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The optimal model is one that contains sufficient complexity to explain phenomena, but 
no more. 

 

John Wainwright and Mark Mulligan 
Environmental Modelling: Finding Simplicity in Complexity  
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1 Rationale 

1.1 Land changes 

Land use and land cover have always been subject to change in response to evolving 
human needs. They were driven either by gradual trends or abrupt changes in the 
economy, society, technology, governance structures, and environmental conditions 
(Lambin and Geist, 2006; Turner et al. 2007). Changes in land use and land cover - 
land changes (Box 1.1) - have often been seen as improvements and are not a new 
process. Many of the world’s most productive areas have long histories of continuous 
settlement, agricultural activities and forest exploitation (Meyer and Turner, 1994). Over 
the past 50 years however, humans have converted and modified natural ecosystems 
more rapidly and over larger areas than in any comparable period of human history 
(Metzger et al. 2006; Steffen et al. 2005). These changes have been a consequence of 
outstanding economic growth and technological advancement, caused by the rapidly 
growing demands for food, freshwater, timber, fuel, and energy which has led to our 
planet being almost completely human-dominated (Vitousek et al. 1997). Human 
activities grew into a driving force of environmental change, outcompeting natural 
processes, and leading to the term “the Anthropocene” being used to describe the 
current, human dominated geological epoch. This term suggests, that human activities 
have become so pervasive that they rival the great forces of nature and are 
transforming the Earth into a less biologically diverse, less forested, and probably less 
habitable planet (Steffen et al. 2007). 

 

 

 

Intensive land changes have contributed to substantial net gains in human well-being 
and economic development. On the other side, they lead to a substantial and largely 

Box 1.1: Land change – Land use change – Land cover change  
(Turner et al. 2007) 

Land change is a general term for land use and land cover change - human 
modification of the terrestrial surface. Land changes address the complex 
dynamics of land use and land cover as a coupled human-environment 
system. In order to improve the understanding and management of the 
terrestrial surface as a resource, land changes are being investigated by 
developing new concepts and methods in the field of observation, modelling, 
and understanding the impacts and consequences of these changes. 
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irreversible loss of biodiversity and degradation in ecosystems and their services 
(Fischlin et al. 2007; Millenium Ecosystem Assessment, 2005). This can have strong 
feedback effects on several human activities, e.g. agriculture, forestry, fishery and also 
on our health and well-being and traditional assets such as cultural landscape (Metzger 
et al. 2006). What is more, it seems that the current development trajectories are not 
delivering human benefits in the way they should. There is numerous evidence that 
conversions and degradation of the environment are eroding overall human well-being 
for short term private gain (Balmford et al. 2002). 

The future capability of ecosystems to provide us with services is therefore under threat 
by land changes caused by socio-economic development (Metzger et al. 2006). Land 
changes are considered to have the largest effect on terrestrial ecosystems in this 
century, followed by climate change (EASAC, 2009; Sala et al. 2000). This convincing 
link between land changes and human well-being has resulted in an increased attention 
of policy makers and planners in driving forces and consequences of these changes 
(Schneeberger et al. 2007). Therefore, studying how the human-environment 
interactions might result to future land changes is essential (Rounsevell et al. 2006).  

 

1.2 Land changes in mountain areas 

Researchers promote to increase efforts to monitor, analyse and project land changes 
in areas experiencing or expecting high rates of socio-economic changes, as well as 
areas where land changes can have most significant environmental consequences 
(Lambin and Geist, 2006). European mountain are among areas that have been 
experiencing significant land changes, as a consequence of drastic socio-economic 
transformation since the beginning of the 20th century. Consequently, the land use and 
land cover have changed intensely on spatial and temporal terms unknown before, 
presenting a break to the gradualism of long term landscape evolution (Olsson et al. 
2000). Thus, we could observe a significant decline in agricultural activities, improved 
accessibility due to new infrastructure, and the emergence of recreational areas (Körner 
et al. 2005; MacDonald et al. 2000; Tasser et al. 2007). Moreover, mountain areas have 
proved to be particularly vulnerable to future socio-economic development and 
consequent land change on a European scale (Schröter et al. 2005). Therefore, this 
research focuses on two case study areas undergoing a socio-economic transition in 
two major European mountain areas: the Alps and the Carpathians. More precisely, it 
focuses on two local to regional scale study areas: The Mountain community of 
Gemona, Canal del Ferro and Val Canale in the Italian Alps, and the Carpathians of 
Buzau County in Romania. The study areas are described in more detail later as well as 
in the appendices (Appendices A, B, C). 
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Mountains and their ecosystems provide many key resources and services to European 
societies: freshwater and energy supply, maintenance of biological diversity, carbon 
storage, forest and agricultural products, protection from natural hazards, and tourism 
and recreation related services such as an aesthetic landscape (Körner et al. 2005; 
Schröter et al. 2005). Mountain land use and land cover changes can therefore result in 
negative impacts on human well-being on a larger scale (Körner et al. 2005; Tasser et 
al. 2003). 

Complex topography and altitudinal gradients are among the reasons why mountain 
ecosystems are particularly sensitive to environmental change in comparison with 
lowlands (Koellner, 2009). Land changes in mountains can result in consequences for 
vegetation composition, water balance, soil structure and productivity, and changes in 
microclimate (Tasser et al. 2005). They can also have numerous other consequences, 
such as changes to biodiversity levels and the landscape image. The abandoning of 
meadows and pastures in the uphills, and elimination of hedges and banks with natural 
vegetation in the lowland plains have led to loss and fragmentation of habitats and 
lowering of biodiversity levels (Chemini and Rizzoli, 2003; Giupponi et al. 2006). 
Moreover, land changes as the result of agricultural abandonment have led to 
overgrowth and spread of subalpine woodlands, and a raised treeline. The former 
mountain landscape patterns, resulting from the diverse land use, have so been 
transformed into a more homogenous landscape (Olsson et al. 2000). 

Changes to the land use and land cover are thus among most significant factors of 
changes to hydro-meteorological risks, such as floods and landslides. They can affect 
the spatial-temporal characteristics, magnitude and occurrence of natural hazards, as 
well as the spatial distribution of elements at risk (Figure 1.1). Land changes affect 
erosion levels that can lead to increased environmental risks in both mountains and 
adjacent lowlands and can have strong impacts on the human well-being in affected 
areas (Körner et al. 2005). Changes to the land use and land cover such as 
deforestation (Figure 1.1a) or an increase of impervious urban areas can therefore 
impact predisposing factors of the occurrence of natural hazards (Glade, 2003; Glade 
and Crozier, 2005).  

For example, landslides in topsoils are caused by a set of factors, which determine the 
probability of such landslides. Besides bedrock, relief and climate, the geomorphological 
changes in connection with land changes, vegetation and soil changes may influence 
landslides in alpine regions (Tasser et al. 2003). Also, runoff has often become more 
rapid due to land change, including deforestation, and replacement of diverse natural 
and semi-natural ecosystems by intensively managed lands and urban areas (Glade, 
2003; Tasser et al. 2003). Additionaly, urban expansion can result in new built up areas 
on hazard prone areas, therefore increasing the number of elements at risk and 
exposure (Figure 1.1b). Many of those impacts are likely to be amplified by climate 
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change, which will result in different patterns of water movement both spatially and 
temporally, including a greater frequency of extreme events and long-term trends in 
precipitation and evaporation (EASAC, 2009). 

 

 

Figure 1.1  Land use and land cover changes affecting hydro-meteorological risk. a) 
deforestation influencing the occurrence of landslide hazard in the Romanian 
Carpathians (Ziare.com, 2011), b) urban expansion resulting in an increase of 
elements at risk in the Italian Alps (Protezione Civile, 2009). 
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2 Scenarios of land change 

2.1 Scenarios as a tool to address uncertainty 

Projecting future environmental changes remains a difficult task, as the driving forces 
shaping the future can be uncontrollable and characterized by a high level of uncertainty 
(Peterson et al. 2003). Uncertainties related particularly to simulating future land change 
scenarios are characterised among others by (Brown et al. 2013; Verburg et al. 1999): 

- “unknown” knowledge about a system 
- indescribable relationships between factors within the system 
- deficiencies in spatial and statistical data 
- difficulties to recognize and quantify driving forces 
- the failure to effectively relate possible future changes to a spatial pattern 

Scenarios offer exploring possible futures and the corresponding environmental 
consequences, and enable to analyse possible decision options (Kriegler, 2010). This 
way, they are a creative, visionary tool, providing support for planning a desired future, 
or preparing for possible undesirable events (Deshler, 1987; Wollenberg et al. 2000). 
Scenarios are not predictions or exact forecasts, but images of likely, plausible futures 
(Abildtrup et al. 2006). All this has led to an increased interest of decision makers and 
researchers to propose scenarios for studying future land changes (Rounsevell et al. 
2006; Schneeberger et al. 2007). 

Scenarios can either be generated only by researchers, or involving stakeholders. 
Researcher can generate scenarios by themselves by using quantitative data and 
models (Barredo and Engelen, 2010; Breuer et al. 2009; Santelmann et al. 2004), or 
management plans (Kooistra et al. 2008). However, in order to bridge the gap between 
research and decision making, stakeholders are being involved into scenario 
generation. Even though, this can be time consuming, it can improve the transparency 
and credibility of the research and result in more plausible scenarios (Kepner et al. 
2012). Moreover, it can also have multiple benefits on decision making, among others 
improved communication among participants, higher diversity of options in decision-
making and a higher likelihood that a certain decision will take into account possible 
environmental consequences (Jacobs et al. 2010; Kooistra et al. 2008; Metcalf et al. 
2010).  

Any scenario is based on a qualitative storyline, a narrative describing the future (O’Neill 
and Schweizer, 2011; Swart et al. 2004; Wright et al. 2013). Storylines can range from 
short visions of the future, to long and detailed description combined with quantitative 
models (Trutnevyte et al. 2014). Besides being a scenario generation step, they are vital 
for communicating the results of the scenarios, as they are based on assumptions and 
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value judgements from the involved experts and other stakeholders (Trutnevyte, 2014). 
As opposed to quantitative models, storylines portray a broader picture and consider 
numerous other aspects that might have been ignored otherwise. Combined with 
quantitative models, storylines can thus influence the input assumptions, and put the 
models into a wider context (Hughes, 2013; Hughes and Strachan, 2010; Trutnevyte et 
al. 2014). 

Being a well-acknowledged tool in environmental science, scenarios have been applied 
on a variety of issues on different spatial scales. These range from municipality scale 
(Briner et al. 2012; Schirpke et al. 2012; Walz et al. 2007), regional or national scale 
(Barredo and Engelen, 2010; Teixeira et al. 2009), subcontinental or continental scale 
(Reginster and Rounsevell, 2006; Rounsevell et al. 2006; Sleeter et al. 2012; Sohl et al. 
2012), or global scale (Kriegler et al. 2012; Nakicenovic et al. 2000; Sala et al. 2000).  

 

2.2 Participatory modelling 

To address the issue of data unavailability and the tangibility of the driving forces, 
numerous studies have applied participatory modelling techniques to develop future 
scenarios (Castella et al. 2005; Walz et al. 2007; Wollenberg et al. 2000). Unlike “one 
way” scientist-stakeholder communication, the more interactive “two way” participatory 
approaches provide the opportunity for discussion, deliberation, negotiation and 
consensus building (Patel et al. 2007). There are several reasons in favour of 
participatory scenario development.  

First, involving stakeholders in scenario development process leads to incorporating a 
broader spectrum of professional values and experience. Stakeholders can provide 
additional or missing data, more detailed information, uncover mistakes in the model, or 
lead to alternative clarifications (Beierle and Cayford, 2002). Moreover, through 
participation the involved stakeholders can consider the developed scenarios as more 
reliable and relevant (Von Korff et al. 2010). Finally, participatory modelling promotes 
learning for and from all involved stakeholders, and can thus be considered as a means 
for learning and communication (Mendoza and Prabhu, 2006). All these arguments lead 
to a higher level of acceptability of the developed scenarios among stakeholders (Stach 
et al. 2005).  

In land systems science, participatory scenario development has been applied among 
others to study:  

- management of community forests (Wollenberg et al. 2000),  
- rural funding policies affecting mountain landscapes (Bayfield et al. 2008),  
- deforestation in the Brazilian Amazon (Kok, 2009),  
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- livelihood consequences of forest management (Kassa et al. 2009),  
- understanding future environmental changes (Odada et al. 2009),  
- natural park management (Daconto and Sherpa, 2010), 
- possible changes to freshwater resources (van Vliet et al. 2010),  

Generally, participatory scenario development results in more plausible (likely) 
scenarios, as they are backed by the insights from the stakeholders (Castella et al. 
2005). Nevertheless, these approaches rarely generate spatially explicit results. 

 

2.3 Spatially explicit modelling 

Identification of critical areas of land change, together with improving the understanding 
on the changes to the land use and land cover pattern, poses a need for spatially 
explicit modelling of land change scenarios (Verburg et al. 1999). Spatially explicit 
models can help to explain the patterns and locations of future land changes at a certain 
level of detail (Verburg et al. 2006). 

The majority of spatially explicit models are based on geostatistical methods, such as 
regression analysis or other multivariate techniques to capture the significance of the 
driving forces of land change (Lesschen et al. 2005). When allocating future land 
changes, these models usually take into account both biophysical factors (terrain, 
hydrology, soil, geology, etc.) together with socio-economic spatial factors (distance to 
cities, accessibility, population and employment density, etc.) joined in a geographic 
information system (GIS) (Agarwal et al. 2002; Koomen and Stillwell, 2007). This way 
the land changes are distributed across the landscape simulating human decisions (van 
Vliet et al. 2013), for example from the perspective of a spatial planner, forester, farmer, 
etc. Moreover, spatially explicit models are able to simulate a more realistic spatial 
pattern of change, which may or may not be based on past observations (Engelen et al. 
1995).  

Spatially explicit land change scenarios have been applied for studying numerous 
environmental issues:  

- soil erosion analysis as a consequence of land changes (Hessel et al. 2003), 
- assessment of wildlife habitats due to increased human influence (Falcucci et al. 

2008),  
- analysing the changes to flood risk due to urban expansion (Barredo and 

Engelen, 2010),  
- expansion of rural agricultural activities (Maeda et al. 2010), 
- agricultural expansion and forest protection (Koh and Ghazoul, 2010), 
- changes to mountain land use patterns (Schirpke et al. 2012),  
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- future forest harvesting (Kamusoko et al. 2013).  

These models, usually consisting of spatial simulation techniques and GIS, however 
often lack the involvement of stakeholders (Castella et al. 2005). Scenarios analysed 
using these models are mostly extrapolations of observed past trends, changes to 
model parameters as defined by the researchers, or changes to growth/decrease rates 
of a particular land change process. This way, they fail to capture the relationship 
between different driving forces, the role of decision making and cannot explain land 
change beyond the accessible data (Parker et al. 2003; Verburg et al. 2006). Therefore, 
when using these approaches, the reflections of stakeholders’ values in scenarios are 
not clear, posing questions on the likelihood and relevance of the scenarios.  

 

2.4 Combining participatory scenario development with geospatial modelling 

Projecting possible future scenarios demands in-depth understanding of driving forces 
of the observed (past) land changes. These can either be proximate or distant, tangible 
or intangible, supported by abundant numerical data, or difficult to quantify (Bürgi et al. 
2004; Campbell et al. 2005; Schneeberger et al. 2007). This is one of the reasons why 
developing future land change scenarios in terms of amount of change and its location, 
remains a challenging task. Nevertheless, the integration of social and natural scientific 
disciplines can lead to a development of participatory geo-simulation models, that are 
able to address these issues and are already being used in decision making (EEA, 
2007). 

Different disciplines address land changes using different approaches: socio-economic 
researchers focus on individual agents of land change on a very detailed level, whereas 
researchers in natural sciences tend to work on a wider areas with an emphasis on 
spatially explicit results (Verburg et al. 2004). This divide can also be translated into: 

- Studies behind the driving forces and amounts of future land changes: How 
many changes might occur in the future? 

- Studies in possible future spatial distributions of these changes: Where might 
changes occur in the future?  

However, in order to develop spatially explicit future land change scenarios, both 
approaches should be combined. Studying the driving forces of quantity of land use and 
land cover change contributes to the knowledge of possible future amount of land 
changes. Spatially explicit land change models on the other hand help to identify 
locations that are more susceptible to driving forces of change and resulting land 
changes with consequences on the environment and human activities (Verburg et al. 
2004). Often, these two approaches are dealt with separately when modelling future 
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land changes.  

 

 

Figure 2.1  General framework for land use and land cover change modelling (Verburg et al. 
2006) 

 

In the case of spatially explicit models (Figure 2.1), the amounts of future land use 
changes (Driving factors of the quantity of land use change) can be provided by 
stakeholders. Often, this is only in the form of the stakeholders’ vision on future land use 
change trends, with no or limited involvement of stakeholders in the development of the 
spatially explicit model (Barredo and Engelen, 2010; Giupponi et al. 2006; Promper et 
al. 2014; Schirpke et al. 2012). However, in order to improve the ability of the model to 
support decision making, efficient stakeholder communication, and encourage the 
discourse about different options for land use planning, a higher level of stakeholder 
participation is suggested (van Vliet et al. 2010; Voinov and Bousquet, 2010; 
Wainwright and Mulligan, 2013; Wollenberg et al. 2000). Therefore, this research will 
focus on the involvement of stakeholders both in the form of potential future visions of 
land change, as well as the development of the simulation model itself. This means that 
the knowledge of the local system of land change will need to be derived from the 
stakeholders, shaping the conceptual model of future land changes and their 
consequences.  
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3 Research objectives 

This research aims to contribute towards increasing the knowledge on future land 
change processes in European mountain areas, their driving forces, and their 
consequences. More precisely, it aims at developing a methodology for combining 
participatory scenario development with geospatial techniques like geographic 
information systems and environmental simulation to generate future environmental 
conditions of mountain areas. The focus is on possible future land changes as a result 
of socio-economic development, taking into account the uncertainties and limitations 
related to local scales and mountain environments: inaccessibility of data, and 
relationships between external driving forces and local environmental consequences. 
Moreover, another aim is to identify additional uncertainties related to future land 
change modelling, such as accuracy of the data and model performance. 

Capturing the complexity of relationships in the human-environment system, 
incorporating human decisions, feedbacks to land change demands, and spatial 
limitations is a necessity for more accurate and details land change modelling 
(Veldkamp and Lambin, 2001). Approaches integrating expert knowledge with geo-
simulation, probability techniques or artificial intelligence are therefore becoming more 
significant in the field of spatially explicit land change models (Parker et al. 2003). 
Therefore, this research will focus on the integration of semi-quantitative methods to 
develop the future scenarios in terms of demand for land change, and traditional geo-
simulation techniques to spatially allocate these changes simulating the observed 
patterns of change.  

Even though, there are numerous studies on future land change scenarios on a local 
and regional scale in European mountain regions, it often remains unclear how these 
scenarios were developed. These studies range from a spatially explicit economic 
analysis (Gellrich et al. 2007), statistical models (Rutherford et al. 2008) to landscape 
dynamics evaluation (Schirpke et al. 2012), to generate spatially explicit land change 
scenarios. Most of the approaches have been calibrated and validated in particular case 
study area with a finite data set, thus their transferability to other case study areas 
remains unknown. Moreover, addressing the issue of inaccessible data, and more 
importantly external driving forces of land change remains difficult to quantify and relate 
to spatial patterns (Messerli et al. 2013). These are especially significant in case of 
prevailing external driving forces such as changes to policy occurring on national or 
global scale (Michetti, 2012). 

The specific objectives of the dissertation are summarized below. The methodology for 
development of future scenarios of land change is described in more detail in the 
following sections and research papers serving as appendices of this thesis. 
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1. The research will study past land changes in two selected study areas, focusing on 
the spatial pattern of these changes, as well as their driving forces. A special emphasis 
will be given to study the influence of different spatial factors, and the uncertainty 
related to these observations. The research will investigate local and external driving 
forces of land change. It will address their tangibility and possibility of quantification. 
(Appendix A) 

2. The research will develop plausible (where plausible is defined as likely to occur) 
scenarios of future land change. To achieve this, it will need to overcome the limitations 
in data and knowledge, and difficulties when identifying driving forces of change. This 
will be done by applying participatory modelling techniques. Participatory modelling 
however needs to be flexible and able to use proxy data or indicators in case of missing 
data. (Appendix B, C, F) 

3. The developed future socio-economic scenarios will be translated into spatial 
demands and spatial patterns for particular land change processes. Moreover, the 
approach will identify potential deficiencies of this approach for decision support, such 
as assessing the performance of the model and the accuracy of the data. (Appendix B, 
C, D, E)  

4. The research will demonstrate the applicability of the proposed methodology and 
generated scenarios in decision support. The potential consequences of the developed 
land changes will be analysed, such as changes to hydro-meteorological risk and the 
landscape. Moreover, the research will evaluate the effect of implementing a policy for 
reducing potential negative consequences of land changes (e.g. risk reduction policy). 
(Appendix B, C, D, E) 

5. The methodology will be transferrable to different study areas; different areas with 
different land change processes and their consequences. Nevertheless, the 
methodology needs to take into account specific characteristics of the observed study 
area, and is consistent with past and future trends as defined by decision makers 
(Appendix B, C, E) 
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4 Study areas 

4.1 General research on land changes in the Alps and Carpathians 

The Alps and the Carpathians are two major mountain areas in Europe. Main European 
rivers originate in these two mountain ranges, providing freshwater and energy to a 
large share of the European population. Both are recognised as major biodiversity 
hotspots in Europe (Cremene et al. 2005; Kräuchi et al. 2000). The Alps are considered 
one of the first tourist destinations, with tourism being a major economic activity 
(Bätzing, 2005). Even though in the Romanian Carpathians tourism is still 
underdeveloped, it has major potential (Erdeli and Dinca, 2011). The two regional scale 
study areas were selected due to their representativeness in terms of biophysical and 
socio-economic characteristics for the Alps and Carpathians respectively. 

Comparing the two mountain ranges, there is more research on land changes in the 
Alps than in the Carpathians. When focusing only on the Italian Alps, the research 
ranges from investigating the changes to the forest cover (Dalla Valle et al. 2009), 
agricultural abandonment (Cocca et al. 2012), impact of agri-environmental measures 
(Giupponi et al. 2006), the role of socio-economic and natural variables (Tasser et al. 
2007), and the impact of land changes on biodiversity (Chemini and Rizzoli, 2003). 
Nevertheless, there is a lack of research investigating the link between socio-economic 
changes (post-industrialization in Europe, migrations, tourism, and expansion of 
transport routes), and land changes (Bätzing, 2005; Bender et al. 2011).  

Research on the Carpathian region focuses on most widespread land changes: 
abandonment of grasslands and cropland, and the consequent expansion of forests 
(Baumann et al. 2011; Kuemmerle et al. 2008; Müller et al. 2009; Taff et al. 2009; 
Turnock, 2002). Though more drastic on the spatial and temporal scale in nature, these 
changes are in line with the long term trends for European mountain areas, including 
the Alps (Kozak et al. 2007). However, there is a significant process particular to the 
Carpathian region: the increase in the quantity of forest disturbances in form of 
deforestation as well as changes in spatial pattern of the logging (Griffiths et al. 2012; 
Knorn et al. 2012a, 2012b; Kuemmerle et al. 2009, 2007). Processes like this are linked 
to the fall of Communism since 1989, and the expansion of the European Union in the 
years after 2000. Numerous research on past and ongoing processes of land changes 
in the Carpathian region investigates ownership changes,  land abandonment, changes 
to the forest policy, and the influence of private forestry and wood processing industry 
(Griffiths et al. 2014, 2012; Ioras and Abrudan, 2006; Munteanu et al. 2014). Despite 
well understood processes of past and current land change in the Carpathian region, 



Combining participatory and geospatial modelling 

 

Žiga Malek 29 

there is however still a lack on how possible future socio-economic changes can result 
in changes to the land cover. 

 

4.2 Mountain community of Gemona, Canal del Ferro and Val Canale 

The Alpine case study area lies in the Autonomous Region of Friuli Venezia Giulia in 
north-eastern Italy on the border with Austria and Slovenia (46°30’25’’ N, 13°26’25’’ E, 
Figure 4.1). The 15 municipalities in the area form a mountain community, a sub-
regional administration unit specific for Italian mountainous area. These administrative 
units were designated by the Italian government as a measure to confront demographic 
and economic issues of mountain areas, and are usually based on logical geographic 
units (UNCEM, 2014). The Mountain community of Gemona, Canal del Ferro and Val 
Canale covers 1148 km2 including the mountain area and adjacent plain near Gemona 
del Friuli, the catchment of the Fella river flowing through Canal del Ferro and Val 
Canale, and the surroundings of Tarvisio in the north-east.  

 

 

Figure 4.1 Location of the study area (modified from Malek et al. 2014) 

 

High elevation, steep slopes, and high precipitation levels characterize the area; the 
Carnian and Julian Alps rise up to 2754 m with the relative relief in the upland area 
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being more than 1500 m, a mean altitude of 1140 m, and the average mean 
precipitation of 1920 mm (Sangati, 2009). As rainfall is concentrated mainly in intense 
and erosive showers, it determines the torrential regime of the rivers in the area. 
Moreover, in the higher altitude areas the annual precipitation can reach up to 3000 mm 
and frequent extreme daily rainfall exceeding 300 mm have been recorded in the area 
in 20-30 years time span (Ceschia et al. 1991). The majority of the area consists of 
limestone (Cucchi et al. 2000). The area is subject to frequent seismically activity 
landslides (among them debris flows) and flash floods (Borga et al. 2007). In the last 
two decades, extreme flash flood, landslides and debris flows affected settled areas, 
resulting in several hundreds of millions Euros of damage to the area, evacuation of 600 
people and 2 casualties (Borga et al. 2007; Tropeano et al. 2004). 

 

 

Figure 4.2  Contrast between the (a) traditional alpine landscape (own photograph) and the (b) 
urbanised valley floor (Schabus, 2005), both near Pontebba 

 

The total population is 33286 inhabitants, and only two settlements have more than 
4000 inhabitants: Tarvisio and Gemona del Friuli. The area has been experiencing one 
of the highest depopulation rates and decreases in economic activities in the whole 
Alpine region in the last three decades (Instituto Nazionale della Montagna, 2007). Due 
to difficult physical geographic characteristics and sparse population density the area 
appears remote, however important traffic and other infrastructural connections along 
the river valley (National Road No. 13, Highway A-23, railroad, gas pipeline, high-
voltage power line) act as a vital link to the neighbouring Austria and Slovenia. There 
are four ethnic groups living in the area; Italian, Friulian, German (Austrian) and 
Slovenian; thus making it an area with a diverse social and cultural background. 
Important economic activities in the area are forest harvesting, transport, agriculture 
(mainly extensive on pastures) and tourism (both summer and winter); but also water 
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and gravel extraction. Being a significant international energetic and communication 
corridor, the area is subject to numerous efforts of the regional and national government 
to further development of infrastructure and risk mitigation. Also, due to the growing 
tourism development, the interest for maintaining the population and the traditional 
cultural landscape which is being degraded by the dense infrastructural network (Figure 
4.2b) in the area is high. 

The river Fella, which flows through the area, is a major left-hand tributary of the 
Tagliamento river. It is considered among the last morphologically intact rivers in the 
Alps, although it is not completely without human influence (Ward et al. 1999; Arscott et 
al. 2002; Lintzmeyer 2005). The Fella is the largest tributary of the Tagliamento and is 
still mostly characterised by a natural flow regime, although in some segments it is 
subject to water abstraction, gravel exploitation and drop structures in order to restrain 
erosion and channel incision. The natural flow regime of the Fella river has raised 
questions about hazard mitigation involving technical and infrastructural solutions on 
one side, and sustainable catchment management involving suitable land use planning 
on the other (Scolobig et al. 2008). This discourse on sustainable hydro-meteorological 
hazard management strategies is a challenge particularly for land change science, 
making this study area suitable for the application of future land change scenarios. 

