithms.  
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Figure 55 Effects of the HSI models on the suitability of the life requisite “nesting” [% of the test site 

area] 

“Nesting” consists of “open forest” (Forestopen) and “timber volume” (Vol). The high 

proportion of no suitability within the original HSI is explained by the two pixel-wise 

distributed attributes. The remarkable decrease of no detected suitability within the two 

models EHSI and HR-HSI is caused by the fact that the small suitable attribute patches have 

relative long edges in relation to their patch area. “Nesting” increases in terms of its relative 
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suitability from the HSI with 2,72%, to the EHSI with 24,52% (Annex table 7 and Annex 

table 8, p.199). According to the results of the HR-HSI the increase is 13,58% of the test site 

area (Annex table 9, p.200). Thus the pixel wise distribution of the attributes “open forest” 

(Forestopen) and “timber volume” (Vol) caused less suitability compared with the results of 

the HSI and EHSI models. After the home range approach with 400 metre around each central 

pixel, the distribution was too wide to calculate high suitability values for each attribute. 
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Figure 56 Effects of the HSI models on the suitability of the life requisite “safety” [% of the test site 

area] 

The life requisite “safety” includes the attributes “broadleaved trees” (Comptree) and “tree 

height” (Heighttree). The two pixel-wise distributed attributes caused the high proportion of 
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pixels assigned to the class “no safety detected” in the HSI. The application of the EHSI and 

the HR-HSI results in a suitability gain for areas with an increase of the life requisite “safety”. 

In more than 60% of the area an increase of the life requisite suitability could be observed 

between the two occasions, while only 22% of the area was detected as an increase of life 

requisite suitability applying the original HSI. Comparing the three HSI model approaches the 

relative suitability of “safety” increased from 16,65% in the HSI to 35,79% in the EHSI and 

to 45,15% of the test site area in the HR-HSI (Annex table 10-12, p.201). The reason for this 

can be found on the distribution of the attribute as well. Here “broadleaved trees” (Comptree) 

and “tree height” (Heighttree) are more concentrated and this results in a higher suitability 

even after the application of the home range approach.  

The HSI, EHSI and the HR-HSI were applied on the same data with identical weights of the 

attributes and the life requisites to show the effects of the different methods of the models on 

attribute, life requisite and on HSI model level. Since the applied methods of the models HSI, 

EHSI and the HR-HSI are different; the results of the models are also different in an expected 

way (Figure 48). For instance the application of fuzzy sets within the EHSI caused more 

suitability on all levels of consideration. Similar changes could be detected with HSI as well 

as with fuzzy sets of the EHSI and with home range aspects of the HR-HSI. 

7.37.37.37.3 EEEEFFECTFFECTFFECTFFECTS OF THE S OF THE S OF THE S OF THE MMMMULTIPLICATIVE AND THULTIPLICATIVE AND THULTIPLICATIVE AND THULTIPLICATIVE AND THE E E E AAAADDITIVE DDITIVE DDITIVE DDITIVE 

RRRRECOMBINATION OF ECOMBINATION OF ECOMBINATION OF ECOMBINATION OF LLLLIFE IFE IFE IFE RRRREQUISITESEQUISITESEQUISITESEQUISITES ON ON ON ON    HHHHABITAT ABITAT ABITAT ABITAT SSSSUITABILITY UITABILITY UITABILITY UITABILITY     

Since the application of the HSI models result in various suitability on attribute and life 

requisite level, the different habitat suitability gain and losses according to the combination of 

life requisites is discussed in this section. The potential habitat suitability changed according 

to the application of the HSI, the EHSI and the HR-HSI. The effect of the different 

combination of life requisites for the HSI and the HSI+ model is shown in Figure 57. 
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Figure 57 Effects of the different life requisite combination on habitat suitability according to the 

HSI [% of the test site area] 

The Figure 57 illustrates that the areas of unchanged habitat suitability increased from nearly 