 

4.3 Subcarpathians and Carpathians in Buzau County, Romania 

The Carpathians and Subcarpathians of Buzău County in Romania are a suitable study 
area for studying land changes due to its physical-geographic characteristics affected 
by hilly terrain and hydro-meteorological hazards occurrence on one side, and its 
complex socio-economic background, as a result of the recent policy and economic 
changes. It lies in Buzau County in the south-east of Romania, bordering Brasov, 
Covasna, Prahova and Vrancea counties (45°25’18’’ N, 26°17’46’’ E, Figure 4.3). It 
covers 3500 km2 from the lower Subcarpathians to the higher Carpathians surrounding 
the Buzau river valley. The Carpathians rise from up to 1772 m, with the relative relief 
being 500 to 800 m. The mean altitude of the area is 896 m, with the geology being 
characterised mainly by deposits of Neogene molasse (Micu and Bălteanu, 2013). The 
yearly amount of precipitation is between 630-700 mm, with torrential heavy summer 
rainfalls and spring showers overlapping snow melt in the Carpathians. Landslides, as 
seen in Figure 4.4a cover large areas in the case study site, in some parts more than 
two-thirds of the total local area (Muică and Turnock, 2008). The dense river network 
and spatial distribution of landslides pose questions on possible consequences of future 
land use and land cover management, such as future forest harvesting and urban 
expansion. 
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Figure 4.3 Location of the Romanian study area (Malek et al. Under review)  

 

The settlement pattern is characterized by longitudinal settlements along the main 
Buzau river valley, also extending to side catchments. The total population is around 
170000 inhabitants; Nehoiu (11355 inhabitants) and Patarlagele (7831 inhabitants) are 
the largest settlements. With a share of up to 40% locally, agriculture is an important 
part of the economy; however its share is declining (Ministry of Agriculture and Rural 
Development of Romania, 2012). Wood harvesting is also very important, not only for 
processing, but also for fuel, as also mineral extraction such as mineral deposits 
(sulfids, iron…) near Nehoiu and Siriu upstream the Buzau river (Institutul Naţional de 
Statistică, 2011) and energy production (reservoir in Siriu).  

One of the important characteristics of the case study area is the long history of 
intensely populated (from 90-150 pers/ km2) and used areas, including large deforested 
areas. Hill slopes offered support for the spread of subsistence communities, as they 
are covered with relatively fertile landslide material. On the other side, more intensive 
agriculture has developed on the Buzău river terraces, as well as more dense urban 
areas and important communication and transportation corridors (national road and 
railroad) (Muică and Turnock 2008). 
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Figure 4.4 a) Landslide hazard, b) forested landscape and c) deforestation in the Carpathian 
study area (modified from Appendix C) 

 

Main drivers of land change are connected with the collapse of socialism, following 
profound changes in policy, economy and land management. These changes were 
exacerbated by Romania’s entry into the European Union, and the implementation of 
new agricultural and environmental policies, and the access to European markets. One 
of the most significant changes in the period of transition was the extension of private 
property over agricultural land and forests, which followed decollectivisation (Bălteanu 
and Popovici, 2010). Land reforms restituted forests and agricultural lands in three 
phases, where the last one (subsequent to the 247/2005 restitution law) potentially 
enables to returning all the collectivized land to former owners – while the agricultural 
land has mostly found its former owners (95.3% of all agricultural land in private 
ownership), the restitution of forests is still in progress (34.1% of all forests are private). 
Decollectivisation resulted in the emergence of numerous small holdings, over 4,25 
million farms nationwide with an average size of an private owned farm of 2,15 ha 
(Ministry of Agriculture and Rural Development of Romania 2010).   

The majority of the study area, around 40 % is covered with forests, as seen in Figure 
6b (INSSE, 2013). Forests in private ownership are characterized by fragmented small 
plots. Together with illegal logging (Figure 6c) it is the cause of difficulties in realising 
the economic potential of forests (Ministry of Agriculture and Rural Development of 
Romania, 2012). Romanian Carpathians are not only providing numerous valuable 
ecosystems to the local and regional population, but are also important on the European 
scale, as they are one of the last shelters for large carnivores and herbivores (van 
Maanen et al. 2006). Although the ecosystems in the Carpathians are in a well 
preserved state, they are very vulnerable to anthropogenic change, due to severe 
natural conditions such as high altitude, steep slopes, large temperature amplitudes, 
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poor soils, precipitation, etc. (Körner et al. 2005; Ministry of Agriculture and Rural 
Development of Romania, 2012; van Maanen et al. 2006). For example, forest recovery 
and expansion after disturbances in the Romanian Carpathians occur relatively slow, or 
do not occur at all (Jacek Kozak et al. 2007; Kuemmerle et al. 2008). 

The transition era in Romania (like in most of post-socialist countries) was characterized 
by poor socio-economic conditions. Together with forest restitution and weakened 
authorities this has resulted in the increase of pressure to forest, also in the form of 
illegal logging, especially with the aim of collecting wood for fuel (David Turnock 2002; 
Kuemmerle et al. 2008; Dutcă and Abrudan 2010). Large-scale clear-cutting is present, 
although the government defines harvesting limits and the 1996 forest code promoting 
multifunctional forestry. Illegal logging takes place mainly in privately owned forests, as 
the control there is not as successful as in the forest owned by the state (Kuemmerle et 
al. 2008). Moreover, Romania’s European Union membership resulted in rise of 
pressure to the forests, due to their well-preserved state and a large economic potential 
(Ministry of Agriculture and Rural Development of Romania 2010). Studying how the 
increase in the demand for wood supply will result in deforestation and possible 
environmental consequences is therefore of high importance and the main research 
topic of this study area. 
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5 Overview of methods 

The development of spatially explicit scenarios of land change combining participatory 
modelling and geospatial modelling involves numerous steps focusing on particular 
objectives:  

1. objective: Investigation of land changes and their driving forces  
 
This step includes the generation and preparation of land change data, such as 
past land use and land cover maps, their accuracy, and the identified significance 
of driving forces of land change. Both the amount and location of past land 
changes were studied using classification of remote sensing imagery. Using GIS 
and geostatistical methods, the significance of spatial factors such as elevation, 
slopes, distance to roads, etc. was investigated as well. Finally, the driving forces 
such as socio-economic changes were studied by interviewing local and regional 
experts and decision makers. 
 

2. objective: Participatory scenario modelling  
 
Expert knowledge on land changes was used to develop cognitive maps of land 
change. These maps, representing expert based system knowledge on land 
change were then used to develop a conceptual model of land change. The 
conceptual model was later used to identify future driving forces of land change, 
recognize suitable indicators in case of data unavailability, generate future 
storylines, and identify the focus of potential consequences of future land 
changes. 
 

3. objective: Spatial allocation of land change scenarios  
 
First, the scenarios were translated to spatial demands, by analysing the 
relationship between driving forces of land change and observed past changes to 
the land use and land cover. Then, a spatially explicit allocation model was 
developed. The allocation model was calibrated with past observations and 
spatial factors using the weights of evidence method. The resulting land change 
potential map was then used to allocate the scenarios across the landscape 
applying a cellular automata (CA) model. The CA model simulated local scale 
land changes on a 30 m resolution. Additional scenarios simulating the 
implementation of a risk policy were also modelled. Finally, the spatially explicit 
model was validated, thus providing information on the uncertainty of the model.  
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4. objective: Investigating consequences of land changes  
 
A GIS based assessment of future land change scenarios was performed. This 
enabled an analysis of potential changes to the landscape and hydro-
meteorological risk. Moreover, it demonstrated the potential of spatially explicit 
land change scenarios for decision making. 
 

The methodological framework of this research was applied in two different study areas. 
In the Italian Alps, future urban expansion due to tourism and its consequences in terms 
of changes to the landscape and hydro-meteorological risk were studied (Appendix B). 
Two studies were performed in the Romanian Carpathians, both focusing on changes to 
landslide risk: future deforestation and forest expansion (Appendix C), and future 
expansion of built up areas (Appendix E). 

The following sections give a summary on the methodology developed and applied in 
this research. A more detailed description of the methodology is provided in the 
publications (Appendices). 

 

5.1 Investigation of land changes and their driving forces 

This section focuses on the first objective of the research. It describes how past land 
changes in two selected study areas were studied, focusing on their spatial, and their 
driving forces. The influence of different spatial factors was investigated, together with 
the uncertainty related to these observations. Local and external driving forces of land 
change were studied, and their tangibility and possibility of quantification were 
addressed. 

5.1.1 Land change data generation 

Two different methods were applied to generate past maps of land use and land cover, 
as there were less data available for the Romanian study area compared to the Italian 
one. The land use and land cover maps were generated for the years 1989, 2000 and 
2010 on a spatial resolution of 30 m. The aim was to study and model local changes, 
which is why a very detailed spatial resolution was used. Using accessible data, 30 m 
was the most detailed resolution possible to achieve. 

For the Italian study area, accessible data was characterised by a detailed spatial and 
temporal resolution, with some of the land use and land cover maps already available. 
The procedure therefore combined the methods of mapping land changes by manual 
interpretation of images, and integration of different data sources (spatial plans, forestry 
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maps). In the Romanian study area, almost no local data was available, which is why 
global remote sensing datasets have been used (LANDSAT satellite imagery). To map 
the land use and land cover maps for Romania, a semi-automatic classification was 
performed (Kuemmerle et al. 2008). This consisted of the combination of the automatic 
ISODATA clustering algorithm, and manual digitisation of urban areas, due to the 
resolution of used data. A full description of the data used is in Appendix A.  

Later, I performed a post-classification change analysis - the past maps were overlaid in 
a GIS to generate maps of land change (Pontius et al. 2004). This enabled a spatially 
explicit analysis of changes, as well an analysis of driving factors of change of location, 
such as terrain and distance to roads. The influence of terrain and distance was studied 
by performing a statistical analysis of the incidence of land changes in different classes 
of elevation, slope and distance to roads. These spatial factors were chosen to 
represent the accessibility of the selected mountain areas. Moreover, they were later 
used for calibration of the spatially explicit model. 

5.1.2 Estimating the uncertainty of land change data 

The standard accuracy assessment procedure consists only of providing the information 
on the accuracy of the individual land use and land cover maps in the form of the 
overall, user’s and producer’s accuracy (Foody, 2002). Therefore, I applied a post-
classification accuracy assessment proposed by Olofsson et al. (2013). Besides the 
overall, user’s and producer’s accuracy this approach also provides information on the 
error-adjusted area of each land change process and its 95 % confidence interval 
(Olofsson et al. 2013). Thus, it informs the user of the final maps on the uncertainty of 
the data in form of the possible interval of exact areas subject to land change. This 
information is especially useful when modelling land changes, as the model’s error rate 
is aggregated with the errors of the data. The assessment was based on an 
independent stratified random sample of 9 pixel sample units, visually interpreted using 
remote sensing imagery. In each study area 325 reference units were used to estimate 
the uncertainty of the classified maps. 

5.1.3 Identifying driving forces of land change 

In order to understand the causes behind the observed land changes, 24 interviews with 
local and regional experts, stakeholders and researchers were conducted. In the Italian 
study area, 11 interviews were performed in October and November 2012 in three 
languages: Italian, German and Slovenian. In the Romanian area, 13 interviews were 
performed in July and September 2012 in English and Romanian (with a translator). The 
roles of interviewees and the purpose of their involvement are described in Table 5.1 
and Appendix A. The influence of following aspects of land change was investigated: 
demography, agriculture and forestry, economy, tourism, role of decision making, 
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external driving forces such as global political changes… The concepts gathered in the 
interviews served as a basis of the preparation of a conceptual model described in later 
section.  
 
Table 5.1  List of stakeholders interviewed (Malek et al. 2014) 

 
Notes: I, Italian area; R, Romanian area; a, demographic changes; b, changes to agriculture, 
forestry; c, environmental (agriculture, forestry, risk) policy; d, economic development; e, 
consequences of land cover change. 
 

5.2 Participatory modelling of land change scenarios 

In this section, the second objective of the research is addressed: the development of 
scenarios of future land change. This was performed by applying participatory modelling 
techniques. These were applied in order to overcome the limitations in data and 
knowledge, and difficulties when identifying driving forces of change. 

5.2.1 Elicitation of expert based knowledge 

Expert opinions and concepts of land change collected through interviews were used to 
develop Cognitive Maps (CM) of land change. This qualitative (or semi-quantitative) 
methodology consists of numerous concepts of a particular issue connected to each 
other in a form of a graph, depicting an expert based mental model (Axelrod, 1976). The 
resulting graph provides information on the relationships between different concepts of 

Level Stakeholder Aspect of Change 

Municipal 

Mayor, Vice Mayor (2, I, R)  
Local historian (2, I, R)  
Forestry technician (3, I, R)  
Spatial planner (2, I, R)  
Officer for environmental protection (1, R)  
Technical officer, local emergency or fire department (2, I, R)  
Farmers (10, R)  
Researchers on human and physical geography (2, I, R) 

a, b, d  
a, b  
c, e  
c, d, e  
c, e  
e  
b, e  
a, d, e 

Regional 

Forestry officials (3, I, R)  
Geologist (1, I)  
Officials at regional civil protection agency (2, I, R)  
Officials at regional environmental agency (1, R)  
Researchers on rural economy and land cover change (2, I, R) 

b, c  
c, d  
e  
c, e  
a, b, d, e 

National Statistical officials (1, R) a, b, d 
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land change. Constructing CMs with experts can help to encode and visualize 
knowledge on a particular system. Thus, the issues of inaccessible data and driving 
forces difficult to identify can be solved (Eden, 1992). The development of a CM starts 
with identifying the concepts forming a particular system, and later identifying the 
relationships between them by visually connecting the concepts. These relationships 
are later visualized in the form of a directional graph (Figure 5.1). 

 

Figure 5.1  A graphical representation of a conceptual Cognitive Map. Nodes represent 
concepts of a particular issue, in this case land changes. The arrows of the causal 
relationships represent the influences between the concepts.  

 

5.2.2 Developing a conceptual model of future land change 

The CM models are however unstructured and can be difficult to read by non-experts. 
Moreover, they cannot be used for advanced simulation and cannot operate on a 
temporal scale (Kok, 2009). Therefore, the CMs were only used as an intermediate step 
in the development of the final model. To structure the relationships of the CMs we 
applied the Driving forces – Pressures – State – Impact – Response (DPSIR) 
framework (EEA, 1999). This way, the relationships between different concepts of land 
change were organised in a cause-response framework together with the stakeholders 
(Figure 5.2). This enabled the derivation of indicators that can be translated into 
quantitative terms and spatial demands for future land change. Moreover, it enabled the 
definition of management objectives and served as a framework behind scenario 
development, with the possibility to evaluate different options that were identified by the 
stakeholders. Concepts identified as Driving forces (D) in the DPSIR framework have 
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been defined as key scenario concepts. In the case of the Romanian study area 
(Appendix C), this was the forest harvesting demand. In the Italian study area (Appendix 
B), this was the demand for tourist accommodation. The future trends of these driving 
forces were discussed with the stakeholders and backed by their development plans 
and policy. The values for concepts PSI in the DPSIR framework were subsequently 
generated by the researcher through GIS and spatial allocation, as described in 
Appendix B and C. The response (R) concepts were again defined together with the 
stakeholders representing their options to manage potential land changes. The 
indicators for each part of the conceptual DPSIR model have been chosen based on the 
following criteria:  (1) significance and understanding by the stakeholders, (2) relevance 
for land change processes, (3) data accessibility, and (4) possibility of expressing and 
modelling in terms of spatial demands.  

 

 

Figure 5.2  Drivers – Pressures – State – Impact – Response framework 

 

The development of the conceptual land change model enabled the identification and 
development of future scenarios, described by plausible storylines and accompanied 
quantified futures. Storylines are descriptions of possible future states of concepts 
categorized as Driving forces (D) as the future visions of the involved stakeholders and 
available development plans. By using the DPSIR model, it was more straightforward 
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for the stakeholders to develop future storylines, describing future socio-economic 
development. The storylines were based on different logic and assumptions (e.g. 
different tourism strategies or forest harvesting pattern), instead of the commonly 
applied approach of defining different scenarios as merely low, normal and high growth 
or decrease rates of a particular process (Ogilvy and Schwartz, 1998).  

 

5.3 Spatial allocation of land change scenarios 

This section focuses on the third objective: how the developed future socio-economic 
scenarios can be translated into spatial demands and spatial patterns for particular land 
change processes. The focus was also on identifying potential deficiencies of a spatially 
explicit approach for decision support, such as the performance of the model and the 
accuracy of the data. 

5.3.1 Translating the scenarios to spatial demands 

After the DPSIR models were developed, the relationships between the different parts 
of the DPSIR model were further investigated. Here, accessible data on the identified 
socio-economic driving forces was used, and the statistical relationships between the 
different constituents of the DPSIR were identified.  

In the Italian study area, the relationship between tourism accommodation trends and 
the demand for tourism related built up areas was investigated. The proxy for tourism 
accommodation was used, as associating future tourism development directly to urban 
areas was considered as too abstract to the stakeholders (Appendix B).  

In the Romanian area, the relationship between the demand for forest cover change 
and allowed amount of forest harvesting was studied. Here, the spatial demand for 
forests was easily comprehensible to the stakeholders, however it was difficult to relate 
it only to deforestation without considering other forest management options. A model 
for estimating deforestation as a function of forest harvesting, clear felling and 
biophysical characteristics of regional forests was developed and is described in more 
detail in Appendix C.  

5.3.2 Simulating future land change using geospatial modelling 

This section describes the development of a spatially explicit model of future land 
change. It was developed in Dinamica EGO, software for raster-based simulation of 
environmental changes (Soares-Filho et al. 2002). This software was chosen as it 
enables modelling on detailed spatial and temporal resolution, and has a transparent 
interface for building and displaying models, avoiding the use of black box solutions. 
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Dinamica EGO combines traditional GIS functions with geostatistical methods and 
complex algorithms for analysis and geospatial simulation of numerous environmental 
issues. It has already been applied to simulating urban, agricultural and forest changes 
(de Almeida et al. 2003; Kamusoko et al. 2013; Maeda et al. 2010). It enables the 
development of variety of environmental models: from simple static spatial models, 
spatial multi-criteria evaluation, to complex dynamic models. Dynamic models can be 
built as it enables nested iterations, multi-transitions of land change and dynamic 
feedbacks. Moreover, it supports multi-scale simulation as it can operate on numerous 
regions at the same time (e.g. regional scale to catchment scale). All this leads to a 
more clear and faster development, calibration, validation and execution of spatially 
explicit environmental models compared to other approaches (Pérez-Vega et al. 2012). 
Dinamica EGO is freely available at http://www.csr.ufmg.br/dinamica/. 

The land change scenarios were allocated using two geospatial modelling techniques: 
weights of evidence (WoE) and cellular automata (CA). The WoE method is a bayesian 
geostatistical method used to generate a land change transition potential map 
(Bonham-Carter, 1994). Using WoE, the probability of future changes is calculated for 
each pixel of the map using past observations on land changes and predefined spatial 
factors, such as elevation, slopes, distance to roads, etc. The result is a land change 
probability map. The probability map shows where particular changes are more or less 
likely to occur based on defined spatial driving forces and restrictions. Each pixel in the 
probability map is so defined with a probability value, in this case between 0 and 1. 

The CA model is used to spatially allocate the changes to the specific land use and land 
cover classes across the probability map. CA are dynamic, bottom-up models that are 
able to model land changes simulating decision making from the point of view of a 
spatial planner (White and Engelen, 2000). The landscape in a CA model is defined as 
a grid of cells with a particular land use and land cover type (Engelen et al. 1995). The 
cells change their step in a predefined time step, according to their neighborhood, 
previously calculated potential map, and cell transition rates (Mitsova et al. 2011). The 
neighborhood effect promotes changes to a particular land use and land cover class 
near existing cells of that class (Figure 5.3). This for example simulates realistic urban 
expansion, as new urban areas usually mostly emerge adjacent or near to existing 
urban areas and not as completely new patches. The transition rates are defined by 
spatial demands of scenarios, divided into time steps. Decision making time steps can 
be adjusted manually, such as a 5-year development plan instead of simulating the land 
use each year. By training the spatial pattern of future land changes using landscape 
metrics of past observations, the future changes result in a more realistic spatial pattern 
for a specific study area (Gustafson, 1998). The model can so be calibrated to promote 
more changes in the neighbourhood when modelling urban expansion. On the example 
of modelling deforestation, the model can be calibrated to form new deforestation 
patches in the middle of an existing forest patch and not nearby existing deforestation. 
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The methodology behind calibration of the whole allocation model, as well as the 
parameters is described in more detail in Appendices B and C. 

 

 

Figure 5.3  A simplified Cellular Automata simulation. The example shows a simulation in the 
neighbourhood of a reference urban cell (blue). New cells of urban land use (red) are 
more likely to be simulated in the neighbourhood, thus adjacent to existing urban 
areas. 

 

5.3.3 Estimating the performance of the geospatial model 

To estimate the success rate of the allocation model, I applied a multi-resolution 
approach (Hagen, 2003). The difference map of the initial (e.g. 1989) and reference 
(2010) map, was compared to the difference map of the initial (1989) and simulated 
(2010) map. I evaluated the cell agreement using windows with different spatial 
resolutions: from one cell to the agreement in a defined neighbourhood of the observed 
cell (Figure 5.4). This way, the ability of the model in capturing the spatial pattern can be 
tested, as the simulated and reference maps usually do not match on a single cell 
resolution. The result is a fuzzy similarity index, based on the agreement of change cells 
between both difference maps. 

 

Figure 5.4 A multi window performance estimation. The model failed to simulate the exact 
locations of new urban areas (red) when comparing it to a defined cell 
neighbourhood. Nevertheless, the model simulated the same amount of urban 
expansion in the neighbourhood, of the reference cell (blue). 
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5.4 Investigating consequences of land changes 

Following objective 4, the research aimed at demonstrating the applicability of the 
proposed methodology and generated scenarios in decision support. The potential 
impact of the land change scenario to risk and landscape were analysed. 

In order to demonstrate the applicability of the developed land change scenarios for 
decision support, an assessment of potential impacts of these changes has been 
performed. All the results are spatially explicit, therefore enabling an analysis of 
changes to the landscape, and more importantly, hydro-meteorological risk. The 
assessment was performed using a GIS based approach. 

To identify the potential changes to the landscape, the future changes were analysed by 
investigating lost natural and semi-natural areas, such as grasslands, agricultural areas, 
forests and other vegetation. The performed analysis of potential changes to hydro-
meteorological risk was more complex, and differed for each of the study areas. 
Whereas it consisted of a spatial overlay of risk related data in the Italian study area 
(Appendix B), an external landslide susceptibility model needed to be applied in the 
Romanian area (Hussin et al. 2013; Zumpano et al. 2014). The landslide susceptibility 
map was used to identify the extent of projected deforestation and forest expansion on 
areas with high landslide susceptibility. This way, I investigated how much deforestation 
was projected on areas where landslides are more likely to occur (high susceptibility). 

 

5.5 Transferability of the approach 

The final objective of the research aimed at a methodology that is transferrable to other 
study areas.  

The methodology was applied in two study areas described in the Study areas section. 
In the Italian study area, the effects of potential future tourism development on the land 
use and land cover was studied. In the Romanian area, potential future changes to the 
forest cover as a consequence of changing forest policy were investigated. Moreover, 
the methodology was applied for studying future expansion of built up areas in the 
Romanian area. 
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6 Results 

The results of the dissertation are presented in detail in the publications (Appendices). 
In this section, the main results are summarized. 

 

6.1 Analysis of past land changes 

The results of the first objective are the spatial extent of land changes, the influence of 
spatial factors and possible driving forces behind the observed land changes. First, land 
cover maps for 1989, 2000 and 2010 were generated. A subsequent post classification 
change detection of these maps (Figure 6.1) revealed the most significant land changes 
in the areas. The amounts of land change processes in spatial terms are presented in 
Table 6.1. The post-classification accuracy assessment revealed the uncertainty of the 
classified land change maps in terms of the range of land change quantities (Table 6.2). 

 

Figure 6.1 Spatial distribution of land cover conversions between 1989 and 2010. (Malek et al. 
2014) 

 

 In the Italian study area, most striking changes between 1989 and 2010 were forest 
expansion and the consequent 22.6 % loss of grasslands, and a 14.9 % urban 
expansion (Table 6.1). Urban expansion occurred mainly in the main valley and in the 
lowlands, whereas forest expansion occurred on slopes and higher altitudes (Figure 
6.1). The overall accuracy for the post classification change map is 91.7%, with high 
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accuracies for each land cover change category (Table 6.2). Nonetheless, urban 
expansion and deforestation might have been overestimated - they are not within the 
margin of error (at a 95% confidence interval). Additionally, the area subject to forest 
expansion is characterized by a large uncertainty, due to the wide confidence interval of 
almost 45% of the adjusted area of forest expansion (Table 6.2). 

In the Romanian study area, reforestation, deforestation and the abandonment of 
agricultural areas were most significant (Figure 6.1). The majority of forest expansions 
occurred in higher altitudes, a consequence of grassland abandonment in these areas 
after 1989. One the other side, most of the deforestation occurred near the main Buzau 
river valley (Figure 6.1). In spite of the high level of accuracy of the change map (89.2 
%), the adjusted areas of forest expansion, deforestation and abandonment have high 
uncertainties, as reflected by the wide margins of error. Considering these uncertainties, 
forest expansion varied between 2,714.8 and 5,247.8 ha, deforestation between 610.8 
and 1,329 ha and abandonment between 516.7 and 928.7 ha (Table 6.2). Furthermore, 
due to the lack of high-detail multi-temporal data and the nature of the data used (the 
spatial and temporal resolution of Landsat satellite imagery), the results might ignore all 
land cover processes in the area. For example, substantial small-scale deforestation 
could have been unaccounted for.  

 

Table 6.1  Land changes in both case study areas. Changes are expressed as net increases or 
decreases in the percent of areas covered by the particular land cover type (Malek et 
al. 2014).  

 

Class 

Gemona, Canal del Ferro and Val 
Canale 

Buzau Carpathians 

Land Cover 
(km2) 

Land Cover 
Change (%) 

Land Cover 
(km2) 

Land Cover 
Change (%) 

1989 2010 Change 1989 2010 Change 

Urban 23.9 27.4 14.9 36.7 37.5 2.1 
Cultivated 27.7 26.9 −2.9 17.2 10.8 −37.4 

Forest 829.8 857.8 3.4 818.4 840.9 2.8 

Grassland 119.5 92.5 −22.6 234.7 218.9 −6.7 

Other 
vegetation 

24.7 20.4 −17.4 8.7 7.8 −9.9 
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Table 6.2  Accuracy assessment and estimation of areas with a margin of error at a 95% 
confidence interval (CI) for both land change maps (Figure 9) (Malek et al. 2014) 

 

Change 
category 

Classified 
Area (ha) 

Adjusted 
Area (ha) 

95% CI 
(ha) 

95% CI 
(%) 

User’s 
Accuracy 

(%) 

Producer’s 
Accuracy 

(%) 

Gemona, Canal del Ferro and Val Canale  

Forest 
expansion 

3,234.3 3,736.8 1,674.2 44.8 88.0 97.8 

Deforestation 112.5 99.0 10.5 10.6 88.0 95.7 

Urban 
expansion 

350.2 309.8 21.2 6.8 86.0 100.0 

Buzau Carpathians  

Forest 
expansion 

3,435.8 3,981.3 1,266.5 31.8 84.0 85.7 

Deforestation 1,085.0 970.0 359.2 37.0 86.0 93.5 

Abandonment 715.0 722.7 206.0 28.5 82.0 95.3 

 

 

6.2 Future scenarios of land change 

6.2.1 Conceptual land change models 

Interviews and stakeholder discussion resulted in Cognitive Maps (CM). These 
unstructured expert based systems were not used for simulation or analysis, however 
lead to the consequent development of the conceptual scenario model. Moreover, 
investigating a CM example (Figure 6.2) already provided information on potential 
feedbacks in terms of driving forces, land changes and their consequences. For 
example, forest management difficulties can lead to illegal logging, which often occurs 
in the form of clear cutting. This can result in exposed slopes that might increase the 
landslide risk, due to increased water runoff. The increase in landslide risk results in a 
rise in forest management difficulties, thus closing the feedback loop. 

In order to enable the generation of scenarios and their subsequent quantification and 
spatial simulation, the CM were structured using the DPSIR approach (Figures 6.3 and 
6.4). The DPSIR conceptual models present a clear cause response chain of the local 
system of land change based on expert knowledge. 
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Figure 6.2 An example of a cognitive map for the Romanian study area 

 

In the Italian study area the main identified driver of future urban expansion was tourism 
development (Figure 6.3). A changed landscape and new elements at risk were 
identified as the consequences of new built up areas. The response options of the 
decision makers were also identified limiting further landscape degradation or risk 
increase, as well as promoting a particular spatial pattern of urban expansion (e.g. 
promoting small scale tourism).  

Forest policy and the pressures of the wood processing industry were identified as the 
main drivers of allowed forest clear cutting in the Romanian study area (Figure 6.4). 
Deforestation resulted in a changed landscape and exposed slopes, with implications 
for landslide risk and nature degradation. Enforcement of forest policy, together with 
nature conservation and risk zoning were identified as response options. 
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Figure 6.3  Drivers – Pressures – State – Impact – Response conceptual model of future urban 
expansion due to tourism development in the Italian study area (Appendix B). 

 

 

 

Figure 6.4 Drivers – Pressures – State – Impact – Response conceptual model of the forest 
harvesting system for the Romanian study area (Appendix C). 
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6.2.2 Scenario storylines 

Based on the identified parts of the DPSIR conceptual model, future storylines were 
developed for both study areas, based on stakeholders’ involvement and available data 
on future development. The temporal resolution was decided together with the 
stakeholders, and was representing medium term development of the areas. The 
storylines for each study area are summarized in this section. 

Two scenarios were developed in the Italian study area, both aiming at the same 30 % 
increase of tourism accommodation facilities until 2035 (Appendix B). They were 
however based on two different tourism expansion strategies. The first scenario was 
described as a small-scale tourism pathway. It was based on increasing tourist 
accommodation facilities in individual objects, similar to the tourism development 
trajectory of the last decades, therefore this scenarios was defined as Business As 
Usual (BAU). The BAU scenario was promoting new urban expansion in the form of 
smaller individual patches of new urban areas. The second strategy (the Alternative 
scenario) of the increase of tourist accommodation was based on new hotel resorts. 
This scenario promoted larger patches of new urban areas. The BAU scenario was 
characterised by a lower density of accommodation per hectare (180 beds per ha) as 
compared to the Alternative scenario (281 beds per ha). These densities were based on 
the observed accommodation densities from the last 20 years. The different spatial 
demands and spatial pattern of the scenarios were later investigated in terms of quantity 
of new urban land, as well as changes to the landscape and risk. 

Two scenarios focusing on future changes to the forest cover until 2040 were developed 
in the Romanian study area (Appendix C). The Business as usual scenario followed 
existing policy that was identified as sustainable by the stakeholders. The limits of clear 
cutting thus remained the same, as well as the size of allowed clear cuts (2 ha). The 
Alternative scenario was oriented towards the aims of investors in the forestry and wood 
processing industry. Thus, in the Alternative scenario, the clear cutting limits increased 
by 66 %. Moreover, the scenario had a larger size of allowed clear cuts (2.5 ha). Two 
additional scenarios were developed: both scenarios with an implemented risk policy. 
Following this policy, all high landslide risk areas were excluded from the model. This 
way, the effects and costs of a possible risk policy were investigated. 
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6.3 Spatially explicit scenarios 

6.3.1 Urban expansion scenarios 

The results of the geospatial simulation in the Italian study area focused on the 
simulation of urban expansion due to two future tourism development scenarios. The 
BAU and Alternative scenario differed both in terms of the total urban expansion (Table 
4), as well as in the spatial pattern and distribution of these changes (Figure 6.5). A 
higher increase of urban areas was projected in the BAU scenario, following the fact 
that the observed accommodation density (beds per ha) was lower than in the 
Alternative scenario.  

The areas experiencing most urban expansion were near the existing settlements on 
the valley floor. The areas at higher elevations and steeper slopes were not excluded 
manually, but recognized with low probability of land changes by analysing past 
observations (Appendix B). Urban expansion varied among different areas in the whole 
study area. Even though the rate of projected urban expansion might seem insignificant 
on the regional scale (2.7 % in the BAU and 2 % in the Alternative scenario), this is not 
the case when investigating the changes at the local level. For example, the area 
surrounding the major tourism centre of Tarvisio, experienced several times higher 
urban expansion when compared to the regional average (Table 6.3). In the BAU 
scenario it experienced 3.6 times higher and in the alternative a 3.3 times higher urban 
expansion. 

 
Table 6.3 Urban expansion scenarios (increase in %) in the Italian study area (Appendix B) 

 

 BAU  Alternative 
New urban areas  2.7 

 

2.0 

Local relative increase in the main 
tourism area (Tarvisio) 

9.9 6.6 
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Figure 6.5  Detailed example of the 2035 scenarios for the Italian study area. The figure shows 
the spatial distribution of future changes in the BAU (a) and Alternative (b) scenario. 
The red patches show the simulated urban expansion (Appendix B). 

 

6.3.2 Scenarios of forest cover change 

This section presents possible future changes to the forest cover as a consequence of 
forest expansion and forest harvesting policy. Scenarios for the Romanian study area 
show the locations, where deforestation was projected to occur in the 30 year model 
run. There were no significant differences in the spatial distribution between the two 
scenarios (Figure 6.6). This is because they were both based on identical spatial factors 
spatial allocation rules, except the size of clear cuts. The two scenarios did however 
vary in the % of 2010 forest areas subject to deforestation until 2040: 2.2 % in the 
Alternative and 1.3 % in the BAU scenario (Table 6.4). Forest expansion was also 
modelled for both scenarios, resulting in an 8 % increase of forest cover in the 
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Alternative, and an 8.8 % increase in the BAU scenario. For both scenarios this meant a 
14.3 % decrease in grasslands. An additional analysis considering landslide 
susceptibility was also performed. It showed, that the majority of deforestation occurred 
on areas with lower susceptibility in both scenarios. Nevertheless, the Alternative 
scenario projected significantly more deforestation on areas with high susceptibility 
compared to the BAU deforestation scenario. According to both scenarios, on a regional 
scale most of forest expansion is projected to occur on areas with higher likelihood of 
landslide occurrence. 

 

Table 6.4  Distribution of forest cover change scenarios and baseline among landslide 
susceptibility classes. The values for the scenarios are in ha and % of the total forest 
cover change process. (Appendix C) 

 

Scenarios – ha (%) 
Landslide 
susceptibility (%) 

Deforestation 
Alternative  

Deforestation 
BAU  

Forest expansion 

  0 – 20 980.7 (45.9) 607.7 (47.4) 1844.7 (18.5) 
20 – 40 673.8 (31.5) 399.5 (31.1) 1407.0 (14.1) 
40 – 60 374.7 (17.5) 219.8 (17.1) 1839.7 (18.4) 
60 – 80       105.7 (4.9) 53.8 (4.2) 2344.4 (23.4) 
80 – 100    2.9 (0.1)   1.9 (0.1) 2558.2 (25.6) 
Total 2138 1283 9993 

 

6.3.3 Estimating the model performance 

The Fuzzy similarity index shows the spatial agreement of change cells between the 
actual and modelled difference maps (Figure 6.7). On the example of the Romanian 
study area, this agreement ranged from 51.5 % at the windows size of 30 m (single cell) 
to 83.9 % at the windows size of 450 m (15 cells neighbourhood).  

This result shows how difficult it is to simulate spatially explicit land changes on a cell 
basis. On the other side, it also shows that the model is able to capture the spatial 
pattern of changes, as the agreement becomes much higher when looking at a 
neighbourhood larger than 3 cells. 
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Figure 6.6  2040 scenarios of forest cover change in the Romanian study area: (a) Alternative, 
(b) BAU. (Appendix C) 

 

 

Figure 6.7  Fuzzy similarity index, describing the agreement of change cells between the actual 
and modelled difference map using multiple resolution windows 
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6.4 Potential consequences of land changes 

6.4.1 Consequences of urban expansion scenarios 

It is difficult to quantify the impact on the environment by only analysing the total land 
use and land cover classes subject to change. The impact was assessed among others 
by measuring the loss of natural and semi-natural land cover types due to urban 
expansion (Figure 6.8). The BAU scenario results in a higher loss of natural and semi-
natural areas (Table 6.5). This scenario also projected more urban expansion on areas 
with possible geological risk. The Alternative scenario resulted in more urban expansion 
on areas with moderate flood risk. The simulated urban expansion in this scenario is 
defined by larger homogeneous areas. If projected to occur on areas with moderate 
flood hazard, these larger urban patches covered more areas, than smaller urban 
patches of the BAU scenario that are more evenly scattered across the landscape. 

Table 6.5  Evaluation of impact of the urban expansion scenarios in the Italian study area 

 

 BAU Alternative 
Landscape degradation (ha) 
Forest loss 28.9 22.4 

Grassland loss 29.3 18.2 

Agricultural loss 13.9 11.5 
Risk increase (ha) 
Expansion on areas with high 
geological risk 

18.0 13.9 

Expansion on areas with 
moderate flood risk 

4.4 5.9 
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Figure 6.8 Impact of the 2035 scenarios on the landscape, in the main tourism area near 
Tarvisio. The maps show the projected losses of particular land cover types for the 
(a) BAU and (B) Alternative scenario (Appendix B) 

 

6.4.2 Consequences of deforestation 

The 2040 deforestation and forest expansion scenarios in the Romanian study area 
were analysed using GIS and geostatistical modelling to identify potential changes to 
landslide susceptibility (Figure 6.9). Both the increases and decreases to landslide 
susceptibility were analysed. A decrease means a lower likelihood that a landslide 
would occur, whereas an increase leads to a higher likelihood.  

The two scenarios differ slightly in terms of the decrease in landslide susceptibility: 
6.1% of the whole area in the Alternative, and 6.2% in the BAU scenario are projected 
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to experience a decrease in the level of landslide susceptibility. The difference between 
the scenarios was higher when investigating the areas subject to an increased level of 
landslide susceptibility (Table 6.6). Here, 4.4% of the total study area in the alternative 
and 4.1% in the BAU scenario experienced an increase of the level of landslide 
susceptibility. When looking at regional changes, the alternative scenario resulted in 
4068 ha, and the BAU in 5228 ha of net decrease in landslide susceptibility.  

 

Table 6.6  Areas experiencing changes to landslide susceptibility in ha under two 2040 
scenarios of forest cover change (Appendix D) 

 

 Alternative scenario Business as usual 

Decrease in landslide susceptibility  14744  15060  

Increase of landslide susceptibility 10676 9835 

 

 

 

Figure 6.9 Spatial pattern of changes to landslide susceptibility under the 2040 scenarios of 
future forest cover change (Appendix D) 
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7 Discussion and future perspectives 

Individual studies forming this dissertation address different aspects of future land 
change scenarios: preparation and generation of spatial data, elicitation of stakeholders’ 
knowledge and identification of main driving forces of change, modelling expert based 
systems of future land change, developing future development scenarios, geospatial 
modelling of developed scenarios and analysis of potential changes of land changes. 
The main results are discussed briefly in this section, with a more detailed discussion on 
each part of the dissertation in the Appendices. The methodology and results are 
discussed in the context of analysing land changes in European mountain areas. 
Possible limitations of the proposed methodology, as well as suggested future steps are 
discussed as well. 

The methodology was influenced by the characteristics of the study areas and available 
data. Both study areas are remote, mountain areas, where most significant driving 
forces of land change are external and difficult to quantify. Focusing on a single study 
area could simplify the task or result in a more detailed statistical or agent based model 
of land change, as these approaches demand more data, time and involvement of 
stakeholders. Working on two different study areas however enabled the development 
of a transferrable framework for the development of land change scenarios. Particular 
approaches (steps of the proposed methodology) could therefore be changed when 
investigating land changes in additional study areas, depending on the available data, 
stakeholders involved, or land change processes studied. The focus on meaningful and 
relevant future scenarios is necessary to generate results that could inform decision 
making. As this research has shown, such scenarios demand combining participatory 
and geospatial modelling approaches. This combined approach however results in 
assumptions and uncertainties deriving from the stakeholders’ bias, and the errors in 
data and the models themselves as discussed in the following sections. 

 

7.1 Analysis of land changes and their driving forces 

I applied a set of quantitative and qualitative methods in order to understand land 
changes in two European mountain areas: Italian Alps and Romanian Carpathians. The 
findings provide new knowledge on the past land changes, their driving forces and 
consequences of land changes in mountain areas in transition. The results revealed 
how some processes in the Italian and Romania study areas are in line with other 
mountainous areas in Europe. The spatial and temporal rate of forest expansion on the 
account of abandoned grasslands in both study areas is similar to trends of other 
European mountain areas (Giupponi et al. 2006; J. Kozak et al. 2007; Kuemmerle et al. 
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2008). Other land change processes can however differ significantly, especially in the 
observed 20-year period. The Italian study area so witnessed a drastic expansion of 
urban areas, whereas the Romanian area was subject to local-scale deforestation 
(Malek et al. 2014).  

The qualitative part of the analysis of past changes shows the complexity of the 
relationship between socio-economic changes as driving forces, and land changes as 
consequences. The research revealed a mismatch between the perception of 
stakeholders and the results of the spatial analysis carried out by the researcher (Malek 
et al. 2014). This mismatch however presented an added value to the spatial result, 
especially when focusing on the possible causes between land changes in mountain 
environments. 

The methodology for the spatial analysis of past land changes using the available 
remote sensing data is well acknowledged and has already been applied in numerous 
other studies (Cocca et al. 2012; Kuemmerle et al. 2008; Václavík and Rogan, 2009; 
Van Eetvelde and Antrop, 2004). This was due to necessity of generating high-
resolution spatial data on land changes, and as well the data provided. Still, the data 
such as LANDSAT have its deficiencies, especially in terms of mapping built up areas in 
rural regions and deforestation below the pixel size of 30 m. 

The accuracy assessment in this study goes beyond the usual approach of only 
providing the information on the overall accuracy. It also estimates the errors and 
provides the information on adjusted areas of land change (Foody, 2002; Olofsson et al. 
2013; Stehman, 2009). Thus, the user of the data is informed about the uncertainty in 
the amount and spatial pattern of land change.  

In order to highlight possible causes behind these changes, interviews were performed 
in both study areas. This way, the issues of unavailable data and external driving forces 
were addressed in a interdisciplinary manner, as opposed to performing standard 
statistical tests using available data (Diogo and Koomen, 2010; Giupponi et al. 2006; 
Millington et al. 2007; Monteiro et al. 2011). By combining different methodologies, the 
influence of national and European scale policy, and the linkage between external 
driving forces and local consequences in form of land changes could be addressed. 
Moreover, the findings demonstrate the necessity of involving stakeholders as experts 
on local land changes, the driving forces behind them, and their consequences. 
Studying these changes with only available data might lead to contrasting or 
unanticipated results. For instance, whereas the relationship between depopulation and 
land abandonment in the Italian study area could be considered as expected, the 
parallel significant increase in urban areas needed additional explanation. Also, 
involving stakeholders provides knowledge on the limitations the stakeholders face 
when managing land changes and coping with external pressures for land development 
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(Michetti, 2012; Thapa et al. 2013; Wollenberg et al. 2000). Finally, the findings serve as 
data on driving forces of land change, and the spatial extent of land changes together 
with the related uncertainties for both study areas. 

The analysis of past changes could be improved by comibing remote sensing with 
crowd sourcing (or citizen science). Despite usually being applied on a different spatial 
scale, crowd-sourcing approaches could lead to a generation of a more detailed map of 
regional land change. Crowd-sourcing has proven to be succesful in mapping land 
changes, as well as identifying the uncertainties of global data sets (Fritz et al. 2009). It 
could especially contribute to the identification of local changes such as illegal logging 
or settlement expansion.  

 

7.2 Participatory scenarios of land change 

The participatory scenario development methodology started with organising data from 
stakeholder interviews into conceptual models. These conceptual models were based 
on the belief system of the involved experts. The participation of stakeholders is so well 
beyond only providing their vision on future development or estimations on future land 
changes. In the study, the stakeholders’ knowledge was applied in the development of 
the conceptual model of future land change. Thus, this approach exhibits a higher level 
of stakeholder participation compared to similar studies on mountain land changes 
(Giupponi et al. 2006; Promper et al. 2014; Schirpke et al. 2012).  

By involving stakeholders and experts from the local and regional spatial planning, 
development, environment and forestry sector, the methodology behind developing 
future deforestation rates and spatial demand differs significantly from other similar 
scale studies on land change. Often, scenarios on future land change are based on 
statistical extrapolation of past observations (Fuller et al. 2011; Kamusoko et al. 2013; 
Yanai et al. 2012). In this study, the scenarios were developed using different logic on 
possible future tourism and forest policy pathways. Tourism scenarios in the Italian Alps 
were based on regional plans on improving the accommodation infrastructure. In the 
Carpathians, the scenarios were defined by governmental plans in terms of wood 
demands and biophysical characteristics of the managed forests.  

The scenarios in both study areas focused on a limited set of land change processes. 
Therefore, they did not address other possible, additional and parallel changes to the 
land use and land cover (e.g. agricultural changes). Other studies on land change 
scenarios on mountain areas did study multiple changes at the same time (Balbi et al. 
2012; Bayfield et al. 2008). On the other side, my approach enabled a more thorough 
study of possible plans, desires and options related to identify most significant 
processes of land change in both study areas. Studies have shown how difficult it is to 
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analyse multiple land use changes in mountain areas, due to the complexity of 
numerous driving forces (Rutherford et al. 2008).  

Moreover, the scenarios developed where considered as plausible by the stakeholders. 
While this can be considered as a higher degree of likelihood on one side, it prevented 
the study of more extreme changes to the regional land use and land cover on the 
other. Possible extreme scenarios are numerous and could be related to sudden policy 
changes, economic shocks, or disturbances to the local socio-ecological system. For 
example, the scenarios could only model market demands for forest management, 
resulting in large scale clear-cutting (Thapa et al. 2013). The influence on new transport 
infrastructure on future land changes could also be studied (Kamusoko et al. 2013; 
Maeda et al. 2011). Moreover, this research did not model land changes due to illegal 
activities such as illegal logging and illegal settlements (Aguilar, 2008; Griffiths et al. 
2012). The scenarios could also address sudden political changes, such as the events 
in Eastern Europe after 1989 (ownership reforms, introduction of a market economy). 
Possible shocks such as a dramatic wood demand increase or increased migration to 
mountain regions due to heat waves could also be investigated. The differences 
between the scenarios were not dramatic, or might seem insignificant from a regional 
scale due to the high likelihood. Still, the scenarios developed showed, how a set of 
similar decisions and corresponding futures can lead to different consequences in terms 
of changes to the risk. Therefore, I believe this approach is particularly significant in 
providing information on possible changes to hydro-meteorological risk, and the effect of 
risk related policies. 

 

7.3 Geospatial modelling of land change scenarios 

The main results of this research are the spatially explicit scenarios for both study 
areas. The scenarios are presented as possible future changes to the land use and land 
cover. Past observations, the transition probability map and the cellular automata 
allocation model enabled the modelling of a realistic pattern of future land changes. 
Moreover, the approach considered environmental and other spatial characteristics of 
both study areas such as elevation, slopes, distance to roads… The spatial pattern 
parameters of all developed scenarios could thus be characterised by a high level of 
likelihood as also shown by the validation of the model.  

CA models however have their limitations. They do not integrate human behaviour and 
human-environment interactions. CA models do however exhibit a certain degree of 
randomness and can be integrated with biophysical and spatial factors in order to 
estimate the location of future land change. Moreover, the neighbourhood effect - 
allocating future changes near existing cells of a particular land use and land cover 
class - is considered among the most suitable approaches to model likely changes 
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(Jokar Arsanjani et al. 2013). Instead of the CA allocation model, other spatially explicit 
approaches could also be applied, such as logistic regression, agent-based modelling 
(ABM) or neural networks (Jokar Arsanjani et al. 2013). These approaches however 
demand more and better data, and can have issues with multi-temporal spatial 
simulation. Nevertheless, ABM could upgrade the DPSIR model, as it can model agent 
(human) behaviour. Combining the CA approach with ABM could still result in spatially 
explicit results, thus further improving this research. 

The research also provides information on uncertainty, where the uncertainties of both 
the land use and land cover data, as well on the allocation model are addressed. This is 
especially useful when using future land change scenarios for decision support 
(Veldkamp and Lambin, 2001; Verburg et al. 2004). Improving the model with better 
data (higher spatial and temporal resolution) would indeed result in lowering the 
uncertainties of this scenario-based approach. On the example of the Romanian study 
area, detailed data on the biological characteristics of the forest could improve the 
model significantly. In this case, the spatial allocation model could be combined with a 
more elaborate biomass or wood increment model. In the Italian study area, the 
success rate of the model could be improved with additional data on exact tourism 
related urban expansion. This data would differentiate more between residential, and 
tourism and recreation infrastructure. Also, due to lack of data, only two type of tourism 
accommodation were addressed: hotel resorts and individual tourism objects. These 
two categories could have been differentiated into more categories with different spatial 
demands: lower and higher class hotel resorts, lodges and chalets, spa, sport and 
conference centres, etc. Considering the uncertainty of the approach, it should not be 
used for predicting or projecting exact locations of future land change. The uncertainties 
when simulating land changes on a pixel basis (exact location) are too high, also due to 
the uncertainty of the data applied. The approach is however useful to compare spatial 
consequences of different scenarios, which are based on the same environmental and 
spatial conditions.  

 

7.4 Assessment of changes 

This study expands the applicability of land change modelling in hydro-meteorological 
risk and ecosystem services studies. Moreover, it provides new insight on potential 
future changes to Carpathian and Alpine socio-ecological systems. 

Potential consequences due to future land changes in the Carpathian and Alpine region 
are understudied. Also, general approaches on spatially explicit analysis of changes to 
ecosystem provision area rare (Burkhard et al. 2012, 2010). The values of the changes 
are based on expert opinion, remote sensing or geostatistical modelling. This study 
does not model the past, current and future state of hydro-meteorological risk, the 
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landscape or provision of ecosystem services. Instead of this, it focuses only on 
potential changes to risk, landscape and ecosystem services provision. These changes 
were quantified either as the amount of land changes occurring in risk areas, or as 
losses or gains to a particular ecosystem service (Appendices C, D). This differs from 
the usual assessment of the existing risk or the ability of the landscape to provide 
ecosystem services (Burkhard et al. 2012; Egoh et al. 2008; Grêt-Regamey et al. 2008; 
Nedkov and Burkhard, 2012; Troy and Wilson, 2006).  

The spatially explicit approach applied however has its deficiencies. On the example of 
the Romanian study area, the values of ecosystem services are considered as 
homogeneous across the landscape. This means there are no areas where the forest 
could provide more wood, or grasslands more biodiversity compared to any other area 
in the study region. This assumption on the evenly distributed provision of ecosystem 
services is due to the lack of spatially distributed data. The data on risk (landslide risk in 
Romania and hydro-meteorological risk in Italy) was spatially distributed, thus providing 
information on the location of areas where changes could result in a risk increase. Using 
a spatially explicit approach, this research suggests hot-spots of potential degradation 
of risk, landscape or ecosystem services. Moreover, maps have been recognized as an 
effective way of communication environmental changes (Sui and Maggio, 1999). 

Additional research involving climate changes, hazard and ecosystem modelling could 
result in more detailed results in terms of consequences of land change scenarios. On 
the example of hydro-meteorological risk, an analysis of the financial aspects of the 
projected increase in elements at risk due to urban expansion is also suggested. This 
way the changes to the elements at risk would be studied more thoroughly, as changes 
to the financial values are also an important part when investigating risk.  
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8 Key innovations of the research 

This section presents the contribution of this dissertation to land change / land systems 
science and research on mountain areas. 

The first step of the research was the analysis of past land changes and driving forces 
in the two study areas. It contributed to the knowledge of how socio-economic changes 
in regions in transition can influence land changes. The novelty of the approach lies in 
the combined quantitative and qualitative approach. Using remote sensing and GIS 
techniques to observe past changes is an established approach, which however usually 
does not address the reasons behind these changes. The driving forces of land 
changes in areas in a socio-economic transition are difficult to study due to the lack of 
data and complexity of these issues. Besides, mountain areas are regions where the 
prevailing driving forces of land change can be external, and therefore not obvious 
when investigating them with available statistical data. The qualitative part of the 
research (interviews) therefore helped to understand the causes behind land changes in 
these two areas in more detail. Moreover, the research showed the differences between 
the observations on land changes by the researcher and the perceptions of the 
stakeholders – these differences are usually not addressed. It also revealed the driving 
forces of land change, which cannot be handled by the local decision makers and can 
thus result in land management difficulties.  

The second step was the participatory development of scenarios. Involving stakeholders 
by performing interviews, discussions and workshops has become an established 
method in scenario development. Their involvement is however usually limited with 
providing their visions on future plans or amounts of land change. This research aimed 
at a higher level of stakeholder involvement. By developing expert based belief systems 
– cognitive maps – stakeholders’ knowledge shaped the conceptual models and the 
individual components of the spatial allocation models developed in the subsequent 
steps. Supported by local knowledge, the whole modelling procedure and the resulting 
scenarios could therefore be considered as more plausible and relevant for the 
stakeholders. Moreover, the approach identified the possible set of options the local and 
regional stakeholders have to manage potential future land changes and their 
consequences.  

The spatial allocation of scenarios using GIS and geosimulation followed. The spatial 
simulation approach applied in this research was embedded in the participatory-
geosimulation framework. This way, the developed future storylines were translated to 
spatially explicit scenarios that took into account local scale specific environmental and 
spatial characteristics. The approach can be replaced by a different spatial allocation 
procedure in case different data (more or less data available) or processes are studied. 
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The cellular automata allocation algorithm calibrated with past observations and 
physical-geographic characteristics also resulted in a study area specific and more 
realistic spatial pattern of change. Pure CA models fail to capture the amount of future 
land change as a consequence of future human decision and socio-economic 
development. Combining spatial simulation models such as CA with participatory 
scenario development can however improve the relevancy and likelihood of the 
simulation. The applied approach also provides the information on the uncertainty of the 
model. When modelling future scenarios, this information is often omitted. Scenarios are 
based on future assumptions and are usually presented as creative visions of the future. 
Still, providing the information on the success rate of the model taking into account both 
the uncertainty of the data and the model, improves the transparency of the simulation. 
This way, it is clear that spatial simulation (at this stage) cannot be used for prediction of 
exact locations of land change. Due to the relatively high likelihood of capturing the 
spatial pattern of future changes, it can however be applied for identifying hot-spots of 
change (e.g. particular catchments or slope classes) or comparing different future 
scenarios and evaluating decisions. 