0% (according to the HSI), to more than half of the test site area (according to the HSI+). The 

areas assigned to a decreased and an increased of habitat suitability increased after the 

application of the HSI+. Since all attributes are reflected in the HSI+ model results the area 

where no habitat suitability was detected decreased from close to 90% to less than 1% of the 

test site area. Similar effects can be found for the HR-HSI. Different results can be found after 

the application of the EHSI and the EHSI+ models, and these are illustrated in Figure 58.  
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Figure 58 Effects of the different life requisite combination on habitat suitability according to the 

EHSI [% of the test site area] 

Figure 58 shows that the areas of habitat suitability loss increased after the application of the 

EHSI+, while the area with an increase of habitat suitability decreased. The relative change of 

suitable area decreased applying the EHSI+ model. 
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Figure 59 Effects of the different life requisite combination on habitat suitability according to the 

HR-HSI [% of the test site area] 

Figure 59 shows that areas with habitat suitability loss increased after the application of the 

HR-HSI+, while areas with an increase of habitat suitability decreased. The relative change of 

suitable area decreased applying the HR-HSI+ model. The effects of the application of the 

HR-HSI are similar to those of the EHSI. An overview of the relative change of all six HSI 

models applied is given in Figure 60. 
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Figure 60 Relative change of suitable area from 1989 to 2000 according to all habitat suitability 

models applied [% of test site area] 

Figure 60 illustrates that the relative change of suitable area of the EHSI+ and the HR-HSI+ is 

smaller compared to the results of the EHSI and the HR-HSI. The EHSI+ even indicates a 

decrease of habitat suitability of more than 8% of the test site area. The HSI+ with additive 

recombination of life requisites indicates an increase of habitat suitability compared with the 

HSI with multiplicative life requisite combination, but the EHSI+ and the HR-HSI+ indicate 

less habitat suitability compared with the results of the EHSI and HR-HSI models with 

multiplicative combination. The suitability increase within the HSI+ can be explained by the 

presence of all binary attribute maps in the model results compared with the HSI result maps 

where only coinciding attributes are reflected. The decrease of suitability of the EHSI+ and 

the HR-HSI+ is caused by the large areas with suitable and suitable habitat reflected in both 

model results as well as in the results of the retrospective change analysis. Here large patches 

with pixel values indicating habitat suitability at one occasion were subtracted by large 

patches with pixel values indicating unsuitable habitat of the other occasion. Therefore the 

relative change of suitable areas is smaller in the EHSI+ and the HR-HSI+ models. 
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The HSI+, EHSI+ and HR-HSI+ with additive recombination of life requisites detect more 

habitat suitability changes than the HSI models with multiplicative combination of life 

requisites (HSI, EHSI, HR-HSI). Since all attributes are reflected in the entire HSI model 

results with additive recombination the approaches proved to be more sensitive to change 

detection than the HSI models applying a multiplicative combination of life requisites. The 

loss of habitat suitability in the centre of the test site was detected by all tested HSI models, 

the dried lake in the northern part of Moritzburg was detected after the life requisites were 

additively recombined. 

7.47.47.47.4 DDDDISCUISCUISCUISCUSSION OF THE SSION OF THE SSION OF THE SSION OF THE TTTTESTED ESTED ESTED ESTED MMMMODELS FOR ODELS FOR ODELS FOR ODELS FOR FFFFUTURE UTURE UTURE UTURE AAAAPPLICATIONSPPLICATIONSPPLICATIONSPPLICATIONS    

The detected habitat suitability according to the different models such as the HSI, EHSI, HR-

HSI, the HSI+, EHSI+ and the HR-HSI+ depend on the attribute and life requisite weights 

chosen. Since the weights are identically applied for each HSI model, a direct comparison is 

possible. Habitat suitability might vary, if the weights are chosen differently. Since the habitat 

requirements of the Red Kite were summarised and assumed to be reflected through the 

chosen attributes and their, quantitative information of ecological case studies still have to be 

adapted to develop the HSI models to operational tools. Thus the models need to be modified 

in terms of attribute and life requisite and in terms of their weights if more objective expert 

knowledge of ecologists will be available in future. Additionally the test site around 

Moritzburg with its heterogeneous landscape elements has influence on the HSI model 

results. Therefore the HSI models need to be tested for other areas as well. Additionally the 

key species of interest might be conformed to the individual natural conditions of a particular 

area. In that case different habitat requirements in terms of attributes and life requisites 

depending on the area might be considered for future modelling purposes. These aspects lead 

to the question of whether the HSI models can be implemented for different species or 

umbrella species or for different test sites at all. In these terms it is not clear whether the 

tested HSI models can be developed to an operational level, because even the tested models of 

the study are part of a case study. 

The application of the HSI models only on individual key species level is open. Basically the 

change of a species specific habitat might have completely different consequences for other 
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species. Clearly adapting HSI models for many species would require a lot of effort. 

Therefore it might be appropriate to test an adapted HSI model for selected umbrella species 

in order to reduce effort.  

The habitat changes were detected by the HSI models based on the available information, 

such as Landsat 7 and Landsat 5. Whether the detected changes would actually cause habitat 

changes, or even threatening situations, for the key species still has to be investigated. 

Therefore the scale of the HSI model applied in this study might need to be changed. This 

also depends on the key species of future interest. If the species requirements might be 

detectable on a different scale the HSI model have to be modified. Various other remote 

sensing data sources are available to achieve high resolution information for different needs. 

New LIDAR sensors can directly measure vegetation height, and can penetrate the vegetation 

canopy (MALTANO ET  AL.  2006) . RADAR sensors are tested for biomass estimates 

(BERGEN AND DOBSEN 1999) . The mentioned RS data sources with a much higher 

resolution can be used as ancillary data for a HSI model, depending on scale.  

In the applied HSI models, only the potentials of habitat suitability have been tested. There 

are other comparable models that are frequently applied in ecology e.g. the potential natural 

vegetation (ELLENBERG,  1988) . 

The HSI models might be applied on different scales, depending species, and area of interest 

after necessary tests. The HSI models could be applied at various spatial scales from local 

scales to regional, national or multinational scales. As the HSI models are open to further 

inputs they can also reproduce local or landscape management purposes in different formats 

as digital spatial information. Therefore it is possible to consult local policy decision makers 

in an objective way (WALZ,  1999).  The HSI model approach can also help to establish new 

protection areas. Further implementation of three-dimensional indices (HOECHSTETTER ET 

AL.  2006)  is possible. The indices might improve habitat modelling and allow an improved 

reflectance of e.g. specific topographical requirements. 
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8888 CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS    

The study describes the potential of various habitat suitability indices (HSI) using remotely 

sensed data (Landsat 5 and 7) and other mapped information in digital format for the 

characterization and monitoring of rare species habitats at the landscape level over time. The 

main focus was to develop a flexible and open system for habitat monitoring which allows a 

pragmatic overview of habitat development of a rare or umbrella species without, or very 

limited field assessments. Habitat suitability is derived by a modelling approach that 

integrates objective information of natural conditions. Areas of habitat loss and habitat gain 

can be identified by modelling habitat suitability for different occasions. In addition the HSI 

model can be used to predict the effect of human induced changes of the environment and on 

habitat suitability.  

The approach concentrates on potential attributes of two example habitats for the key species 

Red Kite (Milvus milvus) and Black Stork (Ciconia nigra). The potential HSI models are 

analysed with regard to their sensitivity towards changing environmental conditions and 

towards the influences of individual attributes used as input for the studied HSI models. To 

test the HSI models, a heterogeneous landscape with a combination of different landscape 

elements (such as lakes, meadows, agricultural land, or forested areas) was needed. Therefore 

the landscape around the village Moritzburg, located close to the city of Dresden, Germany 

was selected as the test site. It is characterised by a pronounced heterogeneity of landscape 

elements such as forests, meadows and lakes.  

The remote sensing data for the year 2000 were matched with in situ data. In addition, the 

database “Datenspeicher Wald” provided forest information for the year 1989 based on the 

forest inventories on company level. Attributes, based on Natura 2000, such as food supply or 

nesting resources, were utilised as input for HSI models. The in situ data were combined with 

satellite data using a spatial statistic called kNN method for extending in situ attributes to the 
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entire area of interest. Habitat suitability maps for both occasions (1989 and 2000) were 

compared for the individual key species. 