The GIS assessment part of the dissertation presents both the possible consequences 
of future land changes as well as the applicability of the proposed scenario development 
framework. As discussed in the previous section spatially explicit studies of 
environmental consequences of future development are rare.  Like the spatial allocation 
step, the assessment part was also shaped by the characteristics of the study areas 
and data available. This way it demonstrated the possibility to evaluate different 
scenarios in terms of consequences for the provision of ecosystem services, or changes 
to landscape and hydro-meteorological risk. Moreover, the resulting maps of future 
distributions of consequences of land changes can help to communicate the potential 
consequences of future land changes. 

Finally, the methodology presented in this dissertation is novel in the way that it was 
developed and applied in two different study areas. Both are mountain areas with 
complex socio-economic and physical geographic characteristics, and are subject to 
hydro-meteorological risk. They are however experiencing different processes of land 
change and are characterised by different data availability. Other studies on future land 
change in the mountains have developed approaches with better estimated 
performance of the spatial simulation (Schirpke et al. 2012). Still, those approaches are 
usually tailor made for specific study areas and thus not transferable to other regions.  
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9 German and English Summary 

9.1 Zusammenfassung 

Diese Studie präsentiert die Methodik und Ergebnisse hinter der Entwicklung von 
räumlich-expliziten Zukunftsszenarien für Landnutzungs- und Bodenbedeckungs-
Änderungen. Um die Übertragbarkeit auf andere Untersuchungsgebiete zu 
demonstrieren, wurde die Methode auf zwei Gebirgsregionen angewendet: die 
Italienischen Alpen und die Rumänischen Karpathen. 

Aufgrund der großen Unsicherheiten in Bezug auf die Verfügbarkeit von Daten und der 
Modellierung in die Zukunft wurde eine partizipative Modellierung unter Einbeziehung 
der lokalen Akteure und Experten für die Entwicklung von Szenarien vorgeschlagen. 
Darüber hinaus, um das Potenzial der Landnutzungsänderungs-Szenarien bei der 
Entscheidungsfindung zu nutzen, wurde diese mit einem räumlich-expliziten 
Landnutzungsänderung-Modell kombiniert. Somit wurde eine Vielzahl von 
verschiedenen Methoden aus verschiedenen Bereichen angewandt: qualitative 
Methoden wie Interviews, Analysen der Wahrnehmung von Stakeholdern und kognitive 
Kartierung (Cognitive Mapping), in Kombination mit quantitativen Methoden wie 
Klassifizierung von Fernerkundungsdaten, Raumanalyse mit geografischen 
Informationssystemen (GIS) und geostatistischen Methoden mit zellulare Automaten 
Algorithmen. Auf diese Weise konnten Bereiche mit signifikanten 
Landnutzungsänderungen und deren möglichen negativen Auswirkungen identifiziert 
werden. Darüber hinaus wurde eine Kombination aus partizipativer Szenario-
Entwicklung und räumlich expliziter Modellierung als eine Möglichkeit identifiziert, 
plausible räumlich explizite Szenarien mit höherer Wahrscheinlichkeit und Relevanz für 
die Stakeholder zu generieren. 

Die Ergebnisse liefern Informationen über mögliche Zukunftsszenarien in den 
europäischen Gebirgsregionen. Im Fall des italienischen Untersuchungsgebietes wurde 
eine Zunahme bebauter Gebiete durch Tourismus als wahrscheinlich projiziert. Diese 
kann zu einer Erhöhung des Risikos führen. Zwei Szenarien - mit Schwerpunkt auf 
kleinen Tourismus- und Hotelanlagen - wurden modelliert. Die Szenarien zeigen, dass 
eine mehr zufällige und im Raum verstreute Expansion städtischer Gebiete einen 
größeren Einfluss auf die Landschaft und das Risiko auf regionaler Ebene hat, während 
die größeren Tourismus Resorts einen größeren Einfluss auf lokaler Ebene haben. In 
Rumänien wurde eine Zunahme der Abholzung projiziert. Obwohl räumlich nicht 
signifikant (prozentualer Anteil der entwaldeten Fläche), deuten die Ergebnisse auf 
wesentliche Änderungen der Erdrutschgefahr auf lokaler Ebene hin. Obwohl das Modell 
nicht die exakten Lokationen der zukünftigen Landänderungen projizieren kann, kann 
es Entscheidungsträgern durch Informationen über mögliche Umweltschäden oder 
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Änderungen des Risikos aus den verschiedenen Szenarien unterstützen. 

Diese Arbeit hat Interessengruppen bei der Entwicklung eines 
Landnutzungsänderungsmodells involviert, speziell im Hinblick auf die Identifizierung 
der Ursachen dieses Wandels. Somit präsentiert die Arbeit einen neuen Ansatz, um die 
Mängel der räumlich expliziten Modelle zu überwinden und um die Beziehung zwischen 
diesen Ursachen und der räumlichen Muster der Änderungen zu erfassen. 

 
9.2 Summary 

This study presents the methodology and results for the development of spatially explicit 
future scenarios of land use and land cover change. In order to demonstrate its 
transferability to other study areas, the method was applied in two mountainous study 
areas: Italian Alps and Romanian Carpathians.  

Due to large uncertainties regarding data availability and future modelling, participatory 
modelling involving local stakeholders and experts was proposed for the development of 
scenarios. Moreover, to utilise the potential of land change scenarios in decision 
making, participatory modelling was combined with a spatially explicit land change 
model. Thus, a variety of different methods from different domains were applied: 
qualitative methods such as interviews, analysis of stakeholders’ perception, and 
cognitive mapping,  combined with quantitative methods such as classification of remote 
sensing imagery, spatial analysis using geographic information systems (GIS), and 
geostatistical methods with a cellular automata algorithm. This way, areas expecting 
more land changes and potential negative consequences could be identified. 
Furthemore, combining participatory scenario development with spatially explicit 
modelling has been identified as a way to generate plausible spatially explicit scenarios 
with a higher degree of relevance for the stakeholders.  

The results provide information on possible future development of European mountain 
areas. In the case of the Italian study area, a likely expansion of built up areas due to 
tourism development was projected. This can lead to an increase of elements at risk.  
Two scenarios – focusing on small scale tourism and hotel resorts – were modelled. 
The scenarios show that more random urban expansion scattered across the landscape 
has a bigger impact on landscape and risk on a regional scale, whereas bigger tourism 
resorts have a bigger impact on a local scale. In Romania, an increase in deforestation 
was projected. Though not significant in spatial terms (% of areas affected by 
deforestation), the results imply a significant increase to the landslide hazard on a local 
scale. Although the model cannot project exact locations of future land changes, it can 
inform decision makers with potential environmental degradation or changes to risk of 
different scenarios.  
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This research involved stakeholders in the development of a land change model, 
especially in terms of the identification of driving forces of change. Thus, it presents a 
novel approach to overcome the shortcomings of spatially explicit models to capture the 
relationships between driving forces and the spatial pattern of change. 
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Description of Appendices 

This PhD thesis is a cumulative dissertation. It consists of one published and one 
accepted research paper, one submitted research paper, one research paper in 
preparation, one published conference proceeding and one accepted book chapter. The 
articles are structured chronologically, and are referred to in the thesis as a particular 
Appendix.  

 

Journal Articles and Manuscripts 

Appendix A: Understanding Land Cover Changes in the Italian Alps and 
Romanian Carpathians Combining Remote Sensing and Stakeholder Interviews 

Malek Ž, Scolobig A, Schröter D. 2014. Understanding Land Cover Changes in the 
Italian Alps and Romanian Carpathians Combining Remote Sensing and Stakeholder 
Interviews. Land: 3(1): 52–73. 

Status: Released publication 

This paper analyses land use and land cover changes in both study areas (Italy and 
Romania) between 1989 and 2010. It is significant for this PhD research, as it presents 
the methodology for data gathering and generation. It describes the methodology to 
classify remote sensing imagery in order to map land use and land cover changes. 
Moreover, it assesses the accuracy of land use/land cover maps, needed to identify the 
uncertainty defined by the accuracy of data. It identifies the most significant spatial 
driving forces of land use/land cover change. Finally, through expert interviews, it 
describes socio-economic driving forces of land use/land cover change. Due to lack of 
data and prevailing external driving forces, this was not possible through applied 
statistical methods. Also, the paper highlights the need for integrating qualitative and 
quantitative research when studying land use/land cover changes. 

The manuscript was written by Žiga Malek, supported by the co-authors. Žiga Malek 
was involved in all stages of the research, and coordinated the design and writing of the 
research: data gathering and interpretation, field visits, land cover classification, GIS 
and statistical analysis, designing the interview protocol, performing the majority of 
interviews, and the stakeholder perception analysis. Anna Scolobig was involved in the 
design of the interview protocol, performing interviews, and stakeholder perception 
analysis. Dagmar Schröter was involved in the design of interview protocol and 
stakeholder perception analysis. 
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Appendix B: The impact of future land use change under tourism development 
scenarios: an example from the Italian Alps  

Malek Ž, Boerboom L. The impact of future land use change under tourism 
development scenarios: an example from the Italian Alps. Submitted to Mountain 
Research and Development on 12.9.2014. 

Status: Accepted on 1.12.2014 

This paper deals with future land use changes due to tourism development in order to 
study changes to hydro-meteorological risk in an area in the Italian Alps. It describes the 
methodology behind constructing Cognitive Maps, conceptual Drivers-Pressures-State-
Impact-Response model and development of future development scenarios. The 
conceptual model and the scenarios are developed in a participatory way, which is later 
combined with geospatial technologies, such as cellular automata land use change 
modelling and GIS. Spatially explicit results are generated, and later their impact on 
potential changes to the landscape and hydro-meteorological risk is assessed. This way 
the paper promotes the use of future land use scenarios when studying possible 
changes to future hydro-meteorological risk. 

The manuscript was written by Žiga Malek, supported by the co-author. The author 
designed the research and performed the majority of the research: field visits, 
interviews, data analysis (GIS and statistical), Cognitive Map construction, development 
of the urban expansion model, developing future tourism scenarios and simulating 
future urban expansion. Luc Boerboom supported the construction of the Cognitive Map 
of future land use changes and the design of the conceptual model of future urban 
expansion. 

 

Appendix C: Future forest cover change under a set of forest policy scenarios: 
An example from Buzau Subcarpathians, Romania 

Malek Ž, Glade T, Boerboom L. Future forest cover change under a set of forest policy 
scenarios: An example from Buzau Subcarpathians, Romania. Submitted to 
Environmental Management on 3.11.2014. 

Status: Under review 

In this manuscript future changes to the forest cover in the Buzau Subcarpathians in 
Romania are simulated. The manuscript describes the methodology behind scenario 
development, calculation of spatial demand for deforestation, and the allocation of 
future changes to the forest cover. It assesses the accuracy of the allocation model, 
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needed to identify the uncertainty defined by the performance of the model. In the 
course of scenario development, this study involves experts and decision makers from 
the local and regional forestry sector, thus generating plausible scenarios despite lacks 
of data. Moreover, the paper results in spatially explicit scenarios of forest cover 
change, identifying hot-spots of potential future deforestation. Finally, this paper 
analyses potential consequences to landslide risk due to deforestation, and also 
analyses the impact of a potential risk mitigation policy. 

The manuscript was written by Žiga Malek, supported by the co-authors. Žiga Malek 
was designed the research and performed the majority of the research: data analysis, 
field visits, development of a forest cover change model, developing future scenarios 
and simulating future forest cover changes. Thomas Glade and Luc Boerboom were 
involved in the design of the conceptual model of future forest cover change. 

 

Appendix D: Spatial assessment of future changes to the provision of ecosystem 
services in Buzau Subcarpathians, Romania  

Malek Ž, Zumpano V, Hussin HY. Spatial assessment of future changes to the provision 
of ecosystem services in Buzau Subcarpathians, Romania.  

Status: In preparation for submission to Environmental Earth Sciences. 

This paper analyses the potential consequences of future land changes. More precisely, 
it studies the consequences of future changes to the forest cover in an area in the 
Romanian Carpathians. The changes to the provision of ecosystem services due to 
expected forest expansion and deforestation are studied. Three ecosystem services are 
addressed: provision of wood, biodiversity support and regulation of landslides. A 
spatially explicit geographic information system (GIS) based approach results in the 
spatial distribution and quantitative information of potential gains and losses to 
ecosystem service provisioning. The paper therefore provides information on a wide 
variety of possible consequences of future changes to the forest cover, instead of 
focusing on one particular process only. Moreover, it expands the knowledge on the 
applicability of land change scenario modelling for decision support. 

The majority of the manuscript was written by Žiga Malek. Veronica Zumpano and 
Haydar Hussin wrote the section on the landslide susceptibility methodology. Žiga 
Malek designed the research and performed the majority of the research: modifying 
scenarios of forest cover change, land cover and grassland mapping, and GIS 
assessment. Veronica Zumpano and Haydar Hussin were involved in the assessment of 
future changes to landslide susceptibility (methodology, modelling, and discussion). 
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Peer-reviewed Conference Proceeding 

Appendix E: Scenarios of land cover change and landslide susceptibility: an 
example from the Buzau Subcarpathians, Romania  

Malek Ž, Zumpano V, Schröter D, Glade T, Balteanu D, Micu M. 2014. Scenarios of 
land cover change and landslide susceptibility: an example from the Buzau 
Subcarpathians, Romania. In: Lollino G., Manconi A., Guzzetti F., Culshaw M., 
Bobrowsky P., Luino F. Engineering Geology for Society and Territory – Volume 5: 
Urban Geology, Sustainable Planning and Landscape Exploitation (IAEG XII Congress, 
Torino, Italy) 

Status: Released publication 

This proceeding presents another case study where the developed methodology for 
future land use and land cover change simulation is applied. This study focuses on 
future changes to the urban pattern in the Romanian Subcarpathians. As most 
significant driving forces, the increase in living standard (and the mean living area as a 
proxy) was applied, together with the changes to the population in the analysed study 
area. The three developed scenarios were spatially explicit, and later analysed through 
the prism of landslide risk. This proceeding furthermore studies the transferability of the 
developed methodology to other study areas, as well as to other land use and land 
cover processes. 

The majority of the manuscript was written by Žiga Malek, supported by Veronica 
Zumpano. Žiga Malek developed the scenarios and modelled the future urban 
expansion. Žiga Malek, Dagmar Schröter and Thomas Glade designed the conceptual 
model of urban expansion. Veronica Zumpano, Dan Balteanu and Mihai Micu performed 
the susceptibility modelling and assessed the future land use and land cover changes 
scenarios. 

 

Peer-reviewed Book chapter 

Appendix F: Fuzzy-logic Cognitive Mapping: Introduction and overview of the 
method  

Malek Ž. 2014. Fuzzy-logic Cognitive Mapping: Introduction and overview of the 
method. In: Gray S, Jordan R. Pallisimio M, Gray S. Including Stakeholders in 
Environmental Modeling: Considerations, Methods and Applications  

Status: Accepted on 29.9.2014 
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This book chapter reviews the potential of Fuzzy-logic Cognitive Mapping to support 
participatory environmental modelling. It focuses on the theoretical and methodological 
aspects of the approach. It lists examples, where it has already been applied when 
dealing with environmental issues. Moreover, it includes a brief review of the importance 
of stakeholder participation in environmental modelling. 

This chapter was written by Žiga Malek, who also performed the literature review on 
Fuzzy-logic Cognitive Mapping and participatory environmental modelling.  

 

The layout of all Appendices (structure, section titles, and figure and table captions, 
reference style) is maintained as requested by the journal or book publisher. 
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Appendix A: Understanding Land Cover 
Changes in the Italian Alps and Romanian 
Carpathians Combining Remote Sensing and 
Stakeholder Interviews 

Malek Ž, Scolobig A, Schröter D. 2014. Land 3, no. 1: 52-73. 
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Appendix B: The impact of future land use 
change under tourism development scenarios: 
an example from the Italian Alps 

Malek Ž, Boerboom L.  

Submitted to: Mountain Research and Development 

Date of Submission: 12.9.2014 

Status: Accepted on 1.12.2014 

 

Abstract 

Changes to the land use, such as the removal of natural vegetation or expansion of 
urban areas can result in an increase to hydro-meteorological risk. This has led to 
higher interest of decision makers and scientists in their future consequences of these 
driving forces. Due to high uncertainties regarding modeling future changes to hydro-
meteorological risk, a suitable tool is scenario development. Scenarios are not exact 
forecasts, but images of plausible futures. When studying future land dynamics, 
emphasis should especially be given to areas experiencing high rates of socio-
economic change. We have focused on the eastern Italian Alps, facing increasing 
pressure due to tourism development. Identified driving forces of local land use changes 
are mostly external and difficult to quantify. Moreover, this area is subject to numerous 
natural hazards, among them flash floods, debris flows and rockfall, making it necessary 
to study potential future land use changes. We present a scenario generation 
methodology, based on existing decisions and assumptions of future socio-economic 
development. We aimed to develop a framework leading to plausible scenarios that can 
overcome data inaccessibility, and can address external driving forces. We combined a 
set of different methods: qualitative methods such as stakeholder interviews and 
cognitive mapping, together with geospatial methods such as GIS, geostatistics and 
environmental modeling. We involved stakeholders from the beginning to support the 
steps of data generation, understanding the system of land change, and developing a 
land dynamic model for scenario development. This way we generated spatio-temporal 
scenarios that can assist future spatial planning or improve the preparedness for 
possible undesirable development. 
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Introduction 

Land use changes can have significant consequences in mountainous environments, 
characterized by high occurrence of hydro-meteorological hazards, vulnerable mountain 
societies and slower recovery rates of ecosystems (Körner et al. 2005). They can affect 
hydro-meteorological risk, defined as potential loss to a system exposed to hydro-
meteorological hazards such as floods and landslides (Fuchs et al. 2013). They can 
increase the risk by affecting the occurrence of hazards due to increased surface runoff 
after deforestation or expansion of impervious surfaces (Glade and Crozier 2005). 
Moreover, land use changes such as urban expansion can result in an increase and 
changes to the spatial distribution of elements at risk (Bronstert et al. 2002; Glade 
2003). This acknowledged relationship between land use change and their impact on 
mountain communities has recently led to increased attention of decision makers in 
driving forces and consequences of such changes (Schneeberger et al. 2007). 
Research of future land use change has so been proposed as significant when dealing 
with changes to hydro-meteorological risk (Tollan 2002; Barredo and Engelen 2010). 

A suitable method to address potential future land use changes is scenario 
development; it offers exploring possible futures and their environmental consequences, 
and aids decision-making as it enables to analyze possible options (Kriegler et al. 
2012). Scenarios are not exact forecasts, but images of plausible futures (Abildtrup et 
al. 2006). This way, they are a creative, visionary tool, assisting us to plan for a desired 
future, or preparing for possible undesirable events (Deshler 1987; Wollenberg et al. 
2000). Instead of being developed by researchers only, it is more suitable to develop 
scenarios through stakeholder participation. Interactive “two way” participatory 
approaches offer a chance for discussion, negotiation and reaching agreement (Patel et 
al. 2007). Participatory scenario development can thus be considered as more reliable 
and relevant (Von Korff et al. 2010).  

Participatory scenario development has been applied in a variety of issues: community 
forest management (Wollenberg et al. 2000), rural funding policy in mountainous 
landscapes (Bayfield et al. 2008), deforestation in Brazil (Kok 2009), forest 
management impacts on livelihoods (Kassa et al. 2009), future environmental changes 
(Odada et al. 2009), management of natural parks (Daconto and Sherpa 2010), and 
changes to freshwater resources (van Vliet, Kok, and Veldkamp 2010). These attempts 
however rarely generate spatially explicit results. 

Spatially explicit modeling is needed to identify critical areas that are likely subject to 
change (Verburg et al. 1999). This is of high importance in mountain areas, with specific 
biophysical (terrain, hydrology, soil, geology) and socio-economic characteristics 
(accessibility, population and employment density). Still, there are few attempts where 
participatory scenario development has resulted in spatially explicit results (Castella and 
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Verburg 2007; Potvin et al. 2007; Swetnam et al. 2011; Hoyer and Chang 2014). To 
further investigate the possibility to integrate participatory approaches with spatial 
simulation, we propose a multi-step scenario generation framework. The framework was 
developed and applied in a regional scale case study in the Italian Alps, where the 
uncertainties regarding future driving forces of land use change are high. We aimed to 
develop a framework with following characteristics: (1) it is able to develop scenarios 
that are plausible, (2) it can overcome data inaccessibility, and (3) can address external 
driving forces that are difficult to quantify. Moreover, our aim was to identify potential hot 
spots of change and changes to the land pattern. 

 

Study area 

The Mountain community of Gemona, Canal del Ferro and Val Canale (Figure 1) lies in 
northeastern Italy in the Autonomous Region of Friuli Venezia Giulia, bordering Austria 
and Slovenia (46°30′25″N, 13°26′25″E). The size of the area is 1150 km2. It lies in the 
Carnian and Julian Alps, rising up to 2754 m. The area is defined by steep slopes, high 
relative relief (up to 1500 m) and the mean precipitation of 2000 mm (Cucchi et al. 
2000). The area is subject to various natural hazards, among them flash floods and 
debris flows (Borga et al. 2007). Around 33000 people inhabit the area, however only 
two settlements are larger than 4000 inhabitants (Tarvisio and Gemona del Friuli). Since 
1990 the area witnessed a 10 % decrease in population (ISTAT 2014). Despite 
depopulation and a dramatic decrease in economic activities since the 1980s, the area 
witnessed a 12 % increase in built up areas due to tourism development, real estate 
development and infrastructural projects (Malek et al. 2014). The area receives a lot of 
efforts from the regional and national government to maintain the population and 
landscape in the area, mainly due to the growing touristic development and strategic 
importance of the area as an international energy and communication corridor. Interest 
for further development and consequently sustainable land development and risk 
management is therefore high. 
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FIGURE 1  

Map and location of the study area. Data provided by Regione FVG (2013) 

 

Methods 

Elicitation of stakeholders’ knowledge 

We began our analysis by investigating local system knowledge. First, we performed 
interviews and group discussions with 10 stakeholders, representing all levels of 
decision-making and research in the study area, from local to regional level (Table 1). 
The interviews were performed in October and November 2012. We developed 
cognitive maps by collecting concepts on demographic, institutional, economic, cultural 
and environmental aspects of past, present and future land use change. Cognitive 
mapping is a qualitative methodology, where numerous concepts are connected to each 
other in a form of a graph, representing an expert based mental model (Axelrod 1976). 
Through involvement of experts, significant knowledge about the system can be 
encoded and visualized, thus improving inaccessible data or intangible driving forces 
(Eden 1992). The participants’ answers were used to identify most relevant elements in 
the area, relating to causes and consequences of land use change. The concepts 
covered the observed changes, their perceived importance, and consequences; a 
special emphasis was given to identify possible external and other intangible driving 
forces. Later, the concepts were connected depending on the recognized relationships 
between them. This was done, by generating an entity-relation matrix, to represent 
binary relationships between the concepts. Then, the matrix was visualized in the form 
of a cognitive map (Figure 2). This was done using Gephi, software for visualizing and 
analyzing networks (Bastian et al. 2009). 
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TABLE 1  

Involved stakeholders and their focus on land use changes; a) demographic changes; 
b) changes to agriculture, forestry; c) environmental (agriculture, forestry, risk) policy; d) 
economic development; e) consequences of land use changes. 

  Aspect of land use change 
Level Stakeholder a b c d e 

Local 
(Municipalities) 

Mayor x x  x  

Local 
historian 

x x    
Forestry 
technician 

 x x  x 

Spatial 
planner 

  x x x 

Civil 
protection 
officer 

 x   x 

Researcher 
on human 
geography 

x   x x 

Regional 
(Autonomous 
region) 

Forestry 
official 

 x x  x 

Geologist   x  x 

Officials at 
regional 
civil 
protection 
agency 

  x  x 

Researcher 
on rural 
economy 

x x  x  

 

 

Structuring stakeholders’ knowledge into a conceptual model 

To structure the relationships between the concepts in the observed human-
environment system depicting land change processes in the study area, we adopted the 
Driving Forces – Pressure – State – Impact – Response (DPSIR) framework (EEA 
1999). Here, we selected the most significant concepts on future land use change and 
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organized and reframed them in a cause-response framework (Figure 3). This enabled 
us to derive indicators, identify management objectives and preferences, and served as 
a framework for scenario development. There are many applications of the DPSIR 
framework in land systems science, especially to bridge the gap between the 
biophysical and socio-economic variables of the human-environment system (Bürgi et 
al. 2004; Verburg 2006). Concepts, categorized as Driving forces (D) have been defined 
as key scenario concepts, as they were recognized as most significant to influence 
future land changes. With the P, S and I concepts we defined the concepts that would 
subsequently need to be generated by external statistical, GIS, and spatial allocation 
models by the researchers. The Response (R) concepts represent the options for land 
use management identified by the experts. Choice of indicators for these concepts 
followed. Indicators have been chosen according to next criteria: (1) significance and 
understanding by the stakeholders, (2) relevance for land change processes, (3) data 
accessibility, and (4) possibility of expressing them in quantitative, spatial terms.  

 

FIGURE 2  

Example of an unstructured Cognitive Map on land use changes in the area 
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FIGURE 3  

Drivers-Pressures-State-Impact-Response framework of land use changes in the study 
area 

 

 

Developing scenarios 

After establishing a conceptual land use change model, it was more straightforward to 
develop future scenarios. These are a consequence of possible future states of 
concepts categorized as Driving forces (D). Preferable, these should not only be 
distinguished as low, normal and high based on different increase or decrease rates, 
but grounded on different logic and assumptions (Ogilvy and Schwartz 1998). Having 
identified tourism development as a main driver of land use change in the area, the 
stakeholders did not consider possible future scenarios abstract anymore, as they could 
associate it with a tangible indicator of tourism accommodation.  

The stakeholders had concrete development plans in terms of future tourism 
development, defined in form of a desirable 30 % increase in accommodation facilities 
until 2035 (Table 3). This goal is relatively high, due to the competition of the study area 
with other, more successful Italian Alpine tourist areas, such as the neighbouring 
Carnia, South Tyrol and also Carinthia in Austria. Compared to these areas, the study 
area is falling behind in terms of accommodation facilities and tourism infrastructure 
(ISTAT 2014). In order to achieve the desired higher tourism revenue it is therefore 
necessary to increase the accommodation facilities, as only intensifying the current 
lodging objects or increasing the prices would not suffice (according to the development 
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plans). However, the stakeholders recognized two options how to achieve this goal: to 
continue with the business as usual development pattern, where tourism 
accommodation was mostly based on individual incentives and small scale tourism 
objects; or whether to focus on an alternative pathway where tourism development is 
driven by larger objects such as hotel or chalet resorts (Table 3). These two options 
however have different consequences in terms of demands for space and the spatial 
pattern of land change. 

TABLE 2  

Indicators of DPSIR components 

DPSIR component Indicator Quantification 
Drivers 
Tourism development Tourist accommodation Nr. of beds 

Pressures 
Expansion of built up 
areas 

Demand for built up land Bed density per ha  

State   
Changed landscape, New 
elements at risk 

New built up areas 

 

Ha of new built up areas 

Impact 
Landscape degradation Lost “green” areas Forest, grassland and 

agricultural loss in ha 
Risk increase Built up areas in risk zones Ha of built up areas in 

high risk zones 
Response 
Nature/landscape 
conservation 

Protected areas Restriction zones 

Risk policy Excluded areas (zoning, 
slopes) 

Restriction zones 

 Green field expansion 
regulation 

Promotion of intensive hotel 
resorts 

Allocation of built up 
demand in form of fewer 
larger built up patches 
(scenario related) 

Small scale tourism 
promotion 

Promotion of individual 
small tourism facilities 

Allocation of built up 
demand in form of 
numerous smaller built 
up patches (scenario 
related) 
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TABLE 3  

Description of the baseline and scenarios. Current data on beds obtained from ISTAT 
(2014). 

Scenario Description 

Baseline (2013) total beds = 5731 

hotel beds = 2334  

beds in other individual tourism facilities = 3397  

Business as usual 30 % increase of accommodation facilities until 2035 

Promoting small scale tourism facilities (individual 
objects) 

Alternative 
development 

30 % increase of accommodation facilities until 2035 

Promoting high density tourism facilities (hotels, 
chalet resorts) 

 

Spatial allocation and impact evaluation 

Following the conceptual DPSIR model (Figure 3) and the quantitative indicators (Table 
2), we developed a spatial allocation model in Dinamica EGO (Soares-Filho, Cerqueira, 
and Pennachin 2002). This environmental modeling platform has already been applied 
in modeling urban dynamics, agricultural expansion, or forest cover change (de Almeida 
et al. 2003; Maeda et al. 2011; Kamusoko et al. 2013). The two scenarios described 
before define the demand for urban expansion between 2013 and 2035 calculated over 
5 year time steps. These projected 5 year demands were allocated, according to spatial 
transition rules, explained below. We have modeled the transitions from all agricultural, 
forest and grassland land cover types, to new urban areas, either hotel areas or 
individual tourism facilities.  

The transitions were calibrated in Dinamica EGO using land cover data from 1990, 2000 
and 2013, and a variety of spatial factors: elevation, slope, aspect, distance to roads, 
distance to recreational and ski areas, distance to service areas (towns) and distance to 
water bodies. This was done by applying the weights of evidence technique, a Bayesian 
probability method to identify the influence of spatial factors on land change transitions 
using historic observations of that transition (Bonham-Carter 1994; Hosseinali and 
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Alesheikh 2008). The result was a probability map showing the areas, where urban 
expansion is more likely.  

The transitions were then allocated on a 30 m resolution using a cellular automata (CA) 
module. CA models are bottom-up models, consisting of a grid based landscape, where 
every cell is associated with a state, in this case land cover types (Engelen et al. 1995). 
Cells change their states, according to transition rules and cell neighborhood (Mitsova, 
Shuster, and Wang 2011). All areas where it is legally forbidden to develop built up 
areas, were excluded from a possible transition in our model. These were nature-
protection areas, and areas of legally defined highest and high hydro-meteorological 
risk as defined by the regional government (Regione FVG 2013). We also included 
other limitations, such as areas on steep slopes, erosion areas and land adjacent to 
water bodies. These exclusions were defined as Response options in the local DPSIR 
concept of land changes (Figure 2). 

The change allocation followed different rules for hotels and for individual tourism 
facilities, described by the mean urban patch size of the simulated urban expansion. 
Both the demand per tourist bed, as well as its spatial pattern of allocation (the mean 
size of a new built up patch) were calibrated by relating statistical data on tourism 
between 1990 and 2013 with observed tourism related urban expansion in the same 
period. Moreover, spatial allocation in the Business as usual development allowed the 
expansion of existing urban areas, as well as forming new individual smaller urban 
patches (such as individual houses). In the Alternative development scenario, the 
spatial allocation promoted the formation of new hotel areas near existing settlements. 

The impact of both scenarios was assessed in a GIS (Quantum GIS Development 
Team 2013). To identify the extent of built up areas on risk zones, we measured all new 
built up areas on zones with possible geological restrictions, and zones with moderate 
flood risk. These areas defined by the regional government, and new buildings on these 
areas are allowed if they comply with the general regulations of the spatial plan 
(Regione FVG 2013). Land use changes can also have other consequences than 
changes to hydro-meteorological risk, such as habitat loss, degraded biodiversity levels, 
and a lower quality of the landscape image (Chemini and Rizzoli 2003; Giupponi et al. 
2006). Therefore, we identified the areal extent of lost natural and semi-natural areas, 
by measuring the loss of forests, grasslands and agricultural areas.  

 

Results 

The urban expansion probability shows the most attractive areas for urban expansion 
(Supplement data, Appendix S1). Preference is given to flatter areas, on the valley floor 
near the existing settlements, water bodies and road network. Whilst we did not exclude 
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areas high in the Alps on purpose, the weights of evidence model calculated a very low 
probability of expansion on these areas, based on an analysis of land use changes 
between the 1990 and 2013. 

The scenarios differ both in terms of the total urban expansion due to the increase in 
accommodation (Table 4), as well as in the spatial pattern and distribution of these 
changes (Figure 4). The Business as Usual (BAU) scenario results in a higher increase 
of urban areas compared to the Alternative scenario, following the fact that the 
observed accommodation density (beds per ha) is lower than in the Alternative scenario 
(Table 4). The results become more obvious when focusing more in detail on particular 
areas, like on the surroundings of Tarvisio, where the projected urban expansion is 3.7 
times for the BAU and 3.3 times higher in the Alternative scenario, compared to the 
regional average increase.  

It is difficult to quantify the impact on the landscape and risk solely by looking at the 
increase of urban areas. Therefore, the impact is assessed by presenting the loss of 
particular natural and semi-natural land cover types due to urban expansion (Figure 5a), 
or by identifying the extent of new areas on areas with possible risk (Figure 5b). The 
BAU scenario results in a higher loss of forests, grasslands and agricultural areas. Also, 
in this scenario more areas are projected to occur on areas with possible geological 
risk. The Alternative scenario however results in more urban expansion on areas with 
moderate flood risk. This is mostly due to the fact, that the simulated urban expansion in 
this scenario is defined by larger homogeneous areas. If situated in areas with 
moderate flood hazard, these larger urban patches cover more hazard prone areas, 
than smaller urban patches of the BAU scenario, that are more evenly scattered across 
the landscape. 
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TABLE 4  

Results of both scenarios in form of the DPSIR framework 

 

 BAU  Alternative 
Drivers 
Increase of accommodation 
facilities (nr. of beds) 

1769 1769 

Pressures 
Demand for built up areas 
(and spatial pattern) 

180 beds per ha 

0.10 mean urban 
patch size 

spatial allocation 
trough expanding 
existing areas and 
forming new urban 
patches 

281 beds per ha 

0.66 mean urban 
patch size 

spatial allocation 
promotes the forming 
of hotel areas near 
existing urban areas 

State 
New built up areas (ha) and 
relative increase 

73.4 (2.7 %) 

 

53.5 (2.0 %) 

Local relative increase in the 
most touristic area (Tarvisio) 

9.9 % 6.6 % 

Impact 
Landscape degradation (ha) 
Forest loss 28.9 22.4 
Grassland loss 29.3 18.2 
Agricultural loss 13.9 11.5 
Risk increase (ha) 
Expansion on areas with high 
geological risk 

18.0 13.9 

Expansion on areas with 
moderate flood risk 

4.4 5.9 
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FIGURE 4  

Simulated 2035 scenarios, zoomed in to the tourism attraction area near Tarvisio. The 
maps show the difference in the spatial distribution between the BAU (a) and Alternative 
(b) scenario. The red patches show the simulated urban expansion for each scenario. 
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FIGURE 5  

Impact of simulated scenarios on the landscape and hydro-meteorological risk, zoomed 
in to the tourism attraction area near Tarvisio. The maps show the (a) projected losses 
of particular land cover types, and (b) the potential risk increase in the BAU and 
Alternative scenario 
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Discussion 

In this study we developed a methodology to generate future scenarios of land change 
in mountainous regions, with an example of an Alpine region in Italy. Based on 
participatory modeling and analysis of past trends, we simulated two urban expansion 
scenarios due to tourism development. Moreover, we tried to identify possible 
consequences of both scenarios in terms of changes to the landscape and hydro-
meteorological risk. 

The aim of the first, qualitative part of this study was to address the uncertain future, 
lack of data, intangible driving forces of change and the abstractness of future land use 
change. This is why stakeholders from the area have been involved from the beginning 
on. The developed conceptual DPSIR model is not only serving as an explanation of the 
experts’ belief and knowledge system, but also as a starting point in the later 
development of a spatial simulation model. This participatory approach therefore differs 
from other studies, where there is a lower level of expert participation. This is usually 
manifested by the experts providing only their vision on future trends to individual land 
use classes, not being involved in the development of the model (Giupponi et al. 2006; 
Schirpke et al. 2012; Promper et al. 2014). Other studies involving cognitive mapping in 
environmental modeling have shown, that the number of involved stakeholders can 
improve the results and introduce a higher number of concepts (Özesmi and Özesmi 
2004). Whereas the number of involved stakeholders in our study area might seem low, 
we still managed to involve experts and decision makers from all levels. Nevertheless, 
performing the same procedure focusing only on one particular locality in the study 
area, or on the regional level only could result in different identified future driving forces 
and consequent scenarios.  

Our scenarios focused solely on future tourism development, due to three main 
reasons. First, it was recognized by the stakeholders as the most significant driving 
force. Secondly, the local and regional development plans emphasize tourism as a 
prevailing economic activity in the study area. Lastly, the concept of future land change 
was abstract and sometimes difficult to understand by the stakeholders. Also, when we 
already defined the role of tourism in the future of the area, it was difficult for the 
stakeholders to relate future urban expansion as a consequence of tourism 
development to any other land change conversion (e.g. pasture abandonment, forest 
expansion). Other mountain-oriented studies involving stakeholders did achieve to 
model multiple land use transitions or took into account market mechanisms, however 
did not generate spatially explicit results suitable for analyzing changes to risk (Bayfield 
et al. 2008; Balbi et al. 2012). Moreover, studies have shown how difficult it is to assess 
only past land use changes in mountain areas, due to the complexity of numerous 
driving forces of land use change (Rutherford et al. 2008). Taking into account 
numerous land use transitions and also urban expansion due to other economic 
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activities would mean incorporating a different set of transition rules. These would also 
need to be differentiated across the different parts of the study area, as the spatial 
pattern of economic activities differs significantly between the lowland and upland part 
of the area.  

The spatial demand for accommodation (beds) and the allocation of future scenarios 
based on these demands was calculated by relating tourism accommodation data 
between 1990 and 2013 to the spatial extent of tourism facilities (e.g. hotels with 
accompanying parking spaces and green areas). The same goes for the spatial pattern 
(e.g. mean patch size). This way we aimed at capturing a more realistic spatial pattern 
of tourism facilities, instead of coming up with a spatial pattern independent from study 
area specific characteristics. Introducing extreme values for spatial demand and pattern 
from other regions could be considered as another future scenario, however we did not 
identify potential dramatic changes to the tourism type, when discussing future 
scenarios with stakeholders. Our aim was to study possible spatial consequences of 
plausible, likely scenarios; therefore this served our objectives completely. 

Despite the high preference for urban expansion in the southwestern part of the study 
area where the valley opens (Supplement data, Appendix S1) most of the urban 
expansion due to the accommodation increase is projected in the northeastern part 
around Tarvisio, which we also portrayed on the maps (Figure 4 and 5). This is due to 
the fact that this area already serves as a touristic center of the region. As discussed 
with the stakeholders further tourism development will based on winter and alpine 
tourism and will be promoted in areas with already existing tourism facilities (Tarvisio 
and surroundings), and not around the lowland Gemona del Friuli, which serves as a 
residential, commercial and industrial center of the wider area. 

Developing more land in order to increase tourism facilities could result in the increased 
well-being of the local population in terms of new jobs and increased revenue. On the 
other hand, these changes could result in a degraded landscape or increased risk. We 
tried to analyse these consequences, and compare both scenarios. The indicators we 
used to quantify the impact of both scenarios were merely in terms of areal extent of 
possible future changes.  

We find the indicators describing the loss of forests, grasslands and agricultural areas 
as sufficient. Still, in order to fully study changes to the landscape image and aesthetics, 
additional research taking into account the architectural type and height of new 
buildings should be performed. The BAU scenario namely resulted in more urban 
expansion, however it might be having a lower influence on the landscape image, as the 
urban expansion there occurred solely due to new smaller individual objects. New larger 
hotels and chalet resorts however could affect the landscape more.  

The indicators for risk increase however, might not be enough, as we only used proxy 
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spatial data. The geological risk is defining areas, where additional surveys should be 
performed before a plot is developed. Also, the flood risk proxy data only describes the 
extent of urban expansion on areas with moderate risk. In order to determine the whole 
specter of changes to the risk, additional studies should therefore be performed. These 
should study the possible changes to hydro-meteorological hazards (including expected 
climate changes) and changes to value of elements at risk (and not only their new 
spatial extent). Still, future land use scenarios have been recognized as a vital 
contribution to studying potential changes to hydro-meteorological risk (Promper et al. 
2014). 

Studies have shown that spatially explicit models of land use change in mountain areas 
can achieve a high rate of accuracy (Schirpke et al. 2012). Assessing the performance 
of such spatial simulation approaches is difficult, especially as the interest is in the 
location of these changes and not only their quantity (Veldkamp and Lambin 2001). 
Also, the uncertainty of the data used should be taken into account as well. The 
simulated future urban expansion should therefore be discussed with care. Instead of 
considering the projected scenarios as exact locations of future change, we suggest 
they should be considered as potential hotspots for future development. Nevertheless, 
we consider the approach particularly useful for evaluating possible decision options 
through the use of scenarios.  

 

Conclusion 

The aim of this paper was to identify the driving forces of future land changes, develop 
future scenarios of land change and study their potential consequences, based on an 
example in an Alpine study area. First we needed to identify driving forces of future 
change, which is why we involved stakeholders. Through participatory modeling, we 
developed expert based cognitive maps, presenting the knowledge and belief domain 
from the involved stakeholders. Then, under a set of assumption regarding tourism 
development, together with actual development plans, we developed two urban 
expansion scenarios. We allocated the two scenarios using a spatially explicit land 
change model. Finally, we analyzed possible consequences of these changes in terms 
of changes to the landscape and hydro-meteorological risk. 

The two identified scenarios both followed a 30 % increase of accommodation facilities, 
however resulted in a different spatial demand and spatial pattern of future urban 
expansion. The Business as Usual (BAU) scenario, defined as tourism expansion in 
form of small scale individual objects, resulted in a 2.7 % increase of urban areas. The 
Alternative scenario on the other resulted in a 2 % increase. This scenario is described 
by new hotels and other larger objects with a higher accommodation density per 
hectare. 
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When analyzing potential consequences of both scenarios, we observed that the BAU 
had as expected, a larger effect on the loss of grasslands, forests and agricultural 
areas, as well as possible geological risk. The Alternative scenario however resulted in 
a higher potential increase of flood risk due to more concentrated urban expansion. In 
order to fully study the effect on hydro-meteorological risk we however propose 
additional research taking into account expected climate changes and changes to 
hazard pattern and occurrence. 

This research presents a new methodology, combining participatory modeling with 
spatial simulation in order to address unavailable data and intangible driving forces. 
Scenarios generated in a participatory way have a higher degree of likelihood, as they 
encompass local expert knowledge otherwise not possible to understand with available 
statistical data. Moreover, the spatial explicitness of the proposed approach enables the 
identification of possible critical areas and spatial patterns of future changes. Therefore, 
this study contributes to the understanding to future environmental changes in Alpine 
areas, driven by external, global driving forces. 
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Abstract 

To prepare for possible negative future consequences of forest cover change it is 
necessary to study where they are most likely to occur. This paper focuses on Buzau 
Subcarpathians, a landslide prone region in Romania. Past and current trends suggest 
that the area might expect a future increase in deforestation. We developed spatially 
explicit scenarios until 2040 to investigate potential impacts of forest cover changes on 
landslide risk. Expert interviews were integrated with raster-based simulation (Dinamica 
EGO) and a landslide susceptibility map. The Alternative scenario (ALT) defined by 
increased clear-cutting limits resulted in 67 % more deforestation than the Business as 
Usual scenario (BAU). In both scenarios, most of deforestation was projected in areas 
where landslides are less likely to occur. Still, 483 (ALT) and 276 (BAU) ha of 
deforestation were projected on areas with a higher likelihood of landslide occurrence. 
Thus, deforestation could lead to a local scale increase in landslide risk, in particular 
near or adjacent to forestry roads. The parallel 10 % forest expansion until 2040 was 
identified as a prevailing process in the area, occurring mostly on areas with high 
landslide susceptibility. On a regional scale, forest expansion could so result in 
improved slope stability. We modeled two additional scenarios with an implemented 
landslide risk policy, excluding high-risk zones. The reduction of deforestation on high-
risk areas was achieved without a drastic decrease in the accessibility of the areas 
subject to clear-cutting. Together with forest expansion, it could therefore be used as a 
risk reduction strategy. 
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Introduction 

Changes to the forest cover can result in a variety of negative environmental 
consequences.  Deforestation for example can affect the vegetation composition and 
water balance, and can increase erosion rates (Glade 2003; Ghimire et al. 2013).  This 
leads to increased environmental risks, such as landslide occurrence, and can have 
strong impacts on the human well-being on a larger scale (Tasser et al. 2003; Körner et 
al. 2005; Papathoma-Köhle and Glade 2013). On the other side, reforestation due to 
grassland abandonment can contribute to habitat loss, lower biodiversity levels and a 
more homogenous landscape (Olsson et al. 2000; Chemini and Rizzoli 2003). Studying 
how human-environment interactions can change the forest cover is therefore essential 
(Rounsevell et al. 2006). 

An important tool for exploring future consequences of environmental changes are 
scenarios. Scenarios are images of possible, likely futures (Abildtrup et al. 2006). They 
encourage creativity and help to generate visions, and help us to plan for a desirable 
future (Deshler 1987). Moreover, by breaking the established pattern of planning, 
scenarios can help us to prepare for possible undesirable future developments 
(Wollenberg et al. 2000). They offer a possibility to analyze available response options, 
hence aiding decision makers (Shearer 2005; Kriegler et al. 2012). Incorporating land 
change scenarios in environmental research is well acknowledged and has already 
been addressed in various disciplines (Verburg et al. 2004). Among others, these 
methods have been applied in studying flood risk (Barredo and Engelen 2010), soil 
erosion (Hessel et al. 2003), habitat availability (Falcucci et al. 2008), influence of 
protected areas (Soares-Filho et al. 2006), and effects on biodiversity levels (Giupponi 
et al. 2006).  

In this study we generated future scenarios of changes to the forest cover in the 
Subcarpathians of Buzau County in Romania. Recent deforestation trends and a dense 
network of landslides in the area suggest a need for analyzing potential consequences 
of future forest management (Malek et al. 2014). Thus, we focused on possible future 
deforestation patterns, as a result of changes to the amount and pattern of forest 
harvesting. The area was selected due to its complex socio-economic trajectory since 
1989, as well as growing pressures to increase forest harvesting. 

The Carpathians are a major European mountain range and biodiversity hotspot, which 
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host one of the largest continuous forest ecosystems in Europe. Forest expansion and 
deforestation are considered among the major environmental issues in the Carpathian 
region (Björnsen Gurung et al. 2009). Long-term forest expansion due to land 
abandonment in the Carpathian region is in line with the trends of other European 
mountain areas (Kozak et al. 2007b). The fall of communist regimes in Europe after 
1989, however, lead to radical political and socio-economic changes in the region. The 
post 1989 era was characterized by the fall of large scale collective agricultural 
associations, new land use policies and land ownership reforms resulting in numerous 
new land owners (Mathijs and Swinnen 1998; Lerman et al. 2004). Numerous authors 
identify land abandonment and reforestation as some of the most important land cover 
changes in the region (Kuemmerle et al. 2008; Müller et al. 2009; Taff et al. 2009; 
Baumann et al. 2011; Griffiths et al. 2013). One particularly remarkable process, 
differing from other European mountain areas, is the increase in quantity and changes 
in the spatial pattern of deforestation as a consequence of both legal and illegal logging 
(Knorn et al. 2012; Griffiths et al. 2012; Griffiths et al. 2014). It is among the most 
significant land cover change processes in Buzau Subcarpathians in terms of possible 
negative consequences (Malek et al. 2014). 

The first objective of the study is to understand possible future changes to forest 
management in a transitional European mountainous region. More precisely, the 
objective is to generate future spatially explicit scenarios taking into account future 
changes to forest harvesting, instead of only extrapolating past trends. Secondly, forest 
management in a mountainous and landslide prone area is closely linked to landslide 
risk management. Thus the second objective was to investigate the relationship 
between future forest management and landslide risk. Finally, our third objective was to 
analyse the effect of implementing a landslide risk reduction strategy for forest 
management. 

 

Study area 

The study area (Fig. 1) lies in South East Romania in Buzau County (centroid 45°27’3’’ 
N, 26°30’23’’ E). It covers 2421 km2 of the Subcarpathian hills between the higher 
Carpathian mountains and the Buzau plain. The Subcarpathians rise up to 1370 m, with 
the mean elevation of the area being 429 m. Geologically, the area consists mainly of 
Neogene molasse deposits. The geology of the area together with the mean slope of 
11.5 degrees, is a significant predisposing factor for landslide occurrence (Micu and 
Bălteanu 2013). The yearly precipitation in the area is between 630-700 mm, with heavy 
spring and summer rainfall. In some parts of the Subcarpathians, landslides (Fig. 1a) 
cover more than two-thirds of the total area (Muică and Turnock 2008). Forests 
dominate the landscape (Fig. 1b) covering 40.5 % of the area (981 km2), followed by 
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grasslands (27.4 %).  

With a 40 % share of the regional economy, agriculture is significant, however it is 
declining (MADR 2012). Forest harvesting is a major economic activity, with wood 
mostly being exported (INSSE 2013). The area’s population is around 160,000. Since 
the economic and political change of 1989, the area witnessed a striking economic 
decrease, high depopulation rates (11% since 1990), and agricultural abandonment 
(INSSE 2013). Nevertheless, like in similar areas in the Romanian Carpathians, forest 
disturbances increased (Fig. 1c). This could be attributed to a number of reasons: (1) 
poor socio-economic conditions in the area following 1989; (2) Romanian land 
ownership reforms, where government owned land was allocated to private owners; and 
(3) difficulties in implementing forest policy (Malek et al. 2014). Before 1989, nearly 100 
% of the forests were government property, whereas in 2010 34.7 % of the forests were 
privately owned (INSSE 2013). Besides the increase in the number of owners, the 
ownership spatial pattern is characterized by numerous smaller plots, which increases 
the difficulty of forest management (Bălteanu and Popovici 2010). Increasing the 
amount of forest harvesting in the area could be a significant part of regional economic 
growth. It is however important to analyze the consequences of these activities in the 
area, as the increase in forest exploitation could result in a higher demand for new road 
and landslide risk mitigation infrastructure, as well as reforestation measures. 

 

Materials and Methods 

Scenario development 

We conducted 13 semi-structured interviews and group meetings with forestry, 
environmental and risk experts on the local level (forest association), as well as on the 
regional level (county) in July and September 2012. Interviews contained questions on 
observed and expected future forest cover changes, their consequences and 
importance; influence of socioeconomic development; the role of different levels of 
decision-making (local, regional, national); and also possible effects of external driving 
forces, such as political changes. We adopted the Drivers – Pressures – State – Impact 
– Response (DPSIR) framework (EEA 1999) to translate the expert knowledge to a 
conceptual deforestation model (Fig. 2). Together with the experts we identified each 
part of the DPSIR, simulating the cause-response framework of planning and 
management of forest harvesting in the region. This enabled us to structure the 
relationship between the driving forces of deforestation with their consequences. We 
later used the DPSIR model to develop forest cover change scenarios and the 
allocation model. Together with the experts we defined the Drivers, Pressures and 
Response parameters of the conceptual model (Fig. 2) in advance (Table 1). The State 
and Impact parts were a result of subsequent modeling, and presented the resulting 
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deforestation and the potential landslide risk. 

Fig. 1  

Location of study area. Typical examples of (a) landslide activity, (b) forest-dominated 
landscape and (c) deforestation 
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Fig. 2 

Drivers – Pressures – State – Impact – Response conceptual model of the forest 
harvesting system 

 

Based on the conceptual deforestation model (Fig. 2), we developed two forest cover 
change scenarios: Business as Usual (BAU) and Alternative scenario. In both scenarios 
we modeled two processes of forest cover change: deforestation and forest expansion. 
Deforestation was defined as a land cover transition from forest to non-forest, as a 
result of clear-cutting. In the study area, clear-cutting is characterized as the removal of 
all trees in a pre-defined and limited area, usually smaller than 3 ha. Although it is not a 
prevailing forest management practice in Romania, it is the main focus of the developed 
scenarios. Deforestation can increase the occurrence of landslides, acknowledged both 
by the involved experts and literature (Schmidt et al. 2001; Glade 2003). Following 
expert interviews, we developed a simplified model that calculates scenario based 
deforestation transition rates, resulting in the demand for forest areas in spatial terms. 
We used a simplified annual deforestation estimation model: 

𝑑! =
!!×!!×!!×!!

!!
 

where for the year t:  

dt is the estimated annual deforestation in ha, 
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ft the allowed forest harvesting defined as percentage of the net annual increment,  

nt the net annual increment in m3/ha,  

at are forest areas in ha,  

ct the clear felling potential in % of total forest harvesting,  

gt the forest growing stock in m3/ha.  

In our conceptual model, the forest policy and wood processing industry influence the 
allowed forest harvesting (Fig. 2, Table 1). They are based on the proposed outlook for 
the development of Romanian forest resources (Schelhaas et al. 2006). The allowed 
forest harvesting Pressure has the same biophysical assumptions in both scenarios: an 
increase of the growing stock (total standing tree volume) and the decrease of the net 
annual increment (average annual volume increase) per hectare (Table 1). Forest data 
for Buzau County for the year 2010 served as a starting point: the mean growing stock 
was 217 m3 per hectare, and the mean net annual increment was 6 m3 per hectare. 
The maximum annual clear-cutting potential was estimated to be 3 % of the total 
amount of allowed forest harvesting (Bohateret 2012), even though the potential can 
vary among different forest types. This potential defines the limit of allowed forest 
harvesting through clear-cutting and is set as a threshold for protection and sustainable 
management of Romanian forests (Giurgiu 2004). Differences in growing stock, net 
annual increment and clear-cutting potential across the landscape were not taken into 
account, as the data on spatial variation of forest types, quality and age was not 
available. Therefore, we used mean values for the whole Buzau Subcarpathians. The 
two scenarios differ in the amount and spatial pattern of clear-cutting. The BAU scenario 
follows existing policy, thus maintaining the potential of clear-cutting at 3 % of the total 
forest harvesting. The involved experts identified the existing policy as sustainable. Its 
problems are related to its implementation: field control of allowed clear-cuts is currently 
difficult due to lack of personnel, funds and institutional issues, resulting in excessive 
clear-cutting in sizes above the legal 3 ha. Therefore, we applied a time lag of 10 years 
in this scenario, where the values for the size of clear-cuts remain the same until 2020. 
This way we simulated the successful implementation of the current policy after 10 
years from 2010 on one side, and compensation in form of smaller clear-cut areas due 
to excessive clear-cuts until 2020. Thus, the mean size of clear-cut patches after 2020 
was 2 ha, instead of 2.5 ha as observed between 1989 and 2010 (Table 1). The 
Alternative scenario was oriented towards the desired goals of investors in the wood 
harvesting and processing industry. Involved experts revealed that investors in the 
forestry sector support the increase of the allowed clear-cutting. This would enable 
easier, faster, and less costly exploitation of forest resources, especially with the 
existent forest road network. Thus, in the Alternative scenario the percentage of clear-
cutting in the total forest harvesting rose up to 5 %, with the remaining larger mean size 
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of clear-cut patches (2.5 ha). Finally, we modeled two additional scenarios: an 
implemented simplified risk policy for the BAU and ALT scenario. Here, we excluded all 
areas highly susceptible to landslides in the 90 m vicinity of roads and settlements as 
explained later in the Landslide risk section. 