The described data and methods underlay the six HSI models tested in this study: 

1. The Habitat Suitability Index (HSI) with binary attribute maps 

2. The Enhanced Habitat Suitability Index (EHSI) applying binary attribute maps 

enhanced with fuzzy sets  

3. The Habitat Suitability Index with Home Rage Aspect (HR-HSI) applying recalculated 

attribute maps with an activity radius of 200 m for each pixel. 

Each of these HSI models includes two levels of consideration: the attribute level and the life 

requisite level. For all three HSI models a number of weighted attributes are identically added 

to one of three life requisites. Within the final habitat modelling procedure, the combination 

of life requisites was realised with two different approaches for each HSI model: 

• The multiplicative approach with multiplicative combination of life requisites resulted in 

the models HSI, the EHSI and HR-HSI and 

• The summation approach with additive recombination of life requisites resulted in the 

models HSI+, EHSI+ and the HR-HSI+ 

The suitability of the life requisite “safety” for Black Stork could not be detected in the test 

site. Because of the tourism in the Moritzburg area a high density of roads and hiking paths 

avoids the safety requirements reflected by the attributes “infrastructure distance of minimum 

3 km” and “no recreation facilities”. The area is also too densely populated and there were not 

any areas with a “resident population of less than 100 inhabitants/km². Therefore, all other 

HSI model variations were compared with the original HSI model for Red Kite. The HSI 

resulted in less habitat suitability compared with the results of the EHSI applying fuzzy sets 

and the HR-HSI with home range aspects. HSI models with an additive recombination of life 

requisites (HSI+, EHSI+ and HR-HSI+) detected additional habitat losses similarly, because 

of the reflection of all attributes in the final model results. Therefore the approach with 

additive recombination of life requisites was considered to be the best HSI model approach 

because of its sensitivity to detect more potential habitat changes, than the approach with 
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multiplicative combination of life requisites. A multiplicative combination – e.g. of attributes 

– could be a useful way to realise special quality requirements such as water quality and water 

depth in one attribute map. 

While all HSI models are able to detect habitat changes and to predict future habitat 

development, the EHSI proved to be efficient to enhance purely binary data into discrete 

transition probabilities from suitable pixel to unsuitable pixel. The HR-HSI proved to be 

operational to describe neighbourhood relations of habitat attributes. It offers a graduation of 

habitat suitability with continuous transition probabilities. In addition to simulating changing 

individual attributes, the graduation of the habitat values and the definition of thresholds 

(even on life requisite level) can support decisions of landscape management and policies. 

The study concentrated on the principal possibilities of habitat suitability models with 

objective data sources on the landscape level. The main obstacle to a successive 

implementation of the HSI models is a comprehensive description of factors driving habitat 

suitability; these have hardly been presented in quantitative terms. The habitat requirements of 

the Red Kite were summarised and assumed to be reflected through the chosen attributes and 

their weights. Quantitative information of ecological case studies still have to be adapted to 

develop the HSI models to an operational level. The applied habitat models for Red Kite are 

tested with the available data for one selected test site; the results of the models themselves 

have the character of a case study. Therefore the results should not be generalised too far. An 

interdisciplinary knowledge transfer is recommended to realise the transition to an operational 

level implementing quantitative information of species specific requirements for habitat 

suitability modelling. Accordingly the results of the habitat models need to be verified with 

real habitat occupation data for different test sites. Quantitative habitat information has only 

been collected for relatively few species – e.g. by HOFFMANN (2000)  for species like red 

deer (Cervus elaphus). Quantitative definitions of habitat requirements are still needed for a 

lot of other key species. 

Even though the applied HSI models cannot be generalised, the approaches show that 

changing land use influences the potential habitats of the studied species. Therefore the 

principal applicability of the tested approaches is verified for the effects of changing 

landscapes on habitat suitability.  
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The focus of the study was to investigate the detection of potential habitat changes, the 

sensitivity, and the role of the selected attributes, and their combinations and weights. In order 

to apply the HSI models at an operational level, the species specific definitions of real habitat 

values for species like the Red Kite or others still have to be investigated. Since most of the 

ecological investigations only concentrated on local species specific conditions for a single 

species of interest, the results cannot be applied more generally to supply quantitative and 

objective analysis of habitat suitability with the applied HSI models. Ecologists have to define 

more common habitat requirements for threatened species to improve an efficient and 

objective observation, monitoring and conservation of rare species habitats within landscapes 

influenced by human activities. 
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11111111 ANNEXANNEXANNEXANNEX    

HSI Attribute Maps 

Sitesopen 

  

Attribute map of “open sites” in 1989 Attribute map of “open sites” in 2000 

 

white: “open sites” detected 
black: “open sites” not detected 
 
 
 
 
 
 
 
 
 
 
red: decrease of “open sites” 
green: increase of “open sites” 
blue: no changes of “open sites” 
black: no “open sites” detected  

Change of the attribute “open sites” form 
1989 to 2000 

 

 

Annex figure 1 HSI result map of the attribute “open sites” for 1989 and 2000 and its changes 
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Forestopen 

  

Attribute map of “open forest” in 1989 Attribute map of “open forest” in 2000 

 

white: “open forest” detected 
black: “open forest” not detected 

 

 
 

 

 

 
red: decrease of “open forest” 
green: increase of “open forest” 
blue: no changes of “open forest” 
black: no “open forest” detected 

Change of the attribute “open forest” form 
1989 to 2000 

 

 

Annex figure 2 HSI result map of the attribute “open forest” for 1989 and 2000 and its changes 
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Heighttree  

  

Attribute map of “tree height” in 1989 Attribute map of “tree height” in 2000 

 

white: “tree height” detected 
black: “tree height” not detected 
 
 
 
 
 
 
 
 
 
red: decrease of “tree height” 
green: increase of “tree height” 
blue: no changes of “tree height” 
white: no “tree height”  

Change of the attribute “tree height” form 
1989 to 2000 

 

 

Annex figure 3 HSI result map of the attribute “tree height” for 1989 and 2000 and its changes 
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Distwater      Distforest 

Attribute map of distance to “water bodies” Attribute map of distance to “forest border” 

white: attribute detected; black: no attribute detected 

Annex figure 4 Map of buffers around the water bodies (1 km distance) and around the forest 

borders (0,5 km distance) in the test area 

 

 

 

 

Annex table 1 Suitability of the attributes “water bodies” (1 km distance) and around the “forest 

border” (0,5 km distance) [% of the test site area] 

 

 Diswater Distforest 

suitable 95,57% 61,26% 

not suitable 4,43% 38,74% 
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EHSI Attribute Maps 

 

Comptree 

  

Enhanced attribute map of “broadleaved 
trees” 1989 indicated by the EHSI 

Enhanced attribute map of “broadleaved 
trees” 2000 indicated by the EHSI 

 

bright areas: high “broadleaved trees” 
suitability  
dark areas: less “broadleaved trees” 
suitability 
 

 

 

reddish colours: loss of “broadleaved trees” 
greenish colours: increase of “broadleaved 
trees” 
blue: no change of “broadleaved trees” 
black: no “broadleaved trees” detected 

Change of attribute “broadleaved trees” for 
the Red Kite indicated by the EHSI 

 

 

Annex figure 5 EHSI result map of the attribute “broadleaved trees” for 1989 and 2000 and its 

changes 
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Forestopen 

  

Enhanced attribute map of “open forest” in 
1989 indicated by the EHSI 

Enhanced attribute map of “open forest” in 
2000 indicated by the EHSI 

 

 
bright areas: high “open forest” suitability  
dark areas: less “open forest” suitability 
 
 
 
 
 
 
 
 
 
 
reddish colours: decrease of “open forest” 
greenish colours: increase of “open forest” 
blue: no changes of “open forest” 
black: no “open forest” detected  

Change of the attribute “open forest” form 
1989 to 2000 indicated by the EHSI 

 

 

Annex figure 6 EHSI result map of the attribute “open forest” for 1989 and 2000 and its changes 
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Heighttree  

  