Additionally, we modeled future forest expansion. We defined it as a change from non-
forest to forest; from grasslands or other vegetation to forest. This process was taken 
into account in both scenarios, as we wanted to study the potential positive impact of 
forest expansion on landslide risk and compare it to the impact of deforestation. The 
transition rate for forest expansion was the same for both scenarios. It followed the 
observed trends between 1989 and 2010, simulating more long-term forest expansion 
trends instead of the more recent ones. We modeled forest expansion only on the basis 
of past remote sensing observations and the influence of the spatial factors of forest 
expansion as described later. Therefore, forest expansion was not subject to any forest 
harvesting scenarios. Non-forest areas that were transformed into forest areas during 
the run of the model were not considered for deforestation. According to Romanian 
legislation, these areas will not have reached the appropriate age for exploitation in the 
modeled time span (Parlamentul României 1996). They can be considered in 
calculating the allowed forest harvesting after 10 years (FAO 1997). 

 

Preparation of spatial factors of forest cover change 

Land cover maps for the years 1989, 2000 and 2010 were obtained through hybrid 
classification of LANDSAT images previously presented by Malek et al. (Malek et al. 
2014). We prepared the following spatial factors of forest cover change: slope and 
elevation derived from the digital elevation model, distance to settlements and roads 
generated from the road network and land cover map. We also defined exclusion areas, 
where forest harvesting is legally forbidden: Natura 2000 protected areas, protected 
forests (ecologically significant forests), and all slopes above 25 degrees (FAO 1997). 
We processed all spatial factors with the obtained data on forest associations (districts) 
in a GIS, and resampled them to the 30 m resolution of the land cover maps (Quantum 
GIS Development Team 2013). 
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Table 1 

Scenario characteristics 

 Alternative BAU 
DRIVERS   
Forest policy Immediate changes to the 

forest policy, oriented 
towards desires of the wood 
processing industry. 

The current forest policy, 
complete implementation 
after 2020. 

Wood processing 
industry 

Increase of the allowed 
harvested forests, 66 % 
increase of clear-cutting, 
increase of size of areas 
that can be subject to clear-
cutting 

Increase of the allowed 
harvested forests 

PRESSURES   
Amount of deforestation  
Net Annual Increment 
(NAI) 

-13.2 % until 2040 -13.2 % until 2040 

Forest growing stock +24.2 % until 2040 +24.2 % until 2040 
Allowed forest 
harvesting per NAI 

42 % (2010) to 85 % (2040) 42 % (2010) to 85 % (2040) 

Spatial pattern of forest cover change 
Mean patch size (MPS) Deforestation: 2.5 

Forest expansion: 2.0 
Deforestation: 2.5, 2.0 after 
2020 
Forest expansion: 2.0 

MPS Variance Deforestation: 5.5 
Forest expansion: 4.0 

Deforestation: 5.5, 5 after 
2020 
Forest expansion: 4.0 

Isometry Deforestation: 0.9 
Forest expansion: 0.8 

Deforestation: 0.9 
Forest expansion: 0.8 

Transition rate Deforestation: estimated 
annual deforestation, 5 % 
clear felling potential 
Forest expansion: 0.32 % 
annual transition rate (1989 
– 2010 observation) 

Deforestation: Estimated 
annual deforestation, 3 % 
clear felling potential 
Forest expansion: 0.32 % 
annual transition rate (1989 
– 2010 observation) 

RESPONSE   
Current exclusion zones Deforestation: slopes > 25 

degrees,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
protected areas and forests 
Forest expansion: 
grasslands in protected 
areas 

Deforestation: slopes > 25 
degrees,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
protected areas and forests 
Forest expansion: 
grasslands in protected 
areas 

Landslide risk 
reduction scenarios: 
High risk exclusion 
zones 

Areas with >50 % landslide 
susceptibility in the 90 m 
distance from roads and 
settlements 

Areas with >50 % landslide 
susceptibility in the 90 m 
distance from roads and 
settlements 
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Spatial allocation model 

We developed a spatially explicit forest cover change model in Dinamica EGO. The 
software is suitable for raster-based simulation of numerous land cover changes on a 
high spatial resolution (Soares-Filho et al. 2002). It has already been applied to urban 
modeling, agricultural expansion and forest dynamics (de Almeida et al. 2003; Maeda et 
al. 2011; Kamusoko et al. 2013). Two different techniques were combined to spatially 
allocate forest cover changes: weights of evidence (WoE) and cellular automata (CA). 
While we applied the WoE method to generate a forest cover change transition 
probability map, we used the CA model to spatially allocate the changes to the forest 
cover on a 30 m resolution. 

WoE is a Bayesian probability method, where individual influences of the spatial factors 
affecting a transition from one land cover to another are calculated from the historic 
frequency of that transition (Bonham-Carter 1994). We applied WoE as it is robust in 
handling missing data, and minimizing bias and subjectivity when evaluating different 
criteria (Hosseinali and Alesheikh 2008; Thapa et al. 2013). WoE values present the 
probability that a land cover transition will occur for a particular spatial factor of change. 
In this case, the WoE values describe the relationship between a specific spatial factor 
and a forest cover change process. High values promote a particular transition, whereas 
lower values discourage them. Dinamica EGO enables the generation of a spatially 
explicit probability map, where each cell is described by the transition probability, based 
on WoE values. We calculated the probability map using the changes to the forest cover 
between 1989 and 2010 (Fig. 3) for both deforestation and forest expansion. To ensure 
the independence of selected spatial factors, we calculated the Cramer’s Coefficient. 

CA allocation models are effective at simulating spatial patterns of land change, and are 
very adaptable thus they are able to simulate a wide variety of dynamic spatial 
processes (Wijesekara et al. 2014). CA models are bottom-up models, where the 
landscape is defined as a grid of cells associated with a state, in this case land cover 
types (Engelen et al. 1995). The cells change their states with each time step, according 
to the neighborhood defined by adjacent cells influencing the central cell, and transition 
rates that are the same for the whole landscape (Mitsova et al. 2011). The CA allocation 
model in Dinamica EGO consists of two stochastic allocation algorithms, the expander 
and the patcher. Both algorithms sort out the cells with highest transition probability in 
the initial land cover map, and then randomly select the calculated amount of cells using 
an internal stochastic selection procedure (Soares-Filho et al. 2002). The expander 
algorithm models the expansion of existing patches of a particular land cover (e.g. forest 
expansion on the account of adjacent abandoned grasslands). The patcher algorithm on 
the other hand, generates new patches within a patch defined by a different land cover. 
This way, forest dynamics were modeled more realistically. Observed clear-cutting in 
the study area did not occur in the form of clearing the forest edge, but mostly as new 
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non-forest patches within a larger patch of forest (Fig. 3). The expander function was 
attributed to forest expansion, whereas deforestation was assigned mostly (95 % of the 
transition) to the patcher function. 

Fig. 3 

Forest cover map and with observed changes between 1989 and 2010  

 

By analyzing landscape metrics of changes between 1989 and 2010 we obtained the 
parameters of the spatial pattern of forest cover change: mean patch size and patch 
size variance (Gustafson 1998). We used them together with isometry to generate a 
more plausible pattern of spatial allocation of forest cover change (Table 1). The mean 
patch size and the variance define the size and its diversity of the new patches, and 
isometry describes how equal in shape and compact the new patches are. Isometry 
lower than 1 results in less equal, and between 1 and 2 in more equal patches (Soares-
Filho et al. 2002). 

We used the 2010 map as the initial time step when allocating future scenarios. The 
model performed the allocation individually in each forest district, dividing forest 
harvesting among forest associations. Each forestry association manages forest 
harvesting in their own district, meaning that the estimated deforestation is distributed 
among districts and not only throughout the whole region. To validate the model, we 
used a multi-resolution windows approach (Hagen 2003). We compared the difference 
map of the initial and the reference map to the difference map of the initial and 
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simulated map. We applied windows with different spatial resolutions, evaluating the cell 
change agreement on one cell resolution to the agreement in a defined neighborhood of 
the observed cell. This approach is suitable when testing the similarity of the observed 
and simulated spatial pattern of changes when the maps usually do not match on a 
single cell resolution. The result was the fuzzy similarity index, based on the agreement 
of change cells in both difference maps in expanding windows sizes (in this case from 1 
to 15 cells). Therefore, we defined the performance of the model as the success rate of 
modeling the spatial occurrence of change in a range of vicinity (Hagen 2003). 

Landslide risk 

We overlaid the model outputs with a landslide susceptibility map for Buzau County 
(Hussin et al. 2013) in a GIS (Fig. 4a). Landslide susceptibility is the probability of 
spatial occurrence of known landslides under a set of environmental characteristics 
(Glade and Crozier 2005; Guzzetti et al. 2006). Susceptibility maps can therefore be 
used to predict the locations of future landslides, based on an assumption they will 
occur on the same conditions as they did in the past (Guzzetti et al. 2005; Petschko et 
al. 2014). This way, they are useful when a landslide hazard map is either missing or 
incomplete, as is in this case. We assessed each scenario in terms of occurrence of 
deforestation in landslide susceptibility classes. Finally, we modeled two additional 
scenarios where we simulated both scenarios again with high landslide risk areas 
excluded. As a proxy for high-landslide risk in this data poor area, we defined areas with 
above 50 % landslide susceptibility in the distance of 90 m of significant elements at risk 
(settlements, roads, Fig. 4b). We compared the results with the two scenarios without 
landslide information, to identify the possible costs of this simplified risk policy. We 
achieved this by observing the occurrence of deforestation for both scenarios in slope 
classes and distance to roads, as proxies for accessibility. 

 

Results 

Weight of evidence and forest cover change probability 

The WoE varied substantially between deforestation and forest expansion (Fig. 5). The 
probability for deforestation decreased with the distance from roads, whereas it slightly 
increased for forest expansion (Fig. 5a). The probability for deforestation decreased 
with increasing slopes, and substantially increased for forest expansion (Fig. 5b). The 
probability map for forest expansion showed, that remote areas on higher altitudes and 
steeper slopes had a higher probability for forest expansion (Fig. 6a). More accessible 
grasslands and pastures on gradual slopes and lower altitude were therefore less 
susceptible to abandonment and forest expansion. The probability map for deforestation 
showed that the role of altitude is less significant, and factors like distance to roads and 
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slopes are more important (Fig. 6b). 

Fig. 4 

(a) Landslide susceptibility map (modified from Hussin et al. 2013) and (b) areas 
excluded for the additional model run: areas over 50 % susceptibility within a 90 m 
distance from settlements and roads 

 

 
 
 
Fig. 5 

Weights of Evidence values for distance to roads (a) and slopes (b) 
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Fig. 6 

Transition probability maps for (a) forest expansion and (b) deforestation for the year 
2010, ranging from 0 (low) to 1 (high) 

 

 

Simulated scenarios 

The 2040 scenarios show all locations where deforestation was projected to occur 
during the 30-year model run. For example, if an area had experienced deforestation in 
the earlier years of the run, this area was still portrayed as deforested in 2040. This 
way, we demonstrated the full spatial distribution of the landscape affected by 
deforestation. There were no considerable differences in the spatial distribution of forest 
cover changes between the two scenarios (Fig. 8). This is because they were both 
based on identical spatial factors and transition probability maps (Fig. 6). The two 
scenarios did however differ in the total 2010 forest areas subject to deforestation until 
2040: 2.2 % in the Alternative and 1.3 % in the BAU scenario (Table 2). The amount of 
forest expansion was 99.93 km2, resulting in an 8 % increase of forest cover in the 
Alternative, and an 8.8 % increase in the BAU scenario. For both scenarios this meant a 
14.3 % decrease in grasslands. 

 

Model performance 

The spatial agreement of change cells between the actual and modeled difference 
maps was described by the fuzzy similarity index (Fig. 7). This agreement ranged from 
51.5 % at the windows size of 30 m (single cell) to 83.9 % at the windows size of 450 m 
(15 cells neighborhood). All spatial factors had a Cramer coefficient below 0.25, with 0.5 
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being a threshold under which the spatial factors are independent (de Almeida et al. 
2003).  

Table 2 

Distribution of forest cover change scenarios and baseline among landslide 
susceptibility classes. The values for the scenarios are in ha and % of the total forest 
cover change process, the values for the baseline are in km2 and % 

 Scenarios – ha (%) Baseline 2010 – km2 (%) 
Susceptibility 
(%) 

Deforestati
on 

Alternative  

Deforestati
on BAU  

Forest 
expansion 

Total area Forest Non-forest 
areas 

  0 – 20 980.7 
(45.9) 

607.7 
(47.4) 

1844.7 
(18.5) 

1172.7 
(48.4) 

364.3 
(37.1) 

808.2 
(56.2) 

20 – 40 673.8 
(31.5) 

399.5 
(31.1) 

1407.0 
(14.1) 

534.2 
(22.1) 

350.6 
(35.7) 

183.1 
(12.7) 

40 – 60 374.7 
(17.5) 

219.8 
(17.1) 

1839.7 
(18.4) 

328.7 
(13.6) 

203.4 
(20.7) 

125.3 
(8.7) 

60 – 80 105.7  
(4.9) 

53.8  
(4.2) 

2344.4 
(23.4) 

216.9 
  (9.0) 

59.5 
(6.1) 

158.0 
(10.9) 

80 – 100  2.9  
(0.1) 

1.9  
(0.1) 

2558.2 
(25.6) 

168.5   
(7.0) 

3.2 
(0.3) 

  165.3 
(11.5) 

Total 2138 1283 9993 2421 981 1440 
 

 

Fig. 7 

Fuzzy similarity index, describing the agreement of change cells between the actual and 
modeled difference map using multiple resolution windows 
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Landslide risk 

The vast majority of deforestation was modeled in areas with low landslide 
susceptibility, as opposed to forest expansion (Table 2). In total, 483 ha in the 
Alternative run, and 276 ha in the BAU scenario were projected to occur in areas with a 
landslide susceptibility over 40 %. The amount of deforestation remained the same in 
model runs with excluded highly susceptible areas, with a slightly different spatial 
distribution (Fig. 8c and 8d). There are two main reasons behind the majority of 
deforestation being projected in areas with low susceptibility. First, the weights of 
evidence and consequent deforestation probability maps promoted deforestation on 
areas with lower slopes (Fig. 5b and Fig. 6). Secondly, non-forest areas had a higher 
likelihood of being characterized with higher landslide susceptibility than forest areas. In 
our example more than 80 % of forests were defined with a susceptibility value below 
50 % (Table 2). This means, that a landslide would be less likely to occur on a forested 
area, as opposed to a non-forested area with similar environmental characteristics 
(slope, lithology). This is not surprising, as evidence shows the positive influence of 
roots mechanically reinforcing soils in forested landscapes (Schmidt et al. 2001).  

We demonstrated the impact of implementing a risk policy by observing the changes in 
the distribution in distance and slope classes in the two additional scenarios (Fig. 9). We 
did not observe any evidence on increasing the distance of clear-cuts from roads. There 
were gains and losses in both the near and more distant 10-quantile classes (Fig. 9a). 
The impact of the risk policy is more significant when looking at differences to 
distribution in slope classes. In the Alternative scenario, more deforestation was 
projected on steeper areas (above 15 degrees), whereas in the BAU scenario, 
substantially more changes occurred in the slope class between 5 and 10 degrees (Fig. 
9b). Considering both distribution differences, the accessibility of clear-cuts decreased 
in the Alternative and did not change in the BAU scenario. Thus, the implemented risk 
policy could result in additional costs to forest exploitation when raising the clear-cut 
limit (Alternative) and no costs in the BAU clear-cut quantities.  
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Fig. 8 

2040 forest cover scenarios: (a) Alternative, (b) BAU; scenarios considering landslide 
risk: (c) Alternative, (d) BAU 
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Fig. 9 

Difference in distribution of deforestation taking into account risk information in (a) 
distance 10-quantile classes and (b) slope classes 

 

 

Discussion and Conclusion 

Current and past forest changes in the Carpathian region are well understood. The 
complex causes of forest cover changes are well studied and focus among others on 
changes to the ownership, forest policy and emergence of private forestry and wood 
processing industry (Ioras and Abrudan 2006; Griffiths et al. 2012; Munteanu et al. 
2014; Griffiths et al. 2014). Nevertheless, there is a lack of future projections on how 
continuing socio-economic and policy changes can affect the forest cover in a region in 
socio-economic transition, such as the Carpathians. In this study we generated future 
forest cover scenarios in a region in the Romanian Carpathians. These scenarios were 
based on identified possible changes to current forest policy. We then assessed 
potential future changes to landslide risk and the effect of a risk mitigation policy. 

The deforestation estimation part of the model differs substantially from other similar 
scale forest cover change studies. It is based on the identified changes in regards to the 
allowed forest harvesting and clear-cutting. This is not the case in several other studies, 
where estimates are based on observed historic forest cover transition rates: examples 
range among others from Brazil (Yanai et al. 2012), Indonesia (Fuller et al. 2011) to 
Laos (Kamusoko et al. 2013). These examples, however offer insight into the spatial 
allocation procedure, and the identification of spatial factors (elevation, slope, distance 
to settlements, roads). The process of forest expansion was based on remote sensing 
observations between 1989 and 2010. Forest expansion in the Carpathians is a long-
term process similar to other European mountain areas (Mather 2001; Kozak et al. 
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2007a; Munteanu et al. 2014). Therefore, we chose a longer period to simulate a long-
term forest expansion trend. The possible different rates of past forest expansion were 
thus not considered in the scenarios. Some parts of the Romanian Carpathians did 
however experience different rates of forest expansion due to different land 
abandonment rates in the past decades (Griffiths et al. 2013).  

It remains difficult to assess the performance of land cover change models, as they are 
calibrated with past observations, particularly when dealing with the location of changes 
and not just their quantity (Veldkamp and Lambin 2001). Nevertheless, we consider the 
performance of the model as satisfactory. The spatial agreement of our model is 
comparable with previous high resolution land change models developed in Dinamica 
EGO (Soares-Filho et al. 2002; Maeda et al. 2010; Maeda et al. 2011; Kamusoko et al. 
2013; Thapa et al. 2013). The results, however should be taken with care, as the 
uncertainty of the spatial allocation model is aggregated with the uncertainties in the 
input land cover and susceptibility maps. 

Several studies have addressed the influence of future land cover changes on risk, 
either through identifying risk hotspots (Promper et al. 2014) or overlaying the scenarios 
with a hazard map (Barredo and Engelen 2010). Due to lack of data on landslide hazard 
or risk, we used a landslide susceptibility map. Landslide susceptibility analysis has 
already been used to study the influence of past and current land cover (Chitu et al. 
2015; Reichenbach et al. 2015). Still, landslide data used for generating the 
susceptibility map could ignore landslides occurring in forests. This could result in 
underestimation of susceptibility values in forests and overestimation of susceptibility 
values on non-forest areas. The projected amount of deforestation in areas with higher 
landslide susceptibility cannot be considered insignificant, as the Subcarpathians are a 
relatively densely populated area. However, as most of the forest expansion was 
projected on areas with higher landslide susceptibility, we expect an overall regional 
decrease in landslide susceptibility. Reforestation can improve slope stability and could 
be considered as a risk reduction measurement (Phillips and Marden 2005). 

The cellular automata allocation algorithm simulates the choice of plots (cells) subject to 
deforestation and can explain the influence of the implemented risk policy. In the case 
of an excluded area (due to high susceptibility), the changes occurred in the nearest 
cells with a similar deforestation probability. This did not result in evident changes to the 
distance of deforestation from roads, however could still result in deforestation on 
steeper slopes. Therefore, the evidence on higher costs related to the accessibility of 
the clear-cuts is stronger in the case of slopes and less evident in the case of the 
distance. 

Deforestation could also lead to other consequences besides the potential changes to 
landslide risk. Among others, it might affect habitat fragmentation and changes to 
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landscape connectivity (Körner et al. 2005; Millenium Ecosystem Assessment 2005). 
This is important, as the Buzau Subcarpathians are characterized by a high frequency 
of European large carnivores such as the brown bear (Ursus arctos), and the wolf 
(Canis lupus) (van Maanen et al. 2006). Thus, we suggest additional research on 
analyzing the impact of deforestation on biodiversity. Forest expansion can also have a 
wide variety of other consequences: e.g. it can be beneficial for bird and large mammal 
habitats (Baur et al. 2006; Bowen et al. 2007; Navarro and Pereira 2012). Forest 
expansion can also have detrimental effects. Several studies have emphasized the 
influence of forest expansion and loss of grasslands on ecosystem services 
provisioning: loss of high-value nature grasslands, landscape diversity, and potential 
loss of important habitats (MacDonald et al. 2000; Fischer et al. 2008; Zimmermann et 
al. 2010). 

In this study we focused on plausible scenarios, however we could also study less 
likely, extreme scenarios. First example are scenarios where forest management is 
following only market demands, thus promoting less costly large scale clear-cutting 
(Thapa et al. 2013). Secondly, possible influence of new road infrastructure could be 
studied (Maeda et al. 2011; Kamusoko et al. 2013). Furthermore, our scenarios did not 
take into account illegal logging, a significant issue in the Carpathian region (Griffiths et 
al. 2012; Griffiths et al. 2014). Due to lack of data and the randomness of the 
phenomena, we believe other approaches such as agent based modeling should 
address this issue. Finally, we could investigate radical political changes, similar to the 
events after 1989 (ownership reforms, introduction of a market economy), or possible 
shocks as a dramatic wood demand due to bioenergy policy changes.  The level of 
plausibility of both developed scenarios (both are likely to happen) also lead to 
seemingly small differences between the two scenarios. Our results however showed, 
that already allowing an increase in amount and size of clear-cutting could lead to 
significant changes to landslide risk. Moreover, we showed that avoiding this risk could 
lead to higher costs to forest harvesting in case of the increase in clear-cutting. 
Therefore, we believe our approach is especially significant in providing information on 
possible changes to landslide risk and the effect of risk related policies.  

Scenarios are not exact projections of future states of the environment (Abildtrup et al. 
2006). Nevertheless, they can serve as a valuable tool to study policy decisions, leading 
to improved knowledge on forest exploitation and protection. Even though the 
uncertainties of data and the model have to be taken into account, the results suggest 
most likely areas where deforestation might occur in the future. Therefore, they could be 
prioritized as locations, where risk reduction measures need to be considered 
(reforestation, technical works). Moreover, improving the model with better data – 
especially in terms of landslide risk – could lead to more precise results, enabling the 
support and improvement of decision-making in forest management. 
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The use of scenarios as a methodology for studying land cover changes has been 
studied thoroughly on different scales and in different areas. This study however 
presents a new approach integrating qualitative methods such as interviews, with 
geospatial technologies such as GIS and spatial simulation. The developed scenarios 
were based on the understanding of the system of forest management, and were not 
based solely on extrapolating past trends. Moreover, the scenarios are spatially explicit, 
enabling the identification of the spatial pattern of change and possible critical areas of 
forest cover change. Another innovative aspect of the study is, that it analyzes possible 
changes to landslide risk, as a consequence of future forest cover change. Finally, this 
study contributes to the understanding of future environmental consequences of today’s 
decisions in the field of forest and land use management in the Carpathian region. 
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in Buzau Subcarpathians, Romania 
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Abstract 

When planning future management of environmental resource and preparing for 
potential undesirable events, it is necessary to study the consequences of possible 
futures. This study examines the effects of future changes to the forest cover in the 
Romanian Carpathians. It is an area with abundant forest resources, high biodiversity 
levels and dense distribution of landslides. Past trend of forest harvesting suggest that 
the ecosystem services provided by the forests and grasslands in the study area are 
subject to degradation. A geographic information systems based approach was used to 
analyse two scenarios of forest cover change, resulting in spatial distributions of gains 
and losses to three ecosystem services: wood provision, biodiversity support and 
landslide regulation. The results show that on a regional scale there will be many more 
gains than losses to wood provision and landslide regulation, and an overall loss to 
biodiversity support provided by high value nature grasslands. Still, several areas will 
experience a loss in terms of a steady provision of wood, as well as a potential increase 
of landslide occurrence due to deforestation. The approach can be applied to similar 
areas, where the lack of detailed data prevents more elaborate modeling procedures. 
Moreover, by performing a spatial analysis of changes to the provision of ecosystem 
services, potential hot-spots where environmental degradation can be expected can be 
identified. 

 

Introduction 

Mountain ecosystems provide vital resources and services to European societies, such 
as forest products, protection from natural hazards, tourism and recreation related 
services, and maintenance of biological diversity (Körner et al 2005; Schröter et al 
2005). They are essential to the survival of the complex global ecosystem as they 
support about one quarter of terrestrial biodiversity, with almost half of the biodiversity 
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on Earth concentrated in mountains and hills (Körner et al 2005). This is also the case 
in the Romanian Carpathians, providing valuable ecosystem services (ES) on a local, 
regional and wider European scale, being one of the biggest continuous forest 
ecosystems and shelters for large carnivores and herbivores (van Maanen et al 2006; 
Kozak et al 2007; Kuemmerle et al 2008). After the fall of socialism, the Carpathian 
region experienced the fall of large collective agricultural associations, changes to land 
use policy and dramatic changes to land ownership resulting in numerous new land 
owners (Mathijs and Swinnen 1998; Lerman et al 2004). As a consequence, the region 
witnessed land abandonment and reforestation, but also an increase in forest 
harvesting activities (Kuemmerle et al 2008; Müller et al 2009; Taff et al 2009; Baumann 
et al 2011). Indeed, the Romanian Carpathian ecosystems are among the most 
vulnerable to anthropogenic change due to severe natural conditions defined by 
altitude, slope, temperature, soil and precipitation that can result in slow recovery 
(Kozak et al 2007; Kuemmerle et al 2008). 

Ecosystems may deliver more than one service, and their manipulation to maximize one 
particular service can lead to unsustainable management and risks reducing other 
services. This decreases their value for other uses, leading to conflicts between 
different stakeholders that perceive different benefits from ecosystems (Scheffer et al 
2000; Fisher et al 2009; Castro et al 2011). Traditional multi-function landscapes are 
often turned into simple, single functioning land use types or into eroded or over-
exploited areas (De Groot 2006). To fully understand the environmental impact of 
resource exploitation, we analyzed possible consequences of forest harvesting in the 
Romanian Carpathians. More precisely, we focused on possible negative feedback in 
the form of poorer resource provision, biodiversity levels, and elevated landslide risk. 

The Subcarpathians of the Buzau County in Romania are a suitable case study area to 
apply the ecosystem services concept. This is due to its physical-geographic 
characteristics affected by the occurrence of hydro-meteorological hazards and the 
socio-economic background, as a result of recent policy and economic changes.  The 
area is experiencing an increased human influence, mostly in the form of a steady 
growth in forest exploitation. In addition, the Buzau county is characterized by high 
levels of biodiversity, and acts as a refuge for important European habitats and species 
within the Romanian Carpathians (Oszlányi et al 2004). 

In order to identify critical areas of changes to ecosystem services provisioning and to 
understand the changes in their spatial pattern, a spatially explicit approach is needed 
(Verburg et al 1999). A spatially explicit approach considers biophysical factors, such as 
terrain, hydrology, soil, geology, together with other spatial factors like distance to cities 
or population density. The changes in landscape, in terms of geographic location and 
spatial pattern, are reflected by changes in ES provisioning. There are several 
examples of spatially explicit analysis of ecosystem services provisioning. Burkhard et 
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al. (2010) assigned each landscape unit a value for provision of a variety of ecosystem 
services. Egoh et al. (2008) used different models to identify the location of hotspots for 
multiple ecosystem services provisioning. In terms of mapping ecosystem services, 
attempts have been made to map their demand and supply, as in the case of regulating 
river flows and floods (Nedkov and Burkhard 2012). In another example, the result was 
a spatially explicit valuation of ecosystem services (Grêt-Regamey et al 2008). Other 
studies focused on a spatial analysis of the ecosystem services value transfer (Troy and 
Wilson 2006). All these approaches involve a set of different models, demanding 
abundant data, especially when valuating ecosystem services in quantitative or 
monetary terms. 

To study the changes to ecosystem services provisioning, we adopted a geographic 
information system (GIS) based approach, suitable for data poor environments. We 
analysed the changes to wood provision, biodiversity support and the potential for 
landslide regulation by comparing future forest cover change scenarios with the existing 
forest cover. Forest change scenarios were used for the year 2040 generated in a 
previous study by Malek et al. (2014b). For wood provision, we observed the potential 
changes to the forest growing stock. The change in biodiversity support was analyzed 
by identifying the loss of high nature value (HNV) grasslands due to forest expansion. 
Potential changes to the ecosystems service of regulating landslides was assessed 
using a statistical landslide susceptibility model for different land-use scenarios. Our 
method resulted in a quantifiable and spatially explicit approach in order to describe a 
wider variety of possible changes to ecosystem services provisioning in the Buzau 
Subcarpathians. 

 

Study area 

The Buzau Subcarpathians (Figure 1) are situated in the Buzau County in southeastern 
Romania (45°27’3’’ N, 26°30’23’’ E). The area covers 2421 km2 located between the 
higher altitude Carpathian mountains and the lower Buzau plain. The mean altitude of 
the Subcarpathians is 429 m, with a maximum elevation of 1370 m above sea-level. An 
average slope of 11.5° combined with a geological composition of deposits of Neogene 
molasse, has caused the area to be highly predisposed to landslide occurrences (Micu 
and Bălteanu 2013). The annual precipitation ranges between 630-700 mm, with heavy 
spring and summer rainfall. In some localities, landslides cover more than two-thirds of 
the total area (Muică and Turnock 2008). Forests covers 40.5 % of the area (981 km2), 
together with grasslands (27.4 % of the area). The area has around 160000 inhabitants, 
with a 11% decrease in population since 1989 (INSSE 2013). Agricultural activities such 
as orchard growing and raising cattle and sheep still has a significant role in the local 
economy, but is drastically declining (MADR 2012). One of the major economic 
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activities in the area is forest harvesting and wood processing that has a growing trend, 
both in employment and export. The socio-economic changes in Romania since 1989 
have resulted in the area being affected by economic collapse, abandonment of 
agricultural land and stagnation of urban development (INSSE 2013), while witnessing 
an increase in forest disturbances. This could be related to numerous reasons, from 
poor socio-economic conditions after 1989; chaotic land ownership reforms, land 
retribution; to inefficient forest policy implementation (Malek et al 2014). Indeed, the 
ownership situation has changed drastically since 1989, while 100% of all forests were 
previously government property, at least 34.7% has become privately owned since 2010 
(INSSE 2013). 

Fig.1: Study area. The land cover map is modified from Malek et al. (2014) 

 

 

Methods 

Future forest cover scenarios 

We generated two spatially explicit scenarios for the year 2040, based on the 
assumptions of future changes to forest harvesting policy in Romania in our previous 
study (Malek et al. under prep.). Participatory scenario modeling was combined with 
Dinamica EGO, a raster based environmental modeling software to develop a spatially 
explicit forest cover change model (Soares-Filho et al 2002). In the scenarios, we 
focused on two forest transitions: (1) forest expansion and (2) deforestation. Forest 
expansion was defined as a change from non-forest (e.g. grassland, agricultural areas 
and other types of vegetation) to forested areas. Deforestation was defined as a 
transition from forest to  non-forested areas. The first part of the model consisted of the 
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scenario module, which estimated the amount of deforested areas based on the 
assumption of the forest harvesting policy in Romania. It considered the most likely 
changes to the amount of allowed forest harvesting, potential clear felling 
(deforestation) and risk related policy. The second part was the spatial allocation 
module, which defined the spatial pattern and location of forest expansion and 
deforestation. This was done by training the model with topographic, forest and remote 
sensing data between 1989 and 2010 on a 30 m spatial resolution within Dinamica 
EGO. 

 

Changes to the provision of ES 

In this study, we analysed changes to the provisioning (wood provision), regulating 
(landslide regulation) and cultural (biodiversity provision) ecosystem services in the 
Subcarpathians of Buzau County. The description of ecosystem services and the 
methodologies to analyse the changes are described in the following paragraphs. The 
changes to all ecosystem services were assessed through a spatially explicit pixel 
based approach, where future forest scenarios were compared to the existing forest 
cover in a GIS environment (Quantum GIS Development Team 2013). The conceptual 
methodology of changes to the provisioning of ecosystem services in our study is 
summarised in Table 1. 

 

Provisioning services: Wood provision 

Subcarpathian ecosystems provide the communities at a local and regional scale with 
many resources, among which wood is the most important. This is being demonstrated 
by a vital part of the local economy, which now depends on wood harvesting and 
processing (MADR 2012). Since 1989, forest management has been experiencing 
difficulties due to changes in the legislation of forest harvesting and ownership. The past 
trends suggest that wood provision might change in the future due to growing demands 
for wood and expected changes in forest legislation (Malek et al 2014). Therefore we 
have analysed possible future changes to wood provision by comparing the ability of 
future forest scenarios to provide wood compared to the current situation. If an area 
experienced forest expansion, this was identified as gain in the provision of wood. Our 
assumption was based on the fact that an increase in forest cover leads to more forest 
growing stock, therefore enabling more wood that can potentially be used as a resource 
according to the Romanian forest legislation (Giurgiu 2004). The new potential growing 
stock was calculated using the extent of the new projected forest and the value for a 
mean annual increment of young mixed forest (with an age of 0 to 30 years), which is 
defined as 8 m3/ha by the regional forest authorities. In the case of deforestation, this 
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was identified as a loss of wood provision, as clear cutting leads to a loss of an area 
that could contribute to the net annual increment. Clear cutting, as a type of forest 
harvesting with short term economic gains, decreases the potential of an area to 
provide a steady and continuous supply of wood. Here, the potential loss of a net 
annual increment was calculated using the areal extent of deforestation and the value of 
6 m3/ha for the increment of mature mixed forests older than 80 years. Due to the 
unavailability of more detailed forest data (such as forest quality, tree heights and 
spatial distribution of prevalent species such as spruce, beech and pine), we had to 
assign a mean value to all forest areas based on expert opinion. This was also the case 
in defining the higher net annual increment for younger forests, as compared to older, 
mature forest stands. Another assumption in our assessment was, that if the forest 
remained the same, there was no change to wood provision. This way we only focused 
on the possible consequences of the forest cover change scenarios. 

 

Cultural services: Biodiversity provision 

Subcarpathian high nature value (HNV) grasslands are low intensity agricultural habitats 
that are amongst most biologically rich and diverse ecosystems (Bignal and McCracken 
1996). The concept of HNV was developed to identify areas in Europe where 
agricultural land use supports high species and habitat diversity (Andersen et al 2003). 
Thus, we used HNV grasslands as a proxy for the ecosystem service of habitat and 
biodiversity provision. Land abandonment and forest overgrowth have a negative effect 
on habitat and biodiversity provision, as they threaten the maintenance of HNV 
grasslands. The provision of supporting ecosystem services was assessed based on 
the losses of HNV grasslands due to forest expansion. To map HNV grasslands, we first 
extracted all built up areas, forests, bare lands and water bodies from the 2010 land 
cover map generated through the LANDSAT classification by Malek et al. (2014). This 
was followed by the manual identification of HNV grasslands among the remaining 
agricultural and grassland areas using the HNV region definition (MADR 2012) and 
areas with high proportion of semi-natural vegetation. Therefore, we also excluded 
intensive agricultural areas. A mosaic was also produced of low intensity agricultural 
areas, including small scale natural elements such as riparian vegetation (Paracchini et 
al 2008).  

 

Regulating services: potential for landslide regulation 

Regulating services allow mountain areas to be habitable and are key to the safety of 
numerous settlements and communication lines, maintaining access to these areas. Life 
conditions in mountain areas are determined by physical processes, related to gravity 
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(natural hazards), such as erosion, landslides, avalanches and rockfall (Körner et al 
2005). In the observed case study area, one of the most important local ecosystem 
services is the regulation of landslides. A healthy vegetation cover can affect slope 
stability through erosion control and water regulation, especially in a landslide prone 
area such as the Buzau Subcarpathians (Swift et al 2004). As the data on landslide 
hazard and risk is relatively scarce in this case study area, we have generated a 
landslide susceptibility map to identify areas that have the highest susceptibility of 
landslides. Later we have run the landslide susceptibility model with the future forest 
cover scenarios, to study the effects of land-use changes on the landslide susceptibility. 
Here we have extracted the areas where landslide susceptibility had increased, and 
translates to a loss in regulating services. Areas where landslide suceptibility decreased 
indicated a gain in regulating services. 

Landslide susceptibility analysis was performed using Weights of Evidence (WoE) a 
statistical data-driven Bayesian probability model (Bonham-Carter 1994). It is based on 
the spatial association between known occurrences (observed landslide scarp points) 
used as training dataset, and a series of evidential themes, in order to determine a 
predictive output represented by a post-probability map. For each class of every 
individual explanatory variable positive and negative weights were calculated on the 
basis of the positive and negative correlation with the training dataset. This approach 
has been widely used in many scientific fields and it has been proved to give good 
performances in predicting spatial probability of landslide occurrence in many different 
areas (Lee et al 2002; van Westen et al 2003; Lee and Choi 2004; Thiery et al 2007; 
Regmi et al 2010; Ozdemir and Altural 2013) but also in the case study here presented 
(Hussin et al. 2013; Zumpano et al. 2013; Zumpano et al. 2014).  

Eight explanatory variables were selected to perform the analysis: digital elevation 
model (DEM) derivates such as altitude, aspect, planar curvature, profile curvature, 
slope and internal relief, and a soil and land use map (Zumpano et al. 2014). We chose 
to use the soil map to represent the characteristics of the materials involved in the 
failures that are mainly shallow to medium seated landslides. This was due to the fact, 
that previous studies have shown that the replacement of the lithological map with the 
soil map gives significantly better performances, probably due to the fact that the 
variable "soil" represents better the material involved in these failures (Hussin et al 
2013; Zumpano et al 2013; Zumpano et al 2014). The DEM derived maps were 
reclassified in 10 classes using quantiles, except for the aspect which was reclassified 
in 9 classes according to the main compass directions plus one class defining flat areas. 
The soil and the land-use maps were reclassified, based on expert judgment. The 
landslide inventory derived from archive data (Institute of Geography, Romanian 
Academy, Buzău County Inspectorate for Emergency Situations) consists of 1518 
observed failures. Landslide scarps were represented with centroid points, then split 
using a random selection into two equal subsets and used for training and prediction. 
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Table 1: Definition of gains and losses to ecosystem services provisioning 

Ecosystem 
service 

Gain  Loss 

Provisioning:  

wood provision 

Increase of forest cover 
(ha) * 8 m3/ha 

Deforested areas (ha) * 6 
m3/ha 

Cultural:  

biodiversity 
provision 

No gain analysed Forest expansion on the 
account of HNV grassland 
and a consequent loss 

Regulating:  

regulating 
landslides 

Decrease in the level of the 
area’s landslide 
susceptibility 

Increase in the level of the 
area’s landslide 
susceptibility 

 

Results 

Forest cover change scenarios 

Based on the two scenarios, future changes to forest cover were extracted. The 
alternative scenario of maximizing forest harvesting resulted in 21.41 km2 of 
deforestation, whereas the business as usual scenario (the forest harvesting policy 
remains the same) resulted in only 12.84 km2 deforestation. Both scenarios have the 
same extent of forest expansion (99.93 km2), as this transition was based solely on the 
spatial and biophysical characteristics of the area, excluding protected areas under the 
Natura 2000 network. The spatial distribution of future forest cover scenarios is 
summarized in Fig. 2. These two scenarios served as land cover maps when performing 
the analysis of changes to ES. 

 

High Nature Value Grasslands 

The total agricultural land, grasslands and other vegetation types cover an area of 
116450 ha (48 % of the study area). From this, HNV grasslands cover 54680 ha, or 47 
% of the current maximum potential HNV grassland extent (all areas that are not built-
up, bare or covered by forests or water). Most of the grasslands in the hilly areas of the 
Subcarpathians are classified as HNV grassland, whereas this is not the case for valley 
and lowland grasslands (Fig. 3).  
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Fig. 2: Spatial distribution of the alternative deforestation scenario (a) and business as 
usual scenario (b) for the year 2040 modified from Malek et al. (under prep). 

 

 

Landslide susceptibility 

The majority of areas are characterized by low landslide susceptibility. However,  most 
of the areas with a low susceptibility to landslides are on the valley floor and less steep 
areas. Areas with more than a 50 % of landslide susceptibility (characterized as 
medium, high and very high susceptibility) are mostly present on steeper slopes that are 
not covered by forests. In this example, more than 90 % of forests are defined with a 
susceptibility value below 50 %. The fact that it is less likely that a landslide occurs on a 
forested area is not surprising, as evidence shows the positive influence of vegetation 
for soil reinforcement (Schmidt et al. 2001). 
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Fig.3: High Nature Value (HNV) Grasslands in the Buzau Subcarpathians  

 

 

Fig.4: Buzau Subcarpathians Susceptibility Map 
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Changes to ecosystem service provisioning 

The results of changes to ecosystem service provisioning are spatially explicit and are 
also described in quantitative terms (Fig.5 and Table 2). As observed on the maps in 
Fig.5, changes occur in locations that are similar for all groups of ecosystem services 
and for both scenarios. This can be attributed to the application of the same spatial 
suitability model and spatial data (topography, distance to settlements, slopes…) when 
simulating both scenarios (Malek et al. under prep). Still, the surface areas describing 
the changes to ecosystem service provisioning differ between the two scenarios. 
Presenting numbers and locations for both gains and losses instead of net values that 
do not consider spatial variation is important, as some areas might experience only 
gains, while other experience only losses. Also, the spatial explicitness can inform us of 
potential critical areas (e.g. side catchments) that might experience significant loss to a 
particular ecosystem service. 

In terms of wood provisioning, the 2040 scenarios do not differ in terms of gains. This is 
due to the fact that the projected forest expansion is the same for both scenarios. The 
scenarios however differ drastically in terms of losses to wood provision. More 
deforestation is projected in the alternative forest harvesting scenario, resulting in a 
bigger loss of the potential for forest harvesting, which is defined by the loss in mean 
net annual increment per year.  

When looking at the changes to biodiversity support, both scenarios result in a 16.4 % 
loss of HNV grasslands due to forest expansion. Most of the forest expansion occurred 
on areas at higher altitudes and steeper slopes currently classified as grasslands or low 
intensity agriculture, which have been subject to high abandonment rates in the last 25 
years (Malek et al 2014). These areas also contain a considerable presence of HNV 
grasslands, resulting in their rather high loss. As the expansion of low intensity 
agriculture and semi-natural grasslands was not addressed in the modeled scenarios, 
there were no gains of biodiversity provision analysed.  

The two scenarios differ slightly in terms of gains to landslide regulation: 6.1% of the 
whole area in the alternative, and 6.2% in the business as usual scenario are projected 
to experience a decrease of the level of landslide susceptibility. The difference between 
the scenarios is more obvious when looking at the areas subjected to an increased level 
of landslide susceptibility. Here, 4.4% of the total study area in the alternative and 4.1% 
in the business as usual scenario experienced an increase of the level of landslide 
susceptibility. When looking at regional net gains, the alternative scenarios results in 
4068 ha, and the business as usual in 5228 ha of net gains for landslide regulation in 
the form of the decrease landslide susceptibility. Even though it appears, that on the 
regional level, the area will experience a net gain for landslide regulation, there is a 
considerable amount of zones that are subject to loss of landslide regulation (Fig. 4). In 
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a landslide prone area like the Buzau Subcarpathians, such local scale changes are 
significant, as they can result in a local increase of occurrence and intensity of 
landslides.  

 

Table 2: Gains and losses to ecosystem services provisioning under two 2040 
scenarios of forest cover change 

 Alternative scenario Business as usual 

Ecosystem service Gain Loss Gain Loss 

Wood provision 

(gains and losses in net 
annual increment per 
year) 

9993 ha * 
8 m3/ha = 
79944 m3 

2141 ha * 
6 m3/ha = 
12846 m3 

9993 ha * 
8 m3/ha = 
79944 m3 

1284 ha * 
6m3/ha = 
7704 m3 

 

Biodiversity provision 

(ha of HNV grasslands 
lost) 

 

No gain 
analysed 8967 ha No gain 

analysed 8967 ha 

Landslide regulation 

(decreases (gain) eases 
(loss) in the level of 
landslide susceptibility) 

14744 ha 10676 ha 15060 ha 9835 ha 
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Fig.5: Changes to the three ecosystem services for the alternative deforestation (ALT) 
and business as usual (BAU) scenario: (a) wood provision, (b) biodiversity support and 
(c) landslide regulation potential. 
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Discussion 

In this study we analysed future changes to the provisioning of ecosystem services in 
the Subcarpathians of Buzau County in Romania. Based on future forest cover 
scenarios under changes to the forest harvesting policy, we focused on three 
ecosystem services: wood provision, biodiversity support and landslide regulation 
potential. As it is a relatively data poor area, it was necessary to use a set of proxies 
and assumptions for all three ecosystem services. Similar studies on potential future 
changes to ecosystem service provisioning in the Carpathian region are rare. Existent 
research on land cover changes in the Carpathian region showed that their driving 
forces and possible consequences are complex (Griffiths et al 2012). This study 
complements the understanding of a variety of possible consequences of forest cover 
changes, and also addresses the spatial component of this issue. 

The spatial assessment differs from other similar scale studies on ecosystem services. 
This study aims at quantification of potential future changes to ecosystem services. 
Using two scenarios based on a set of changes to the Romanian forest policy, we 
aimed at improving the understanding on how future changes to the forest cover can 
result in either gains or losses to ecosystem services. On the other hand, previous 
studies have assessed ecosystem services, usually focusing only on current land cover. 

This study offers an explanation on the consequences of increasing forest harvesting in 
the area. Seen as a means to improve the regional economic development, forest 
harvesting can result in a variety of different consequences. First of all, deforestation 
due to clear-cut forest harvesting results in short term financial gains, but at the same 
time decreases the potential of the forest to provide a steady and continuous flow of 
wood resources. The alternative scenarios result in a 66.7 % higher loss of forest areas. 
This affects the potential for wood provision in the form of traditional forest harvesting 
methods more than the business as usual scenario.  Secondly, deforestation can result 
in a local increase of landslide risk, posing a threat to livelihoods and infrastructure. This 
was analysed by modeling the changes to landslide susceptibility using the same static 
variables (elevation, slope, geology), while changing the land cover according to future 
forest scenarios. The business as usual scenario resulted in a 7.9% lower loss and a 
28.5% higher net gain of the landslide regulation potential when compared to the 
alternative scenario. Our results indicate that short-term gains from forest harvesting 
can have negative consequences in the form of increased landslide risk. 

Forest expansion as the dominant future land-use change in the area has positive and 
negative consequences to human well-being. On one hand, it can result in the decrease 
of high nature value grasslands, leading to lower biodiversity levels, loss of significant 
habitats and a more homogeneous landscape (MacDonald et al 2000; Fischer et al 
2008; Zimmermann et al 2010). On the other hand, it can result in a lower risk to 
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landslides, as areas covered with forests have a lower landslide susceptibility than 
areas covered with grasslands or low intensity agricultural areas. Reforestation has the 
ability to increase slope stability, which is considered as a landslide risk reduction 
measure (Phillips and Marden 2005).  This is a good trade-off between increased safety 
and economic gains (e.g. lower damages on infrastructure), and a lower cultural value 
of the landscape. 

Using a spatially explicit pixel based approach we were able to identify the spatial 
distribution of the gains and losses to ES. Areas that have witnessed these changes are 
however subjected to a level of uncertainty. The uncertainty in this study is related to 
several aspects of the input data and the models used. Firstly, uncertainty is defined by 
the accuracy of the classified land cover maps serving as an input in forest change 
simulation. Despite the fact that the maps have more than a 90% accuracy, a statistical 
error of the area estimation suggests that the location accuracy can still vary from 4 to 
30 % (Olofsson et al 2013; Malek et al 2014). Secondly, the accuracy of the future 
forest change allocation model implies that locations of future changes have up to a 16 
% spatial disagreement when validated with past data (Malek et al. under prep.). 
However, the projected future scenarios are considered acceptable, as their accuracy is 
comparable with other high resolution land cover change models (Soares-Filho et al 
2002; Maeda et al 2011). Moreover, our susceptibility model is also characterised by a 
certain level of uncertainty, defined both by the model and the mapped landslide data 
used in the analysis. Finally, due to data scarcity our approach dealing with assessing 
the changes to wood and biodiversity provision is based on expert opinion. All these 
errors are aggregated in final maps presenting the changes to ecosystem service 
provisioning. Therefore, the results have to be analysed through the prism of possible 
inconsistencies and errors when looking at the exact locations of changes to ecosystem 
services provisioning. We suggest the results should be discussed as suggestions for 
most plausible areas, where changes to ecosystem services provisioning might occur in 
the future. 

For future research we suggest an additional, more thorough analysis of changes to 
ecosystem service provisioning. In case of resource provision, this could be performed 
with more detailed data and spatial distribution of forest types, age and quality. 
Moreover, data regarding the ownership and economic value of forests could improve 
the assessment of potential trade offs of future forest harvesting and forest expansion. 
In terms of biodiversity provision, deforestation and forest expansion can also have 
other consequences than the loss of HNV grassland, like changes to habitat 
fragmentation and landscape connectivity (Körner et al 2005; Millenium Ecosystem 
Assessment 2005). This might affect vital habitats of large European carnivores present 
in the area, like the wolf (Canis lupus) and brown bear (Ursus arctos) (van Maanen et al 
2006). When analyzing potential changes to landslide regulation potential, improved 
spatial and temporal resolution of landslide data could allow the use of more elaborate 
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runoff models. Improving the data and the models can lead to prioritization of locations 
where measures for regulation of ecosystem services degradation can be considered. 
These can be performed as reforestation or technical measures, or grassland protection 
together with incentives for low intensity agriculture. Through more accurate results, the 
approach could so fully utilize its decision support potential and could lead to more 
informed grassland and forest management decisions. 

The application of future forest change scenarios, together with the assessment of 
changes to ecosystem services provisioning is continuously being studied at different 
scales and study areas. These studies can provide additional understanding on possible 
consequences for forest harvesting, habitat conservation and risk management. This 
study improves the understanding of possible future gains and losses of ecosystem 
services provisioning as a consequence of different forest management in the 
Carpathian region. 

 

Conclusion 

This study aims at improving the understanding of possible future changes to the 
provision of ecosystem services in the Romanian Carpathians. As the area is subject to 
increased pressures for forest harvesting, we focused on two future scenarios of 
changes to the forest cover. Both scenarios have considered forest expansion following 
historic observation and deforestation as a consequence of clear-cut forest harvesting 
practices. Both forest transitions can have a variety of effects to the environment, which 
is why we analysed the changes to the provision of three ecosystem services: wood 
provision, biodiversity support and landslide regulation. The changes were analysed by 
comparing two 2040 forest cover scenarios with the 2010 forest cover. 

The two scenarios described as (1) alternative forest harvesting and (2) business as 
usual, try to project the state of the Buzau Subcarpathian forests and grasslands in 
2040. Both scenarios had the same extent of forest expansion, however were different 
in terms of areas subjected to deforestation. To analyse the changes to ecosystem 
services provisioning in this data scarce area, we applied three proxy indicators, 
describing the gains and losses of a particular ES. 

Wood provision is defined by the extent of new forest areas due to forest expansion as 
a gain, and by the extent of deforested areas as a loss to ES provisioning. The 
alternative scenario projected a 66.7% higher deforestation, therefore resulting in a 
higher loss for wood provisioning due to a decrease in the potential of the forest to 
provide a steady supply of wood. Biodiversity support is defined by the extent of high 
nature value grasslands in the area. These low intensity agricultural areas are 
characterized by high biodiversity levels. Both scenarios result in the loss of biodiversity 
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support due to their prevalent transition of forest expansion. Changes in landslide 
regulation potential were analysed by observing the changes to landslide susceptibility 
of the area. The gains are described by lower levels, and losses by higher levels of 
landslide susceptibility. The business as usual scenario results in a 7.9% lower loss of 
landslide regulation potential compared to the alternative scenario, as a result of 
deforestation. On the other side, it also results in a 28.5% higher regional net gain of 
landslide regulation potential compared to the alternative scenario, as a consequence of 
the simulated forest expansion. 

Despite the uncertainties of the data and models applied, the comparison of the two 
scenarios provides valuable information on the consequences of future forest 
harvesting. This helps to enable vital decision support when assessing forest harvesting 
policies and informing decision makers on potential gains and losses of future 
development. Finally, the approach supports the prioritization of areas where losses to 
ecosystem service provisioning are more likely to occur. 
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Abstract Lack of information and large uncertainties can constrain the effectiveness 
and acceptability of environmental models. Fuzzy-logic cognitive mapping (FCM) is an 
approach, able to deal with these limitations by incorporating existing knowledge and 
experience. It is a soft-knowledge approach for system modeling, where components of 
a system and their relationships are identified and semi-quantified in a participatory 
way. Its usefulness has been manifested through applications in a variety of disciplines, 
from engineering, information technology, business, and medicine. This chapter 
introduces FCM as a simple, transparent and flexible participatory method to model 
complex social-ecological systems based on expert and stakeholder knowledge. It 
describes the evolution of FCM to environmental modeling due to its ability to facilitate 
public participation, data generation and systems thinking. Numerous actors can be 
involved when studying environmental issues: experts, scientists, decision makers and 
other stakeholders. Thus, a wide range of opinions and perceptions can be taken into 
account, providing a platform for discussion and negotiation among different actors. 
Moreover, data otherwise inaccessible can be gathered through FCM. Finally, one of 
the most significant characteristics of the method is the possibility to study causal 
relationships and feedback loops. This way, FCM supports decision-making by 
simulation and scenario studies. 

Chapter Highlights 

Approach: This chapter presents fuzzy-logic cognitive mapping as a participatory 
method for modeling social-ecological systems. The overview of the method is 
discussed through its evolution, suitability for application in environmental modeling, 
and examples in environmental research. 

Participant Engagement: Fuzzy-logic cognitive mapping facilitates interactive 
stakeholder involvement throughout the entire modeling process, offering a possibility 
for discussion, negotiation, consensus building, and social learning.  
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Models/Outcomes: Final outcome are semi-quantitative models representing most 
significant components and their relationships of a social-ecological system. These can 
be used to increase understanding of a particular issue, analyse possible changes to 
the system, and project future scenarios, or serve as a communication or perception 
analysis tool. 

Challenges: The results of this semi-quantitative method can only be interpreted 
comparing to other components in the model, and cannot be taken as absolute real-
value outcomes. Also, to overcome the possible biases, subjectivity and difficulties in 
assigning weights to interconnection in the model, numerous stakeholders need to be 
involved.  