Enhanced attribute map of “tree height” in 
1989 indicated by the EHSI 

Enhanced attribute map of “tree height” in 
2000 indicated by the EHSI 

 

 
bright areas: high “tree height” suitability  
dark areas: less “tree height” suitability 
 
 
 
 
 
 
 
 
 
 
reddish colours: decrease of “tree height” 
greenish colours: increase of “tree height” 
blue: no changes of “tree height” 
black: no “tree height” detected 

Change of the attribute “tree height” form 
1989 to 2000 indicated by the EHSI 

 

 

Annex figure 7 EHSI result map of the attribute “tree height” for 1989 and 2000 and its changes 
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Distwater      Distforest 

  

Enhanced attribute map of distance to “water 
bodies” indicated by the EHSI 

Enhanced attribute map of distance to 
“forest border” indicated by the EHSI 

 
bright areas: high attribute suitability; dark areas: less attribute suitability 
 

Annex figure 8 EHSI result map of buffers around the water bodies (1 km distance) and around the 

forest borders (0,5 km distance) in the test area 

 

 

 

 

Annex table 2 Suitability of the EHSI attributes “water bodies” (1 km distance) and around the 

“forest border” (0,5 km distance) [% of the test site area] 

 

 Diswater Distforest 

suitable 98,46% 71,98% 

not suitable 1,54% 28,02% 

 



Annex 

 

 

193 

 

HR-HSI Attribute Maps 

 

Comptree 

  

Continuous transition probabilities of the 
attribute “broadleaved trees” 1989 indicated 
by home range recalculation 

Continuous transition probabilities of the 
attribute “broadleaved trees” 2000 indicated 
by home range recalculation 

 

bright areas: high “broadleaved trees” 
suitability  
dark areas: less “broadleaved trees” 
suitability 
 
 
 
 
 
reddish colours: loss of “broadleaved trees” 
greenish colours: increase of “broadleaved 
trees” 
blue: no change of “broadleaved trees” 
black: no “broadleaved trees” detected 

Change of the attribute “broadleaved trees” 
for the Red Kite indicated by home range 
recalculation 

 

 

Annex figure 9 HR-HSI result map of the attribute “broadleaved trees” for 1989 and 2000 and its 

changes 
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Forestopen 

  

Continuous transition probabilities of the 
attribute “open forest” in 1989 indicated by 
home range recalculation 

Continuous transition probabilities of the 
attribute “open forest” in 2000 indicated by 
home range recalculation 

 

bright areas: high “open forest” suitability  
dark areas: less “open forest” suitability 
 
 
 
 
 
 
 
 
 
reddish colours: decrease of “open forest” 
greenish colours: increase of “open forest” 
blue: no changes of “open forest” 
black: no “open forest” detected  

Change of the attribute “open forest” form 
1989 to 2000 indicated by home range 
recalculation 

 

 

Annex figure 10 HR-HSI result map of the attribute “open forest” for 1989 and 2000 and its changes 
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Heighttree  

  

Continuous transition probabilities of the 
attribute “tree height” in 1989 indicated by 
home range recalculation 

Continuous transition probabilities of the 
attribute “tree height” in 2000 indicated by 
home range recalculation 

 

 
bright areas: high “tree height” suitability  
dark areas: less “tree height” suitability 
 

 

 

 

reddish colours: decrease of “tree height” 
greenish colours: increase of “tree height” 
blue: no changes of “tree height” 
black: no “tree height” detected 

Change of the attribute “tree height” form 
1989 to 2000 indicated by home range 
recalculation 

 

 

Annex figure 11 HR-HSI result map of the attribute “tree height” for 1989 and 2000 and its changes 
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Distwater            Distforest 

  

Continuous transition probabilities of the 
attribute distance to “water bodies” indicated 
by home range recalculation 

Continuous transition probabilities of the 
attribute distance to “forest border” 
indicated by home range recalculation 

 
bright areas: high attribute suitability; dark areas: less attribute suitability 
 

Annex figure 12 HR-HSI result map of buffers around the water bodies (1 km distance) and around 

the forest borders (0.5 km distance) in the test area 

 

 

 

 

Annex table 3 Suitability of the HR-HSI attributes “water bodies” (1 km distance) and around the 

“forest border” (0,5 km distance) [% of the test site area] 

 

 Diswater Distforest 

suitable 99,62% 74,53% 

not suitable 0,38% 25,47% 
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Development of the life requisite “food” according to the different HSI models 

 

Annex table 4 Development of the HSI life requisite “food” from 1989 to 2000 [% of the test site 

area] 

 

HSI – food 

1989  

2000 suitability of food no suitability of food 
 

suitability of food 88,75% 3,14% Σ 91,89% 

no suitability of 

food 7,15% 0,96%  

 Σ 95,90%   

relative change of suitable area: - 4,01 % 

 

 

Annex table 5 Development of the EHSI life requisite “food” from 1989 to 2000 [% of the test site 

area] 

EHSI – food 

1989  

2000 suitability of food no suitability of food 
 

suitability of food 50,30% 13,21% Σ 63,50% 

no suitability of 

food 36,47% 0,02%  

 Σ 86,77%   

relative change of suitable area: - 23,26 % 
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Annex table 6 Development of the HR-HSI life requisite “food” from 1989 to 2000 [% of the test 

site area] 

HR-HSI – food 

1989  

2000 suitability of food no suitability of food 
 

suitability of food 26,49% 23,79% Σ 50,28% 

no suitability of 

food 49,72% 0,00%  

 Σ 76,21%   

relative change of suitable area: -25,92 % 
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Development of the life requisite “nesting” according to the different HSI 

models 

 

Annex table 7 Development of the HSI life requisite “nesting” from 1989 to 2000 [% of the test site 

area] 

HSI - nesting 

1989  

2000 suitability of nesting no suitability of nesting 
 

suitability of 

nesting 3,18% 16,50% Σ 19,68% 

no suitability of 

nesting 13,78% 66,54%  

 Σ 16,96%   

relative change of suitable area: 2,72 % 

 

 

Annex table 8 Development of the EHSI life requisite “nesting” from 1989 to 2000 [% of the test 

site area] 

EHSI - nesting 

1989  

2000 suitability of nesting no suitability of nesting 
 

suitability of 

nesting 0,46% 60,42% Σ 60,87% 

no suitability of 

nesting 35,89% 3,23%  

 Σ 36,35%   

relative change of suitable area: 24,52 % 
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Annex table 9 Development of the HR-HSI life requisite “nesting” from 1989 to 2000 [% of the test 

site area] 

HR-HSI - nesting  

1989  

2000 suitability of nesting no suitability of nesting 
 

suitability of 

nesting 0,60% 55,16% Σ 55,76% 

no suitability of 

nesting 41,57% 2,67%  

 Σ 42,17%   

relative change of suitable area: 13,58 % 
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Development of the life requisite “safety” according to the different HSI 

models 

 

Annex table 10 Development of the HSI life requisite “safety” from 1989 to 2000 [% of the test site 

area] 

HSI - safety 

1989  

2000 suitability of safety no suitability of safety 
 

suitability of 

safety 2,28% 22,16% Σ 24,44% 

no suitability of 

safety 5,51% 70,05%  

 Σ 7,79%   

relative change of suitable area: 16,65 % 

 

 

Annex table 11 Development of the EHSI life requisite “safety” from 1989 to 2000 [% of the test site 

area] 

EHSI - safety 

1989  

2000 suitability of safety no suitability of safety 
 

suitability of 

safety 0,04% 60,66% Σ 60,70% 

no suitability of 

safety 24,87% 14,44%  

 Σ 24,91%   

relative change of suitable area: 35,79 % 

 



Annex 

 

 

202 

 

Annex table 12 Development of the HR-HSI life requisite “safety” from 1989 to 2000 [% of the test 

site area] 

HR-HSI - safety 

1989  

2000 suitability of safety no suitability of safety 
 

suitability of 

safety 1,08% 66,07% Σ 67,15% 

no suitability of 

safety 20,92% 11,92%  

 Σ 22,00%   

relative change of suitable area: 45,15 % 
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