 

1. Introduction  

When addressing environmental issues, we often come across gaps in knowledge, 
limitations in data and uncertainties in understanding. Not having enough information to 
apply analytical models therefore poses a growing need for alternative models that 
allow improving the knowledge and generate solutions starting from stakeholders’ 
perceptions (Hurtado 2010). Indeed, the use of both expert and local stakeholders’ 
knowledge has been growing in environmental modeling (Özesmi & Özesmi 2004). Still, 
participatory environmental modeling can be challenging, due to several reasons. First 
of all, environmental issues involve numerous actors with different perspectives and 
conflicting interests, and are characterized by intangible causes and key uncertainties 
(Mingers & Rosenhead 2004). Furthermore, participatory environmental modeling can 
be extensive, complicated and inapprehensible to stakeholders otherwise unfamiliar 
with modeling. This is also demonstrated by the clear gap between the demands of 
researchers and their quantitative simulation models, and the stakeholders’ needs for 
simple decision support tools (van Kouwen et al. 2008). Finally, information provided by 
the experts can be unclear, incomplete and subject to personal bias (Krueger et al. 
2012; Page et al. 2012). 

Fuzzy-logic cognitive mapping (FCM) can serve as a means for clear, transparent 
participatory modeling, and improving otherwise lengthy and complicated procedures of 
gathering expert based data. It is a soft-knowledge methodology, where a number of 
identified concepts and the relations between them are depicted in a form of a graph. 
This allows a semi-quantitative description of various interactions within a system, and 
enables visualizing causal reasoning. Thus, significant information about a system can 
be encoded and visualized, helping to reduce uncertainties and exceed limitations in 
knowledge and data (Hobbs et al. 2002). Since its emergence from cognitive mapping, 
FCM evolved into a means to confront uncertainty, offering simulation besides only 
description and visualization. FCM can be used to develop simple qualitative models of 
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a particular system, to quantify causal relationships of measureable physical variables, 
or to model abstract and complex theories. Therefore it is suitable for modeling a variety 
of systems, and has been applied in several disciplines, among others banking, 
information technology, and engineering. 

This chapter introduces fuzzy-logic cognitive mapping as a participatory environmental 
modeling approach, able to overcome the unknown in knowledge and data. It presents 
its evolution into a method for identifying key issues and modeling system structure. 
Moreover, being a transferable modeling approach applied to a number of 
environmental issues, its application in environmental modeling and decision support 
will be presented. 

2. Description 

Fuzzy-logic cognitive maps are semi-quantitative, mental models of a given system. 
They are graphical representations representing the behavior of complex systems 
based on expertise and understanding of a particular domain (Kosko 1986). Due to their 
ability to represent complex models, they are considered as an alternative to other 
system modeling approaches. A fuzzy-logic cognitive map consists of numerous 
concepts representing components of a system, and the causal links between these 
concepts, describing how different concepts are influencing each other. The concepts 
and relationships are represented in graphical form, allowing easy visualization and 
control of the system.  

The graphical representation of the system consists of a directed graph: nodes 
connected with edges in the form of arrows. The nodes represent concepts, which are 
the most significant components of the system as defined by the experts involved. They 
can either be vague or abstract ideas, such as aesthetics or satisfaction, or measurable 
physical quantities such as precipitation or percentage of a vegetation cover (Özesmi & 
Özesmi 2003). Moreover, they can represent logical propositions (thresholds of a 
specific process), state variables (quality, abundance), rare events (weather extremes), 
and decisions (harvest quotas), and can thus describe the management of a particular 
system (Hobbs et al. 2002). Directed edges connecting the nodes, represent the causal 
relationships between different concepts. The assigned weights of the edges quantify 
how the concept at the beginning of the edge influences the concept at the other end 
(McNeill & Thro 1994). Fig. 1 shows a simplified FCM as a graph consisting of nodes 
and weighted connections. For modeling complex systems the edges can be defined as 
feedback loops, therefore FCM could be considered as a system dynamics approach 
(Kok 2009). The mathematical representation of a Fuzzy-logic Cognitive Map is 
represented by the numerical values of nodes and edges and the vector matrix 
calculation (van Vliet et al. 2010). The numerical values of nodes range between 0 and 
1, and edges between -1 and 1, thus describing the value of concepts, and strength and 
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direction of the causal relationships. A positive relationship means an increase 
(decrease) of the first concept leads to an increase (decrease) in the other, and the 
negative relationship means an increase (decrease) in the first concept leads to a 
decrease (increase) in the other. A weight with a value 0 indicates no relationship 
between the two concepts. Whereas numerical values for edges are defined by expert 
opinion or empirical data, the values of nodes can either be calculated by the model, or 
are fixed boundary conditions (Hobbs et al. 2002).  

Constructing a fuzzy-logic cognitive map demands the involvement of experts or 
stakeholders, as the method takes advantage of their knowledge and experience. The 
first step in the construction process is the identification of concepts by the involved 
stakeholders. Afterwards, the stakeholders identify causal relationships among these 
concepts and describe them as negative or positive, allowing the draft of the first 
versions of the directed graph. Finally, these relationships are estimated and ranked as 
numerical values, or defined as a set of linguistic variables than can later be 
transformed to values between -1 and 1 (from negatively very very strong, to positively 
very very strong…). The constructed FCM can be later modified and altered at any time. 
The concepts and their relationships can be either constructed through interviews, 
group sessions, questionnaires, or document interpretation (Ülengin & Topçu 1997). 
The approach is semi-quantitative in spite the possibility of quantifying the values of 
nodes and edges supported by empirical data. This is due to the fact, that the 
quantification is performed based solely on the relationships between the concepts, and 
that the outcomes can only be compared within the system. Also, the concepts, their 
relationships and assigned weights are subjective, by reflecting the perspectives and 
opinions of participants. Still, they are not random due to an involvement of a group of 
experts with knowledge in the domain of the system (Tan & Özesmi 2006). A FCM can 
be constructed by a single expert. Involving a group of experts however improves the 
reliability of the FCM, as the approach allows a simple knowledge aggregation from 
multiple sources (Stach et al. 2005). Constructing a FCM collectively through a group 
meeting, can minimize misunderstanding and improve knowledge, and accelerate the 
constructing process (Hobbs et al. 2002). 

3. Evolution of FCM 

Fuzzy-logic cognitive mapping evolved from concept and cognitive mapping, studying 
structures, interconnections and causal relationship of a particular issue. The 
development of the approach went hand in hand with the recognized deficiency of other 
methods to deal with complex systems, related to model causal relationships and 
feedback loops. Originally meant to model social, economic and political systems, FCM 
has developed into a tool for modeling systems, and analyse decisions and processes 
in different scientific areas.  
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Fig. 1 An example of a fuzzy-logic cognitive map: a) the graphical representation of 
FCM, b) relationship vector matrix as a mathematical representation of FCM. Nodes Cx 
represent concepts with a state value. The weights and arrows of the causal 
relationships Wx represent the influence one concept has on another. 

 

 

The concept of semi-quantitative representation of a system origins from the graph 
theory that has been formulated by Euler in 1736 and has witnessed drastic 
development by mathematicians since (Biggs et al. 1999). The methods of graph theory 
are used to analyse the structural properties of a graph, such as a fuzzy-logic cognitive 
map (Özesmi & Özesmi 2003). With its help we can understand the complexity of the 
modeled system, for example by describing the centrality and density of its graph, thus 
providing quantitative indicators about the graph’s characteristics. The term cognitive 
mapping (CM) was already coined in 1948 by Tolman, however adopted by Axelrod to 
model decision-making processes using directed graphs where a set of nodes are 
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connected by directed edges. The theory of directed graphs has been developed in the 
20th century for structural studies, e.g. in anthropology (Hage & Harary 1983). The goal 
of CM was to construct a graphical representation of a person’s belief about an issue on 
a conceptual, qualitative level (Axelrod 1976). Besides being a participatory technique, 
CM went beyond simple listing of ideas by organizing them into a map showing the 
interactions between these ideas, thus structuring them (Mendoza & Prabhu 2006). CM 
has been used to capture different mental models and deal with strategy making 
(Ackermann & Eden 2004). It can however result in large and inapprehensible models 
difficult to analyze, and does not take into account indirect variables, feedback loops 
and time lags (Jetter & Schweinfort 2011). To overcome these limitations, (Kosko 1986) 
modified cognitive maps with fuzzy logic. Unlike Axelrod’s CMs, where the relationships 
are described by the discrete values 0 or 1, the strengths of causal relationships in 
Kosko’s FCM are fuzzy and range between -1 and 1. By being defined as positive or 
negative, they describe the direction and type of causality. Moreover, causal 
relationships in FCM are dynamic, meaning that altering one node affects all nodes in 
the path, allowing the study of feedback loops. The fuzzy-logic and consideration of 
causality proved to be useful when incorporating vague and qualitative knowledge 
(Rotmans 1998). 

The flexibility of the tool is manifested through its diverse applications. In engineering, 
FCM has been widely used for controlling and supporting, as well as projecting future 
outcomes of changes to processes. It has been applied for supervision of manufacturing 
systems (Stylios & Groumpos 1999), human reliability in industrial facilities (Bertolini 
2007), and safety evaluation (Enrique Peláez & Bowles 1996) to name a few. In 
information technology (IT), FCM has been applied mostly to support IT project 
management. Applications in IT range from evaluating investments in information 
systems (Irani et al. 2002), knowledge-based data mining of information from the 
internet (Hong & Han 2002), automatic generation of semantics for scientific e-
documents (Zhuge & Luo 2006), modeling the success of IT projects (Rodriguez-Repiso 
et al. 2007), to predicting software reliability (Chytas et al. 2010). FCM have also been 
used in medicine, e.g. for aiding medical diagnosis (Innocent & John 2004) and tumor 
grading (Papageorgiou et al. 2006). Due to their usefulness for decision-support FCM 
has found its way to business, where it was used for analyzing market needs and 
potential, idea and concept development and evaluation, as steps in developing a new 
product (Jetter 2006). In social and political sciences FCM has served to model 
strategic issues and decision-support, as well as complex social and economical 
systems. Among others, it has been applied to study political development (Taber 
1991), and the influence of police presence on theft occurrence (Carvalho 2013). FCM 
have thus proved to be a suitable tool for system modeling and decision making 
support, paving the way for application in environmental issues. 
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4. Fuzzy-logic cognitive mapping in the environmental modeling context 

Being already applied in numerous applications throughout several disciplines, fuzzy-
logic cognitive mapping was also introduced to the research of social-ecological 
systems. First, the need for application of FCM in environmental modeling and decision-
making was demonstrated by the growing demands for participatory approaches when 
addressing environmental issues. Secondly, FCM emerged as a means to incorporate 
expert knowledge when modeling complex systems facing uncertainties in data and 
knowledge. Moreover, due to their ability to study feedback loops and causal 
relationships, FCM have been applied numerous times to study the consequences of 
changes to the environment, e.g. under different conditions of the system or decisions, 
thus enabling scenario studies. 

 

4.1. Facilitating public participation 

Numerous actors such as experts, scientists, decision makers and other stakeholders 
are involved when addressing environmental issues. In the past however, managing 
these issues has mostly been assigned to experts, with marginal involvement of local 
communities or a wider range of stakeholders. Due to the ineffectiveness of this 
traditional top-down approach to deal with the challenges of sustainable environmental 
management, the need for participatory management has arisen (Mendoza & Prabhu 
2006). However, instead of facilitating a “one-way” participation, more interactive 
processes providing the chance for discussion, deliberation, negotiation and consensus 
building have become acknowledged as a major component of dealing with 
environmental issues (Patel et al. 2007). Fuzzy-logic cognitive mapping enables the 
involvement of experts and public throughout the entire modeling process. This is 
mainly due to its transparent development process, as the experts and other 
stakeholders need to be involved to construct the model from its beginning: identifying 
the concepts, their relationships and the strength of these relationships. This way, the 
acceptability of the final model is improved (Stach et al. 2005). Furthermore, FCM can 
promote cognitive learning.  

FCM facilitates participation in way, that it supports all 4 arguments for public 
participation: normative, substantive, instrumental and social learning (von Korff 2007). 
Numerous experts and other stakeholders (e.g. members of the public) can be involved 
in FCM, which can lead to a wide variety of opinions on environmental issues. This way 
FCM reflects a broad spectrum of public and professional values, following normative 
reasons for participation. The substantive argument claims, that the involvement of a 
wider group of people can offer detailed local information, uncover mistakes or lead to 
alternative clarifications (Beierle & Cayford 2002). Through FCM we can thus gather 
more and improved information. For example, this is of high importance when 
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identifying relationships in an ecosystem. Von Korff (2007) furthermore describes the 
instrumental argument, which states that participation can legitimize the final decision. 
Stakeholders can so consider the final social-ecological model as a more relevant and 
reliable. The concluding argument of public participation describes the idea of social 
learning. Active stakeholder involvement promotes learning for (and from) all involved 
parties, and leads to better knowledge about other participants’ views and values. FCM 
has indeed proven to serve as a successful learning and communication tool, e.g. in the 
case of forest management (Mendoza & Prabhu 2006). Besides supporting decision-
making and problem solving, it also serves as a tool for learning and negotiation (Eden 
et al. 1992).  

Despite its easily apprehensible visually guided construction of a model, FCM can still 
be difficult to understand to the public not used to flow diagrams. Nevertheless, experts 
are normally familiar with conceptual models thus being able to understand FCM 
(Vennix 1996; Pahl-Wostl & Hare 2004). There are several reasons for using FCM as a 
participatory tool instead of other semi-quantitative methods (van Vliet et al. 2010). First 
of all, they are easy to teach and explain. Secondly, all stakeholders should be able to 
understand them, as the basics are comprehensible. Moreover, FCM have a high level 
of integration, which is particularly needed for complex environmental issues. Also, the 
construction of a FCM can be completed in a short time, leading to lower costs and less 
consumed time of the stakeholders (Kosko 1992). Lastly, the method results in a 
description of a system, providing sufficient complexity to explain a wide variety of 
environmental issues (Wainwright & Mulligan 2013). 

 

4.2. Expert knowledge to deal with data and knowledge limitations 

Solving environmental issues is often more difficult also due to large uncertainties or 
incomplete data and knowledge. Detailed scientific data might be unavailable for a 
particular case study, or it does not suffice the expected level of detail needed to 
perform an analysis. Usually, there are also limitations of a definite cost on obtaining 
information about the system – this can be demonstrated by the case of collecting field 
data, usually restricted both by time and money. Especially in environmental studies, 
there might however be abundant local knowledge of experts or the public, familiar with 
the environmental issue (e.g. a particular ecosystem). 

There is still a big challenge to incorporate this local knowledge, as typical models have 
no means to achieve this (Özesmi & Özesmi 2004). FCM does not result merely in a list 
of ideas or perceptions: they result in a semi-quantitative model, based on people’s 
knowledge. No hard data is needed to construct the model, however it can also be 
taken into account when identifying concepts and assigning weights to relationships. 
FCM can help to identify qualitative variables, and even relate them to quantitative 
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variables. Additionally, important intangibles can be identified, thus leading to a possible 
incorporation of socio-economic driving forces and consequences. All this does not only 
lead to improved data, as it can also be used as a means of communication between 
stakeholders and scientists, and more importantly, for support of further model 
development (van Vliet et al. 2010).  

As mentioned before, fuzzy-logic cognitive maps (FCMs) can be constructed by using 
different approaches, from interviews and group discussions, to document analysis. 
This flexibility allows the researcher to apply the suitable involvement approach, also 
depending on the availability and preferences of the stakeholders. Reviewing, editing 
and comparing single fuzzy-logic cognitive maps, as well as aggregating them into a 
single model is also easy and fast. The final map can be constructed jointly in a group 
session, or by aggregation of numerous individual FCMs. This goes for any number of 
maps, thus leading to easy integration also for a large set of individual FCMs (Jetter & 
Schweinfort 2011). The flexibility of the approach is also due to the fact, that they can 
easily be edited or extended by adding new concepts and establishing new 
relationships between them at any time of the construction process. The graphic part 
can easily be translated into a vector matrix, containing all information about the 
relationships between the concepts. This way, the burdensome and long lasting task of 
filling out a matrix can be avoided, spending less time on the parameterization of the 
model (De Jouvenel 2000). Moreover, no particular modeling software is needed to 
calculate the output of a fuzzy-logic cognitive map, as traditional statistical and 
spreadsheet software suffice. 

A two-way communication with a group of experts can also serve as a possibility to 
validate FCMs. In spite of the difficulties of validation in terms of traditional historical 
data and statistical validation, it is possible to test the approach using other procedures. 
FCMs can be compared to other models representing the same or similar social-
ecological issue. Secondly, experts can evaluate whether the model logic and its results 
are reasonable. Through evaluating if the changes to concepts result in realistic 
changes in the results, a sensitivity analysis can be performed. The symbolic 
representation of FCMs can also be matched to a real life issue, e.g. a decision process 
or workflow. Additionally, it is possible to test, whether a model run over a certain 
number of iterations results in reasonable changes to the concepts. FCMs can so be 
tested in several commonly employed validation procedures in order to provide 
information on the acceptance of a model (Rykiel Jr. 1996). 

 

4.3. Simulating changes to the system and decision outcomes 

Social-ecological systems are dynamic, evolving through changes of its components or 
relations between them. Feedback has to be taken into account when updating the 
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condition of the components, and propagation of causal relationships. Fuzzy-logic 
cognitive mapping allows feedback loops, thus being able to handle this complexity and 
help to understand short and long-term dynamics (Kok 2009). 

The basic concept of FCM is established as a semi-quantitative system dynamics 
approach involving feedback. A change to a single concept results in the changes to all 
concepts it directly affects. Through a network of causal relationships, other concepts 
are subsequently subject to change. Consequently, changes in other concepts can 
affect the concept initiating these changes (Kosko 1986). An example of a feedback 
loop is presented in Fig 2, on an example of deforestation in a rural mountainous area. 
FCMs are therefore not static, and can be used to study changes to the social-
ecological system, either in form of changing conditions in the environment (e.g. 
precipitation), socio-economic driving forces (e.g. population, demand for resources), or 
management decisions (e.g. changes to harvest technique or quantity). Therefore, FCM 
offers much more than just an explanatory use, and can be applied to project and 
evaluate a possible future. This can be done either by identifying key future issues or 
guiding the exploration of plausible future scenarios (Probst & Gomez 1992; Ackermann 
& Eden 2004). 

Revealing key feedbacks is one of the strongest points of FCM, not only as it enables 
the study of “what if” scenarios, but also as it leads to aggregating information of 
simulation models to the level of decision-making (van Kouwen et al. 2008). People’s 
difficulties of understanding complex systems are usually an obstacle when discussing 
the results of quantitative environmental simulation models. Among others, people tend 
to focus on a limited number of variables, ignoring feedbacks and overlooking the 
temporal dimension when thinking about future changes (Senge 1990; Acar & 
Druckenmiller 2006; Jetter & Schweinfort 2011). By involving the experts and 
stakeholders in constructing the model from the beginning on, the model and its 
simulation results are in their domain. Also, the simple and transparent construction 
method improves the trust of all the involved stakeholders in scenario analysis, impact 
assessments, and final decision evaluation and choice (Mendoza & Prabhu 2006). 
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Fig. 2 Feedback loop on a simplified example of deforestation in a rural area in the 
Romanian Carpathians, modified from Malek et al. (2014). The feedback marked with 
red, depicts how a decrease in livelihood security triggered by the external fall of 
communism in the late 1980s affected illegal logging, with a consequent increase in 
landslide risk due to forest clear cutting on slopes. Finally, the increased landslide risk 
resulted as a negative feedback to livelihood security. 

 

4.4. Examples of FCM in environmental research 

Fuzzy-logic cognitive mapping has been used to model how different social-ecological 
systems operate. One of the first applications of FCM in environmental sciences, were 
ecological models based on expert and stakeholders knowledge. Radomski and 
Goeman (1996) applied FCM to improve decision-making in sport fisheries by involving 
fisheries biologists and fisheries managers. Hobbs et al. (2002) used FCM to define 
management objectives for the complex ecosystem of Lake Erie. They involved 
numerous scientists, managers, and the public to construct a complex model of an 
ecosystem. The work of Özesmi and Özesmi includes applications of FCM to obtain 
opinions of different stakeholders when establishing a national park, solving the conflict 
of population displacement due to a hydro plant construction, facilitating participatory 
wetland management, comparing the perception of different stakeholder groups 



Combining participatory and geospatial modelling 

 

Žiga Malek 210 

regarding a salt lake ecosystem, and identifying needs for ecosystem conservation 
strategies (Özesmi & Özesmi 2003; Özesmi & Özesmi 2004; Tan & Özesmi 2006). Gras 
et al. (2009) have applied FCM to develop an individual-based predator model. In their 
model, the behavior of individual agents is modeled by FCM, allowing the evolution of 
the agent behavior. Kontogianni et al. (2012) analysed the perception of Ukrainian 
stakeholders for risks for the marine environment of the Black Sea. They used FCM to 
generate a model for environment management based on laymen perception on 
ecosystem resilience, risk management and possible future scenarios. Gray et al. 
(2012) applied FCM on a case of fishery management to integrate stakeholder 
knowledge. By collecting representations of stakeholders’ mental models they aimed to 
evaluate similarities and differences of their perceptions of the same social-ecological 
system. Another example is the application of FCM to support Long Term Socio 
Ecological Research by Wildenberg et al. (2014). They applied FCM in 5 case studies to 
explore, analyze and communicate the perceptions of key stakeholders affected by 
conservation management. 

Fuzzy-logic cognitive mapping has proven to be successful in forest management, 
where decision-making is characterized by high uncertainty due to the variety of social-
ecological interactions. Skov and Svenning (2003) combined FCM with GIS-based 
spatial operations to predict ground flora species richness. This approach based on 
standard forestry maps together with expert knowledge was shown to be an efficient 
way of predicting the spatial pattern of species diversity under a set of different forest 
management scenarios. Carvalho et al. (2006) have combined FCM with voronoi 
cellular automata to simulate the propagation of forest fires. They used rule based FCM 
used to model the dynamic behavior of individual forest fire cells. Mendoza and Prabhu 
(2006) used FCM for participatory forest management. They applied it to an Indonesian 
case study area, where a stately owned forest was subject to large pressures in form of 
deforestation for urban and agricultural expansion and tourism. Ramsey et al. (2012) 
modeled forest response to deer control in New Zealand using a Bayesian algorithm to 
train their FCM. Their aim was to extract expert knowledge on the response of growth 
rates of tree seedlings to lower deer densities.  

Besides forest management, fuzzy-logic cognitive mapping has been applied to 
management of other natural resources, such as water and soil, as well as to agriculture 
and conservation. Giordano et al. (2005) identified issues in water resources conflict in 
south of Italy using FCM. Here, FCM was used to structure the issues of drought, and 
inform the involved participants about water management alternatives. Ramsey and 
Norbury (2009) developed a model to assist decision-making on pest management 
relying on qualitative information. They used FCM to develop a complex food webs 
model and applied it to a dryland ecosystem in New Zealand. Papageorgiou et al. 
(2009) applied FCM for cotton yield management in precision farming. Their FCM 
modeled the behavior of cotton yield under a set of key factors in cotton crop production 
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as recognized by the experts. Ortolani et al. (2010) analysed the Belgian farmers’ 
perceptions of agri-environmental measures with FCM. They extracted causal 
relationships between environmental management measures and numerous socio-
economic and biophysical variables from questionnaires and interviews with farmers. 
Murungweni et al. (2011) applied FCM to analyse livelihood vulnerability in the Great 
Limpopo Conservation Area in Southern Africa. Their emphasis was on evaluating 
feedback mechanisms in social-ecological systems to reveal possible changes to a 
livelihood system under different scenarios. In the study of Văidianu et al. (2014), FCM 
was applied to examine stakeholders’ perception for improving the management of the 
Danube Delta Biosphere Reserve in Romania. The key concepts were gathered for 
supporting future communication on sustainable development and biodiversity 
conservation of the area. 

 

5. Limitations of fuzzy-logic cognitive mapping 

Owing to its rather broad and semi-quantitative methodology, fuzzy-logic cognitive 
mapping is a flexible approach, transferable to basically any problem. On the other side, 
also its main weaknesses are connected to the methodology. Whereas some 
drawbacks related to its subjective and qualitative nature can be improved easily by 
involving additional experts, other issues cannot be resolved and have to be taken into 
account when interpreting the results. 

The minor drawbacks of FCM are related to the graphical representation and 
stakeholder involvement. First, the simple and open structure of the symbolic 
representation of the system offers a suitable framework for participation of non-expert 
stakeholders. This vagueness however, can serve as a concern for more technical 
experts and researchers, especially as results gathered through participation can have 
a lower degree of accuracy (Mendoza & Prabhu 2006; Gray et al. 2012). Secondly, the 
stakeholders involved need to have adequate knowledge on the analysed topic to be 
able to estimate the strength of relationships between the concepts. This can result in 
the exclusion of some stakeholders, which could otherwise provide great value to the 
process (Kok 2009). Furthermore, all biases of involved stakeholders are encoded in 
the maps as well (Kosko 1992). Nevertheless, the subjectivity and robustness of the 
model generated through FCM can be improved by involving numerous experts and 
informed stakeholders. 

The major limitations are related to the methodology of the approach itself. Firstly, 
relationships in FCM are only semi-quantified, as they are not described by real-value 
parameter estimates (Craiger et al. 1996). This limits the interpretation of results. 
Secondly, despite providing information on values of concepts after a defined number of 
iterations, these cannot be directly converted into time steps. Still, this issue can be 
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solved, if the processes studied all operate at the same temporal scale (Kok 2009). 
Another weakness of the method lies in the process of defining the weights of the semi-
quantified relationships. The methodology is based on gathering opinions and 
representing the belief system of the involved stakeholders. To overcome this limitation, 
numerous stakeholders need to be involved. This way, the final fuzzy-logic cognitive 
map represents an agreement between different opinions. Agreement can be achieved 
through combining multiple fuzzy-logic cognitive maps, or constructing one map in a 
workshop setting. This limitation, however can also be used to understand how different 
stakeholders view the important concepts and relationships of a system (Özesmi & 
Özesmi 2003). 

 

6. Conclusion 

Fuzzy-logic cognitive mapping has emerged as a useful participatory instrument for 
modeling of complex social-ecological systems. Moreover, through successful 
applications in numerous domains, it has become established as an effective technique 
for decision-making support in environmental issues.  

The rising demand for participatory approaches in environmental issues is well 
acknowledged, and FCM has proven to be an effective approach for discussing, 
planning, negotiating and building consensus. FCM leads to a semi-quantitative, 
graphical representation of a behavior of a complex system. Its graphical and semi-
quantitative nature allows effortless and quick visualization and control of the analysed 
system. It can combine expertise from scientists, experts, decision-makers, and other 
stakeholders from different disciplines, thus being able to include a broader spectrum of 
public and expert opinion. Therefore it can help to bridge the gap between science and 
decision-making. It can offer more and improved information, available on a detail 
otherwise impossible to achieve with other techniques.  

This is especially significant in environmental issues, where hard data is often 
unavailable or knowledge of a system is uncertain. Due to the complexity of social-
ecological system, it is sometimes difficult to identify important intangibles or establish 
relationships between socio-economic and physical variables. As the key stakeholders 
have been involved throughout the complete model construction process, FCM lead to a 
more reliable and relevant model outcomes. Moreover, the method has proven as a 
successful learning and communication tool, facilitating the exchange of ideas and 
opinions between different stakeholders. Due to its ability to model feedback loops, 
FCM has great potential in future environmental research, studying consequences of 
environmental changes or decisions regarding a particular social-ecological system. 
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